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Preface
The 86th annual meeting of the Cordilleran Section of the Geological Society of America was held in
Tucson, Arizona in March 1990. The occasion provided an opportunity for geologists studying central
and southern Arizona and Sonora, Mexico to lead field trips to their study areas. Field guides for 16 of
the 18 field trips run in association with this meeting are included in this special paper. Field guides
for the two remaining trips may be purchased from the American Geophysical Union.
A primary responsibility of the Arizona Geological Survey is to provide information on the geology
and mineral resources of Arizona. This special paper was published to offer the public a guide to outstanding and generally accessible geologic features in the Southwest and an explanation of their significance. We believe that a better understanding of the geology and mineral deposits of the Southwest will
lead to greater appreciation of their complexity and diversity and to more responsible stewardship of
Arizona's land and mineral resources.
Dr. Larry D. Fellows
State Geologist and Director
Arizona Geological Survey
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Quaternary Geology and Geologic Hazards Near
Canada del Oro, Tucson, Arizona

William B. Bull, Edgar J. McCullough, Jr., Peter L. Kresan, Julie Woodward, and Clement G. Chase
Department of of Geosciences
University of Arizona
Tucson, AZ, 85721

Tucson's Alluvial Channels - Implications
for Land Management

INTRODUCTION
Our trip to the Canada del Oro area introduces you to landscape evolution and geologic hazards in a semiarid, thermic part of
the southern Basin and Range Province. Trip discussions will
emphasize fluvial geomorphology, geophysics, structural and tectonic setting, and urban planning and geologic hazard evaluation.
The rugged southwestern Santa Catalina Mountains, 20 to
40 km north of Tucson, Arizona are carved into highly foliated
biotite granitic gneiss and garnet-bearing leucocratic granite comprising the Wilderness Suite, which intruded the Precambrian
Oracle Granite in the early Cenozoic. Alluvial-fan deposits and
multiple levels of pedimentation reflect how lithology, tectonics,
and climate influenced geomorphic processes and thus landscape
evolution during the past 15 m.y.l Alluvial-fan deposits and
multiple levels of pedimentation reflect lithologic, tectonic, and
climatic controls on the ancestral streams of a rugged mountain
front.
The trip to the Canada del Oro area (Figure 1) consists of
four trip stops to discuss characteristics of alluvial rivers, debris
flows, and rock falls and their implications for land-use planning.
Stop 1 visits an area of high-density development on a floodplain,
and stop 2 considers a failed attempt to dam the Canada del Oro.
Stop 3 provides insight into how geomorphic processes have
changed during the course of landscape evolution and stop 4 provides an example of geomorphic processes and hazards in a
suburban area.

Characteristics of alluvial rivers
The Santa Cruz River and its tributaries, Rillito Creek and
Canada del Oro (Figure 1) are ephemeral streams. Runoff occurs
mainly as overland flow that reaches the nearest stream channel in
minutes to hours from the onset of rainfall. These rivers have
alluvial channels, typical of the drainage systems in the southwestern United States (Maddock, 1976). Stream-channel adjustments
occur in response to the frequency, magnitude, and duration of
streamflow (Wolman and Brush, 1961). Channels are incised
within deep fluvial basin fill. Because of the low bank resistance
of sandy deposits, changes in shape and position of channels can
be rapid and substantial.

Drainage Area
Intercepted
by Golder Dam

STOP 1: INA ROAD AND CA~ADA DEL ORO
We cross the Rillito River as we drive north to stop 1; note
the density of development, soil-cemented banks, and the broad flat
sandy streambed. Continue north to Ina Road, turn west on Ina
Road and drive about 4 miles west to the Canada del Oro.
High density development occurs on the geologic floodplain of Canada del Oro at Ina Road. Given that channel capacity is
capable of containing the l00-yr regulatory flow and the channel
banks are lined with soil cement, development is allowed to within
50 ft of the bank. Bank erosion during the October 1983 flood
removed large tracts of land along Tucson streams (Figure 2).

o
11 ky = 1,000 years; 1 ka = 1 ky before present. 1 m.y. =
1,000,000 years; 1 Ma = 1 m.y. before present (North American
Commission on Stratigraphic Nomenclature, 1983, Article 13).
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Figure 1. Generalized map of the southwestern Catalina
Mountains and adjacent Tucson basin, showing field-trip route and
stops.
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channel migratIon moved the tloodway, which mcludes the active
channel and floodplain necessary for conveyance of a 100-yr flow,
into zones predicted to have only the risk of overbank floods rarer
than the 500-yr event (Baker, 1984). Thus, the 100-yr flood
hazard zone, established prior to a flood by standard procedures,
may be completely invalidated by a single flow event.
Although overbank flows occurred along the Santa Cruz
River northwest of Tucson, downstream from the confluence with
Rillito Creek and Canada del Oro, lateral erosion of the river banks
caused by far the greatest damage during the October 1983 flood
(Figure 2). Bank erosion can be a significant hazard even for
moderate to large nonflood flows along the alluvial channels of the
Tucson basin. Studies have documented shifts in channel
alignment of Rillito Creek of nearly 305 m (100 ft) since the 1940's
(U.S. Army. Corps of Engineers, 1985, p. 74). Because flood
damage assessments generally consider inundation alone, the
potential flood related damages for rivers in arid and semiarid
regions may be significantly underestimated. Bank erosion, so
commonly associated with nonflood flows along alluvial channels,
is not recognized as a significant hazard in federal floodplain
management regulations.
In response to the October 1983 flood, Pima County's
revised floodplain management ordinance, passed in May 1985,
extended to 152 m (500 ft) the setback provision for structures on
all property along unprotected channel banks for major river
courses. Previously, a setback distance of 30 m (100 ft) was
required for commercial, industrial, and rental properties and 91 m
(300 ft) for owner-occupied property. Except for a 15 m (50 ft)
easement, setback provisions are waived when channel banks are
stabilized by soil cement.

Figure 2. Damage due to bank erosion along Rillito Creek during
October 1983 Tucson flood. Aerial view is west at Prince Road
and North Country Club Road.

Studies of the Santa Cruz River (Hays, 1984) and Rillito
Creek (Pearthree, 1982) show that channel widening and floodplain destruction occur during flows with broad peaked hydrographs and relatively longer duration, typically caused by winter
storms. In contrast, periods of progressive floodplain reconstruction and channel narrowing occur during low to moderate flows of
?horter duration. Because streamflow is depleted by infiltration
mto extremely permeable streambeds, major reduction of flood
peaks can occur, particularly for shorter duration flows. With
prolonged flow, decreased channel bed infiltration due to bank and
bed saturation results in increased erosive power of the stream.
Changes in the characteristics of alluvial channels can be dramatic.
For example, Hays (1984) documented an increase from 8.23 to
137.66% in the area of floodplain occupied by the channel from
1982-1984 along a section of the Santa Cruz near Marana, Arizona.
Changes of channel location result from two different processes: 1) channel shifting (avulsion), associated with overbank
flow that cuts off meanders and establishes a new active channel by
lateral scour and headward erosion of the floodplain; and
2) meander migration through bank erosion, which can occur
durin.g either brief high discharges or lower discharges of long
duratIon.
The dynamic character of alluvial channels in semiarid
regions has important implications for floodplain management
policy. Changes in channel width and depth, changes in the position of the channel on the floodplain, and the slow rate of recovery
to preflood conditions following flow events, all may modify the
projected water surface altitudes of a regulatory flow. Such
changes necessitate constant revision of the 100-yr floodplain
delineations, which assume fixed channel characteristics (Gordon,
1983; Pearthree and Baker, 1987). During October 1983, local
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Soil cement
Soil cement is a compact mixture of soil and 10-14%
cement, emplaced 3 m (8 ft) thick along channel banks. For major
watercourses, county specifications require that the cemented bank
extend to a minimum of one foot above the 100-yr water surface
level for that locality and be anchored to below the depth of scour,
often approximately 2.4-3 m (8-10 ft) below the dry channel bed.
Soil cement bank protection costs approximately $1-3 million per
mile. Private developers of vacant, undeveloped property, lying
adjacent to a flood repair or flood hazard mitigation project, contribute at least 50% of the cost for soil cement in Pima County
project areas. If the section of river is not in a Pima County
Improvement District, the developer pays the total cost.
Although soil cement successfully protected channel banks
during the October 1983 flood, severe bank erosion occurred immediately downstream from every protected bank along the deeply
incised reaches of the Santa Cruz River and Rillito Creek. The
National Research Council Report on the Tucson Flood of October
1983 concluded that "piecemeal bank protection does not work.
Clearly the rivers must be treated as a system. The areas along
streams should either be left alone or completely protected"
(Saarinen and others, 1984, p. 85). "From an overall river
management perspective, piecemeal bank protection generates
greater channel instability than does no protection at all" (Baker,
1984, p. 211). Complete bank protection would be enormously
expensive and require the added cost of grade control structures to
prevent downcutting that could undermine the protective works.
Implications to land use alon~ alluvial rivers
Despite the lessons from the October 1983 flood, piecemeal
bank protection is being emplaced along major watercourses in
Tucson. The high cost of soil cement begets high density development, in order for developers to recover their expenses for this
bank protection. If the existing river channel is not large enough to
contain the designated 100-yr flow, the channel is widened before
bank protection is installed. Soil cement is emplaced to stabilize
river banks from erosion, grade structures are constructed to
prevent downcutting which would undermine the bank protection,
and high density development is then built along the fringe of the
watercourse in order to financially compensate developers for their
share of the costs.
A huge commitment of money and public trust has been
made based on the premise that the 100-yr regulatory flow for
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Figure 3. Aerial view to the southwest of Golder Dam (at arrow) at stop 2. Golder Dam
spans the Pirate fault zone which marks the boundary between dissected alluvial basin fill
to the upper right and the partially dissected pediment cut in the Oracle granite just left of
the dam.

Tucson's watercourses is accurately estimated and that larger flow
events are not going to occur. If we "learned" any lesson from the
October 1983 flood, it should have been that neither of these
premises "hold enough water" to justify the present approach to
floodway land use (Kresan, 1988; Saarinen and others, 1984;
Baker, 1984).
After leaving stop 1, we will drive northeasterly on Camino
de la Tierra, Shannon Road, Magee Road, La Cholla Boulevard,
Overton Road, Rancho Feliz Drive, and Linda Vista Road to U.S.
Highway 89. After proceeding north to the town of Catalina we
will turn right on Golder Ranch Drive, then left on Lago del Oro
Parkway, crossing the Pima-Pinal County line and continue about
3 miles northeast to Golder Dam (Figure 3).
STOP 2: GOLDER DAM
The history of Golder Dam is an excellent case study in the
importance of 1) accurate and thorough geologic evaluation of a
dam site; 2) proper engineering and construction of the dam with
respect to the particular set of geologic characteristics of the dam
site; and 3) inspection and monitoring of existing dams and dam
construction by an appropriate agency of public trust.
The 130-ft high earthen Golder Dam was built in 1963 and
1964 as urban development began. The design of the dam, claycore with earthen sides, was chosen based on the expectation of
finding a solid impermeable foundation. However, the 15 m (50
ft) trench excavated for the foundation failed to hit the solid,
impermeable rock which had been anticipated. A local geologic
engineering consultant was hired to evaluate this dilemma. They
came to the incorrect conclusions that 1) the maximum depth of the
unconsolidated, permeable material could only be about another 10
m (30 ft); 2) the rock at greater depths would not transmit water
and would serve as a suitable foundation for the core of the dam;
and 3) a fault, which some geologists placed under or near the bed
of the Canada del Oro lay farther to the west. As the reservoir
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filled, seepage began to occur through the dam wall and underlying
river bed. Springs and quicksand appeared just below the dam and
trapped cattle. The bed of the Canada del Oro follows a fault,
thereby making the stability and safety of Golder Dam
questionable.
The Teton Dam disaster in Idaho graphically illustrated the
potential danger and quickness of failure of a large earthen dam. In
1889 Johnston, Pennsylvania, was destroyed by the collapse of a
22 m (72 ft) high earth dam that held 11,500 acre feet of water- a
storage capacity that virtually equaled that planned for Golder Darn.
Oro Valley, analogous to Johnston, Pa., is about 15 km (10 mi)
downstream from Golder Dam. The dam above Johnstown collapsed within 45 minutes, sending water pouring down a narrow
winding valley at 50 miles per hour to strike the town 15 km (10
mi.) downstream with a 12 m (40 ft.) wall of water. About 2,100
lives were lost.
From 1966 to 1980, when the Golder Dam was finally
breached, public and legal debate centered around whether the dam
could be repaired and how much of a flood hazard or flood protection it represented. A study in 1979 concluded that the "flood
hazards, with or without Golder Dam, are hydrologically and
hydraulically equivalent" (Reich, 1979), assuming that Golder Dam
remains stable and the reservoir is empty for the storage of the
flood flows from the watershed upstream of the dam. While debate
continued, a 24-inch diarneter drain pipe was left open at the base
of the dam to minimize the amount of water collecting behind the
dam. Various attempts were made to seal the dam and reservoir.
Table 1 presents estimates of discharge from a possible collapse of
Golder Dam for three altitudes of the water surface in the reservoir.
Table 2 compares the estimated damage to property due to dam
collapse and a lOO-yr flood.
After leaving stop 2 we return to U.S . Highway 89 and
drive to the South of the Canada del Oro where we turn off
Highway 89 on Pusch Wilderness Drive - a steep dirt road that
leads to a lunch stop on a grand overview.
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Table 1. February 1979 National Weather Service calculations (Reich, 1979) of
possible collapse of Golder Dam, assuming failure starts when water reaches:
MSL elevation, feet
Capacity, acre feet

3,360
3,000

3,385
6,550

3,410
12,720

Peak time after failure
Peak Q cu ft/sec
Depth of flow (ft)
Width of flow in feet

1/2 hr
73,000
33
1,150

1/2 hr
12,000
42
1,200

1/2 hr
160,000
48
1,300

Peak time after fai lure
Peak Q cu ft/sec
Depth of flow (ft)
Width of flow in feet

1-1/2 hr
43,000
11
960

1-1/4 hr
96,000
16.25
1, 050

lhr
142,000
20
1,120

Peak time after failure
Peak Q cu ft/sec
Depth of flow (ft)
Width of flow in feet

2-1/2 hr
32 ,000
8
2,000

2-1/4 hr
71 ,000
10.5
2,500

2hr
124,000
13
2,600

Lambert Lane

Peak time after failure
Peak Q cu ft/sec
Depth of flow (ft)
Width of flow in feet

3-1/4 hr
29,000
6
2,200

3hr
63,000
9
3,200

2-1/2 hr
116,000
11.5
3,300

Magee Road

Peak time after failure
Peak Q cu ft/sec
Depth of flow (ft)
Width of flow in feet

5-1/2 hr
20,000
13 .5
2,500

4-1/2 hr
48,000
16
2,650

3-1/2 hr
94,000
19
2,700

At dam site

Golder Ranch Road

Route 89

Table 2. March 1979 Pima County Plood Control District estimates (Reich ,
1979) of damage to buildings and personal property by dam breach or l00-yr
floods. The estimated damage figures are based upon using 30% of the 100%
destroyed figures of dam breach estimate for each property within the lOO-yr
flood plain except for bridges which are assumed to be capable of passing Q 100
without damage.

In path of dam break flood
Estimated
No. Lives
Endangered

Sub-Area

County line to Golder
Ranch Road

21

Golder Ranch Road
Wilds Drive

Estimated
Damage

Estimated
No. Lives
Endangered

Estimated
Damage

827,500

21

$ 248,000

39

552,000

39

165,000

Wilds Drive to end of
Bowman Road at Lago
del Oro Parkway

90

1,433,000

90

430,000

Bowman Road at Lago
del Oro Parkway to
Sutherland Wash
intersection with U.S.
89

53

629 ,000

28

141,000

Sutherland Wash at
U.S. 89 to Pirst Avenue

20

1,641 ,000

20

192,500

Pirst Avenue to La
Callada Drive

577

13,918,000

523

3,689 ,500

La Callada Drive to La
Cholla Boulevard

164

2,842,000

164

852,500

La Cholla Boulevard to
Magee Road

1,076

29,638,000

68

58,500

Magee Road to Ina
Road

1,207

33,555,000

0

0

870

38,540,000

24

117,000

4,117

$123,575,500

977

$5,894,500

Ina Road to 1-10

'IUI'ALS

to

$

In l00-yr flood plain

Figure 4. Oblique aerial view of the Pirate
pediment site, where ridgecrests rise 1,100 to
1300 m above the valley of the Canada del
Oro in the foreground. The cliffs of Pusch
Ridge consist of garnet-bearing leucocratic
granite, the spur ridges and pediment are
underlain by biotite granitic gneiss. The belt
of smooth-textured landforms with deep ,
widely spaced channels is a dissected piedmont of bouldery alluvial fans whose apexes
are opposite valley mouths. The Pirate fault
is largely concealed downslope from the fan
apexes, which lapped over the fau lt trace.
The valley of the Canada del Oro in the foreground is a changing base level for the tributary piedmont streams.
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STOP 3: PIRATE PEDIMENT
Alluvial fans and pediments are common landforms in hot
deserts. At stop 3, we stand on a bouldery alluvial fan deposited
across the Pirate fault and look over two levels of pedimented
surfaces upslope from the fault (Figure 4). Deep embayments with
cliffy headwaters interrupt the straight alinement of niangular facets
at the ends of spur ridges.
The Pirate pediment site has several surprises. One is that
the fan apexes stand as much as 40 m above the level of the adjacent pediment (Figure 4). Another is that the hills of gravel comprising the fan apexes apparently did not retreat to the west, but the
mountain-piedmont junction in metamorphic rocks retreated 1 km
to the east. A third is that instead of a single pediment, at least two
erosion surfaces formed during the late Cenozoic (Figure 5B).
Escarpments between the lower and upper pediments occur at the
mouth of the pediment embayments, as steps in pediment fans, and
as benches at bases of niangular facets . Remnants of the upper

A

Bouldery Alluvial-Fan Deposits
Tectonically active landscapes (Figure 6A) are ideal for the
production, transport, and permanent deposition of large boulders.
Thick alluvial fans accumulated along the southwestern front of the
Santa Catalina Mountains where the Pirate normal fault (Figures 4,
5,6) is estimated to have accommodated >2000 m of displacement
during the period of active Basin and Range faulting. Origins of 2
to 9 m gneissic and granitic blocks near the fan apexes need to be
considered because the present fluvial system does not produce,
transport, or deposit clasts weighing 50 to 1000 tons. Coseismic

PRINCIPAL STRUCTURAL FEATURES
OF THE PIRATE PEDIMENT SITE
t.4ountain Mo ss

Allu vial ro n

~o

Folio lion

lineation

-W

XX

Fold Axis

Foult

0

~

Remnants

32° 24'

pediment level extend to the Pirate fault where it is mantled by <20
m of fan gravels (Figures 5, 6F). It seems that formation of the
lower pediment occurred after the mountain front had retreated
nearly to its present position. All these landforms and deposits
record the interactions of tectonic activity and base-level change,
climatic fluctuations, and lithologic controls.

-0-6" "'6''''

11 0° 5 5 '00"

B

PEDIMENTATION AT THE
PIRATE PEDIMENT SITE
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Mountain Mo ss

Level I
( oldest)
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(modern)

0

0
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o
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110° 5 7'30"

110° 55'00 "

Figure 5. Maps of the Pirate pediment site. The fold axis parallels the mountain front creating
a zone of structural weakness. A. Geologic structures. B. Areal distribution of pediment
levels. Level 3 is a strath terrace, an incipient pediment.
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B
au/at .... acd/at = apd/at
undlllecl8d pediment

au/at «acdlat .. apd/at

dillected pediment

Figure 6. Diagrammatic cross sections showing stages of landscape evolution of the southwestern Santa Catalina Mountains.
Equations and inequalities define interactions between local baselevel processes, where u is uplift, cd is stream-channel downcutting, and pa and pd are piedmont aggradation or degradation.
A. Rapid uplift and deposition of tectonic alluvial fans during the
formation of the Basin and Range Province at roughly 10 to 15 Ma.
B. Tectonic stability and formation of pediment level 1 at roughly
5 to 10 Ma. C. Deposition of climatic alluvial fans on a pediment
surface cut across bedrock and basin fill since about 5 Ma.
D. Partial stripping of alluvium, and incision into pediment level 1.
E. Formation of pediment level 2 since about 5 Ma.
F. Deposition of boulder berms on pediment level 2, and incision
as a result of a lateral erosion base-level fall by the Canada del Oro
during the past 0.1 m.y.

rockfalls toppled onto fanheads from unstable cliff faces during the
time of rapid Cenozoic uplift mountain front. Boulders derived
from steep hillslopes came to rest in narrow, steep channels where
they were readily available for entrainment and transport by water
floods or debris flows.
At present, the drainage basins are backed by 100 to 600 m
high cliffs of leucocratic granite as a result of retreat and degradation of softer adjacent biotite gneiss (Keith and others, 1980).
Rockfalls and talus are virtually absent. The main source of
boulders appears to be the result of recent stream channel downcutting, which is incising both pediment levels. Boulders are
deposited adjacent to stream channels as berms of openwork
gravel. The 0.1 to 0.6 m clasts, with occasional blocks> 1 m,
record substantial power of water floods generated by runoff from
the cliffs. The modem bedload output as deposited on small alluvial fans at the mouths of entrenched streams tributary to the
Canada del Oro consists only of grussy sand with a few cobbles.
Present streamflow competence clearly decreases rapidly downstream. The old bouldery fan deposits played interesting roles in
evolution of the landscape.
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Landscape Evolution
Pediments, like strath terraces, represent approximate
attainment of equilibrium (graded) conditions. They form during
long time spans of tectonic inactivity, whereas the disequilibrium
processes of rapid stream-channel downcutting and deposition of
thick all uvial fans are characteristic of earlier times of base-level
change when range-bounding faults were active. Climatically
induced increases in stream discharge and/or decreases in bedload
also can tenninate equilibrium conditions by causing streams to cut
down into a beveled bedrock surface. Re-attainment of equilibrium
conditions would occur as the fluvial system established a new
base level of erosion, and the riser created by the downcutting
episode would retreat as a lower pediment formed. The frequency
of degradation events is a function of the magnitudes of climatic
perturbations and the sensitivity of the fluvial system to climatic
changes.
Four base-level processes change the altitudes of
streambeds at mountain fronts (Bull, 1988; Bull and McFadden,
1977). These include; channel downcutting in the mountains (cd),
aggradation (pa) or degradation (pd) of the piedmont downslope
from the escarpment, and relative uplift (u) along range-bounding
geologic structures. Interrelations of base-level processes can be
used to describe erosion and deposition, and therefore the landscape changes at the Pirate pediment site. Processes that are conducive for the development of unentrenched pediments are depicted
in figures 6B (level 1) and 6E (level 2). Dissection of all parts of
the landscape assemblage occurs when stream-channel downcutting
is the dominant base-level process (Figure 6F).
Lithology and structure are important controls on the width
and microtopography of pediments. Lithology partly determines
the 1) rate of retreat of the mountain-piedmont junction,
2) susceptibility of the material to alternating modes of pediment
aggradation and degradation, and 3) degree of pediment smoothness.
Erosional retreat of mountain-piedmont junctions is difficult
to date, even in monolithologic terrains. Denudation rates can be
used to estimate approximate rates of escarpment retreat. Amounts
of denudation are the same as mountain-front retreat rates only
where the angle between the hillslope and a horizontal pediment is
45°. Denudation is less than mountain front retreat where hillslopepediment angles are less than 45°. Mean denudation rates of semiarid mountains are roughly 0.2 to 1.0 m/ky (Schumm, 1963). If
escarpments retreat at rates of roughly 0.2 to 1.0 m/ky, the time
needed to form a 1 km-wide pediment would be 1 to 5 m.y. Thus,
the 0.5 to >2 km wide bedrock erosional surfaces adjacent to the
granitic mountains of southern Arizona (Figure 3) are indicative of
persistent tectonic stability during the late Cenozoic. Denudational
processes have been concentrated along valley floors. These
avenues of concentrated stream power first cut down and then cut
laterally after the base level of erosion was attained. The resulting
landscape has deep, wide pediment embayments.
The substantial strength of the Pleistocene-Holocene
climatic change in the deserts of the American Southwest (Bull, in
press, Chapter 2) may provide some clues as to the magnitude of
climatic perturbations needed to initiate stream-channel incision and
formation of a new pediment level. Stable areas of Pirate pediment
level 2 are thinly mantled by colluvium; pegmatitic dikes and resistant quartz-rich layers in the gneiss protrude through thin,but
strongly developed soil profiles. Deposition of berms of openwork
boulders near actively downcutting streams is suggestive of a
change in process with the return of monsoon rains at about 12 ka.
Peak stream discharges now flow on bedrock 3-10 m below the
oldest (varnished and weathered) boulder berms that were
deposited on the mantled pediment. Recent stream-channel incision
into the pediments is greatest in the embayments which suggests
that incision is caused by a hillslope perturbation - increased yield
of water and/or decrease in yield of bedload. Thus the latest
Pleistocene-early Holocene climatic transition may have been representative of the major climatic perturbation needed to initiate
stream-channel downcutting that led eventually to the formation of
two pediment levels. Some of the present deep channels may, with
the passage of geologic time, retreat to form a third and lower
pediment level.
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The degree of smoothness of a pediment is a function of the
lithology and the amount of time that the bedrock surface is
exposed or buried by an alluvial mantle. Climate-change induced
altemation of mantling and stripping of pediments may be essential
to the formation of smooth beveled surfaces (Mabbutt, 1966).
Irregularities in gneissic and granitic surfaces tend to be eliminated
by weathering in moist subsoil micro-environments. Occasional
stripping of the pediment mantle exposes weathered rock which is
eroded by fluvial processes, thereby exposing less weathered
rock,which will be subject-to accelerated hydrolytic weathering
when aggradation mantles the pediment again.
Bouldery fan gravels provide another type of lithologic
control. Newly deposited gravel may be considered as a dry
micro-environment because rainfall percolates quickly through well
sorted gravel. Infiltration is dominant and virtually no runoff
occurs to erode gravel. Subsoil conditions are moderately dry
because little of the infiltrating water is retained; this results in
minimal subsurface weathering rates. Both runoff and subsurface
weathering rates increase as dust from atmospheric sources and
pedogenic weathering products accumulate in surficial gravels.
Additions of silt and clay increase soil-moisture retention, accelerate weathering of subsurface boulders, decrease infiltration rates,
and increase runoff. In these ways the properties of the surficial
fan deposits change with time. Long geologic time spans (>2
m.y.) are needed for dissectional valleys to form from local runoff
because surficial boulders must weather into particles small enough
to be transported. Minimal erosion occurs at the fan apexes where
streams are lacking, but the increases in contributing area farther
downfan concentrate runoff to slowly degrade broad valleys
(Figure 4).
Although schistose boulders of biotite gneiss are present in
the fan deposits, their proportions are low compared to the more
massive and weakly foliated leucocratic granite. It seems that
weathering and transport of foliated boulders was accompanied by
greater attrition than for more durable boulders derived form
massive leucocratic granite. Thus boulders at the apexes of the
fans consist of relatively resistant rock types. Weathering and
fluvial processes have created fan-apex gravels that weather more
slowly than the sheared and foliated metamorphic rocks of the adjacent pediment.
Pedimented metamorphic rocks have a much different
micro-environment than bouldery fan gravels. Highly micaceous
rocks weather into small particles that can easily be transported by
sheetflow and rillwash. Water that infiltrates through soils or thin
mantles of alluvium tends to temporarily perch on top of the schist.
Larger soil moisture retention characteristics for schist promote
rapid hydrolytic weathering of schistose rocks relative to porous
fan gravels. Thus, lithologic controls on weathering processes
appear to favor more rapid denudation of the schist pediment than
of the fan gravels. Schist hillslopes may have retreated more than
gravel slopes because of flow derived from watershed areas of
hillslopes that were high and large compared to the fan apexes.
Thus, the geomorphic features at the Pirate pediment site
provide an illustration of interaction of tectonic and isostatic baselevel changes, climatic fluctuations, and lithologic controls. Rapid
uplift of the Santa Catalina Mountains along the Pirate fault resulted
in a distinctive landscape characterized by accumulation of thick
alluvial-fan deposits adjacent to a mountain front where the stream
channel actively downcut into bedrock (Figure 6A). A period of
tectonic and climatic stability (equilibrium) allowed the formation of
an extensive pediment. Deposition of a thin alluvial fan is best
ascribed to climatic change because exceptionally bouldery fan
deposits mantle both the older fan deposits and the upper pediment
level with no sign of fault rupture. Climatic fan deposition was
followed by stream-channel downcutting and formation of a second
pediment level. Subsequently, the Canada del Oro eroded laterally
into the base of the piedmont. This non-tectonic local base-level
fall (perhaps with concurrent Pleistocene-Holocene climatically
induced changes in stream regime) caused renewed entrenchment
of the tributary streams into the alluvial-fan deposits and to a lesser
extent into the pediments upstream from the fans to create the landscape we see today. The stream-channel downcutting responsible
for multiple levels of pediments also may reflect long term isostatic
adjustments.
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Figure 7. Bouguer gravity anomaly map of the Santa Catalina
Mountains. Solid lines are complete Bouguer anomaly, contour
interval 5 mGal, and dashed lines are elevations from USGS 1
minute digital topographic data, contour interval 1000 ft (305 m),
contours starting at 2500 ft and ending at 7500 ft. Modified from
Holt and others, 1986.

Isostatic Control of Tectonic Uplift
The 3 km of structural relief between the western ridges of
the Catalinas immediately above us at stop 3, and the basin beneath
Canada del Oro (Budden, 1975), has resulted from two phases of
faulting which were influenced or driven by isostatic forces . A
Bouguer gravity map (Holt and others, 1986, Figure 7) shows a
positive gravity anomaly over the mylonites of the southern front
range of the Catalinas, but a marked gravity low over the Eocene
(Keith and others, 1980) Wilderness Suite granitic rocks that
comprise most of the Catalina-Rincon ranges. This 15 - 20 mGal
gravity low implies that the Wilderness Suite batholith is some 10
km thick, and that its emplacement was most likely accompanied by
substantial crustal thickening (Holt and others, 1986). The hypothesis that the Catalinas are underlain by a thickened and buoyant
crustal root is supported by a seismic line in the San Pedro valley to
the east (Wallace and others, 1986).
Low-angle normal faulting of mid-Tertiary age (Keith and
others, 1980) tectonically denuded the Catalina-Rincon complex
along the Catalina fault on the southern edge of the Santa Catalina
Mountains and western side of the Rincon Mountains.
Emplacement of the Catalina Granite in the northwestern Santa
Catalina Mountains and in the Tortolita Mountains was at about the
same time. Metamorphic core complex rocks were soon exposed
(Pashley, 1966), but neither the structural nor the topographic relief
was as marked as at present. The large structural relief and the
topographic scarp we see now were not constructed until the highangle normal Pirate fault of the classic Basin and Range type was
formed at 15 to 10 Ma (Scarborough and Pierce, 1978).
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This late uplift, 40 m.y. after the inferred crustal thickening
event, can be explained by flexural stiffness of the lithosphere.
Although the area presumably was elevated after emplacement of
the Wilderness batholith, erosion of a cooling and stiffening crust
would allow regional isostatic compensation of the buoyant crustal
root rather than continuing uplift. Thermal and mechanical thinning
during the mid-Tertiary event weakened the lithosphere and
allowed some uplift, but low-angle normal faults are unfavorably
oriented to allow local isostatic compensation. That condition had
to wait for high-angle normal faults such as the Pirate fault to
completely break the crust and allow individual blocks to "float" to
their own level (Wallace and others, 1986, Holt and others, 1986).
Perhaps the Tortolita Mountains to the west of stop 3 didn't experience the same Eocene crustal thickening, so did not have the same
isostatic impetus for several km of late Tertiary uplift.
After leaving stop 3 we return to Highway 89 and drive
south to Ina Road and then easterly on Ina Road and Skyline Drive
to Alvernon Way. Tum north on Alvernon Way and park at the
National Forest boundary.
STOP 4: FINGER ROCK CANYON
A concluding stop in a moderately low density urbanized
area to consider the potential for flooding, debris flows, and rock
falls. Holocene terraces have both water-laid boulder berms and
debris-flow deposits.
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Purpose of Trip
The San Pedro Valley is well known for Pliocene and
Pleistocene fossil mammals, Clovis Culture artifacts, and late
Cenozoic magnetostratigraphy. Indeed, the San Pedro Valley of
Arizona serves as a model for chronologic resolution in basin-fill
sediments of late Cenozoic age. These well exposed deposits with
good chronologic resolution and abundant fossil record provide an
exceptional opportunity to examine changes in depositional fabric
during a late stage of Basin and Range sediment fill. Some of these
changes were probably triggered by tectonic or climatic agents. On
our trip we will examine the stratigraphic and geomorphic record
preserved near the center of the valley, noting features that might
reflect a change in mode or rate of deposition. Another prime
focus will be the late Pleistocene and Holocene deposits inset into
the basin-fill sequence with emphasis on paleoenvironmental and
geoarcheological significance.
Summary of Geology
St. David Formation
Pliocene-early Pleistocene basin-fill sediments in the upper
San Pedro Valley were named the St. David Formation by Gray
(1965). These deposits are well exposed in badlands along the San
Pedro River and the lower piedmonts adjacent to the Dragoon and
Whetstone Mountains (Figure 1). The Formation has long been
recognized as a source of Blancan and Irvingtonian vertebrate
faunas (Gidley, 1922, 1926; Gazin, 1942; Lindsay, 1984). These
sediments also provided the stratigraphic framework for the
pioneering study of late Cenozoic magnetostratigraphy in terrestrial
sediments by Johnson and others (1975).
Gray (1965) divided the Formation into three informal
members - lower, middle, and upper (Figure 2). Gray also recognized axial facies deposited in the central part of the valley, and
piedmont facies deposited along the basin margins.
The lower St. David Formation consists of red mudstone
and fine-grained sandstone with variable gypsum content (seen at
stops 1 and 2). Only about 30 m of the lower member are exposed;
water-well logs suggest at least 100 additional meters of section in
the subsurface. The fine-grained nature of these sediments, the
general tabular and thin-bedded nature of strata, locally abundant
gypsum near the valley axis, and abundance of clay drapes and
associated mudcracks and mudchip-sand grains suggest that the
lower member was deposited in playas and on associated mudflats.
During this time the basin was closed and aridity favored rapid
evaporation of fluids and precipitation of evaporites.
The middle St. David Formation has been described as
dominated by red and green claystone, with less prevalent "marl,"
fallout tephra (from distant sources), and fine-grained tan sandstone units (Gray, 1965; Johnson and others, 1975). Recent work
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Undifferentiated Quaternary
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St.David Formation
(Pliocene-early Pleistocene)
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Figure 1. Generalized geologic map of southeastern Arizona
showing location of field trip stops 1-5. Shading outlines distribution of the St. David Formation within the upper San Pedro Valley.
The St. David Formation is undeformed except in a narrow zone of
minor structural disruption shown south of Benson,
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2. Schematic stratigraphic representation of the exposed
basm-fill sedimentary units in the upper San Pedro Valley.

~y Smi~h (~.g., .Smit~ and others, 1988) has shown a greater
h.thologlC diversity with some areas of the basin, both axial and
piedmont, composed almost entirely of medium- to coarse-grained
sandstone with minor conglomerate. The contact between lower
me~ber an.d ~ddle member beds is time transgressive over a small
strangraphlc mterval near the Gauss-Gilbert paleomagnetic bounda~y, at about 3.4 Ma (Johnson and others, 1975; Figure 2) .
Piedmont facies conglomerate and sandstone beds are moderately
wei! ~o well sorted and cross bedded. These channel deposits
exhibIt greater te:,tural maturity with more abundant bedform-produc~d cross~~dmg than the younger Quaternary alluvium, suggestI~g ~eposltlOn by perennial streams with moderate flow depth
and slgnIfi~~nt reworking of detritus, rather than episodic transport
and deposItIon b~ s~allow ~oods . San.d and gravel units usually
form tabular bodies m the piedmont facies but tend to form ribbon
bodies in the axial facies where deposition was controlled by the
north-~owing ances~al San Pedro River (e.g., Stops 1, 2 and 5).
ASSOCiated flood-plam and flood-basin mudstone are common in
both the piedmont and axial channel facies.
Calcareous mudstone and associated carbonate in the
middle member include micritic limestone and zones of nodular
carbo.nate within ~th axial and piedmont facies (Stops 2, 3 and 5).
The hmestone umts range from porous carbonate with tufa textures
to dense carbonate with traces of root casts, clay-filled insect
burrows, and sparse ostracode and mollusc faunas. The sparse
and restri~te~ nature of invertebrate fauna, presence of algal structures, ubiqUitous and abundant root traces, and limited lateral
continuity of limestone units all point toward carbonate deposition
in shallow marshes with small areal extent. Quaternary analogs for
such carbonate-precipitating marshes can be found within the
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younger Murray Springs Formation (Stops 4 and 5). The spatial
relationship of most nodular carbonate horizons to the limestone
units indicates that they are related to .the high-water tables that generated the limestone facies. The abundant marsh carbonate with
related calcareous mudstone, in association with perennial-stream
deposits, suggest diminished aridity during deposition of the
middle member compared to the lower member.
.
The top of th~ middle member is marked by a laterally persistent, extensl~ely bioturbated I?udstone containing superimposed
paleosols: This .mudstone, which accumulated during and soon
after the OlduvaI subchron, represents an interval of diminished
sedimentation and landscape stability in the latest Pliocene.
The upper member of the St. David Formation rests
ab:uptly, but with apparent conformity, upon the middle member
(Figure 2). These uppermost St. David sediments consist of red
poorly sorted sandy granule to cobble conglomerate and pebbly
s~ndstone units that alternate with less abundant calcareous sandy
s~ltstone. The sands and gravels contain conspicuous scour-andfill struct~res but. generally lack bedform-produced cross-bedding.
These faCies are Interpreted to represent deposition by sheetfloods
or shallow, poorly confined, flashy braided streams on the lower
reaches of alluvial fans. Carbonate nodules in the intervening
mudstone units are closely associated with root traces and horizons
of illuvial clay accumulation, and are largely pedogenic.
Deposition of the St. David Formation was terminated by
basin-wide incisio!l i? .the early Brunhes chron (about 0.6 Ma).
Tens of meters of mClslon may have occurred before widespread
deposition of the "granite wash" buried much of the erosional relief
to .establis~ the high bas.in-fill s~ace. All younger Quaternary
UnIts form Inset terrace flights adjacent to the axial facies of the St.
David Formation.
Tectonic Setting
The St. David Formation represents the major phase of
basin-fill sedi~entation . in the upper San Pedro Valley, a Basin and
Range ?epresslOn. Bas.In .a~d Ran~e tectonic activity in southeastern Anzona greatly dlmlmshed In the late Miocene or earliest
Pliocene, prior to deposition C?f the St. David Formation (Menges
and. MaFadden, 1981.; . MOITIson, 1985). Tectonic quiescence
dunng and after deposluon of the St. David Formation is indicated
by onlap of the basin-fill sediments along fault-block mountain
fronts upon pediment surfaces that truncate range-front faults. A
zone offaults (Structural zone in Figure 1) with small displacement
(less than 15 m) within the St. David Formation on the Whetstone
piedmont represents minor,reactivation of the erosionally truncated
range-front fault; flexure and faulting of the middle St. David
Formation (seen at Stop 3) represent deformation associated with
this fault system.
Correlation to Marine Paleoclimatic Records?
. As n.oted above, .the ~t. David Formation was deposited
dunng a l?enod of ~~ctomc qUiescence. Therefore, it is likely that
the changmg depoSItIonal parameters recorded in these strata reflect
a fluctuating climatic regime rather than the tectonic controls that are
often appealed to by sedimentologists. Deposition of the St David
F~rmation ~lso coincides with the Pliocene, including the
Phocene/Plelstocene boundary, an interval with an abundance of
glob~1 paleoceanographic data recording climatic fluctuations.
Detailed study of the San ~edro Valley climatic record might eventually allow close companson of the late Cenozoic marine climatic
recor?s with a terrestrial climatic record far removed from glacier
margms. Presently, that data have not been adequately compiled
and tested; therefore, only preliminary and speculative relationships can be proposed.
Three periods of significant late Cenozoic sedimentologic
change can be identified within the San Pedro Valley (Figure 2):
(1)

(2)
(3)

-3.4 to 3: ~ Ma - Trans~tion from arid playas and mudflats
to deposItIon by perenmal streams and marshes resulting
from high water tables.
'
-2.2 ±O.2 Ma - Dramatic slowing of sedimentation and
possible lowering of water tables.
-1.6 Ma - Progradation of coarse-grained alluvial fans.
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Haynes, 1987).

Lindsay and others

11

Table 1. Vertebrate Fauna from selected San Pedro Valley sites.
BLANCAN SITES AND FAUNA
Pisces (fish)
Amphibia
Ambystomidae
Ambystoma (salamander)
Pelobatidae
Scaphiopus (toad)
Bufonidae
Bufo (toad)
Hylidae
Hyla (tree frog)
Ranidae
Rana (frog)
Reptilia
Emydidae
?Terrapene (terrapin)
Testudinidae
Geochelone (tortoise)
Scincidae
Eumeces (skink)
Teidae
Cnemidophorus (whiptaillizard)
19uanidae
Phrynosoma (homed lizard)
Sceloporus (fence lizard)
Colubridae
Coluber (mcer)
Masticophis (whipsnake)
Lampropeltis (king snake)
Thamnophis (garter snake)
Crotalidae
Crotalus (mttlesnake)
Aves (bird)
Mammalia
Soricidae
Sorex (shrew)
Vespertilionidae
Simonycteris (bat)
Glyptotheriidae
Glyptotherium (glyptothere)
Leporidae
Sylvilagus (bunny)
Sciuridae
Spermophilus (squirrel)
Geomyidae
Geomys (gopher)
Heteromyidae
Perognathus (pocket mouse)
Prodipodomys (kangaroo rat)
Cricetidae
Calomys (mouse)
Peromyscus (deer mouse)
Baiomys (pigmy mouse)
Onychomys (grasshopper mouse)
Sigmodon (cotton rat)
Neotoma (pack rat)
Ondatra (muskmt)
Synaptomys (lemming)
Microtus (vole)
Erethizontidae
Coendou (porcupine)
Gomphotheriidae
Cuvieronius (gomphothere)
Stegomastodon (gomphothere)
Equidae
Nannippus (three-toed horse)
Equus (one-toed horse)
Camelidae
Hemiauchenia (llama)
Camelops (camel)
Cervidae
Odocoileus (deer)
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Table 1 (continued)
IRVINGTONIAN SITES AND FAUNA (Curtis Ranch fauna)
Pisces (fish)
Reptilia
Kinostemidae

Mammalia
Glyptotheriidae

Kinosternon (mud turtle)

Leporidae

Sylvilagus (bunny)

Emydidae

Pseudemys (terrapin)

Sciuridae

Testudinidae

Geochelone (tortoise)
Colubridae
Coluber (racer)
Lampropeltis (king snake)
Natrix (water snake)
Thamnophis (garter snake)
Crotalidae
Crotalus (rattlesnake)
Aves
Anatidae (duck)
Rallidae (?rail)
Strigidae (owl)
Corvidae (crow)

RANCHOLABREAN
SITES AND FAUNA

Canidae

Glyptotherium (glyptothere)

8726

Spermophilus (squirrel)
Castoridae
Castor (beaver)
Geomyidae
Geomys (gopher)
Heteromyidae
Perognathus (pocket mouse)
Dipodomys (kangaroo rat)
Cricetidae
Calomys (mouse)
Peromyscus (deer mouse)
Baiomys (pigmy mouse)
Onychomys (grasshopper m.)
Sigmodon (cotton rat)
Neotoma (pack rat)
Ondatra (muskrat)

63

7101

6911

8621

8622

X

X

X

Canis (wolf)
Mustelidae
Spilogale (skunk)
Felidae
Felis (cat)
Panthera (jaguar)
Gomphotheriidae
Stegomastodon
(gomphothere)
Equidae

Equus (one-toed horse)
Tayassuidae
Platygonus (peccary)
Camelidae
Hemiauchenia (llama)
Camelops (camel)
Antilocapridae
Capromeryx (pronghom)

8629 68123 6907

6908

Mammalia
Leporidae

Sylvilagus (bunny)
Lepus (hare)

X
X

Sciuridae

Spermophilus

X

(squirrel)

Ammospermophilus

X

(squirrel)
Geomyidae
Geomys (gopher)
Thomomys (gopher)
Heteromyidae

X
X

Dipodomys

X

(kangaroo rat)
Cricetidae

Reithrodontomys

X

(harvest mouse)

Peromyscus

X

(deer mouse)
Onychomys (grasshopper mouse)
Sigmodon (cotton rat)
Neotoma (pack rat)
Ondatra (muskrat)
Microtus (vole)
Canidae
Canis (wolf)
Felidae
Felis (cat)
Elephantidae

Mammuthus
(mammoth)
Equidae
Equus (one-toed
horse)
Tapiridae
Tapirus (tapir)
Camelidae
Hemiauchenia (llama)
Camelops (camel)
Bovidae
Bison (bison)
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The fIrst interval of sedimentologic change is apparently associated
with initiation of through-flowing drainage. Wetter conditions are
also required, however, to explain the sedimentological changes.
This change falls close to the onset of global cooling indicated by
oxygen isotope data, thought to occur at about 3.4 to 3.0 Ma
(Shackleton and others, 1984; Ciesielski and Grinstead, 1986;
Raymo and others, 1987). The subsequent transitional lowering of
high-water tables and decrease in sedimentation rates represented
by the second interval of sedimentologic change (about 2.2 Ma)
also appears to be recorded in the Safford Basin (150 km to the
northeast) and in the San Luis Basin of south-central Colorado,
based on studies in progress. This suggests a more regional transition that may correlate with the onset of major glacial-interglacial
cycles recorded (at about 2.2 Ma) in the oxygen-isotope and marine
sedimentary records, that is reflected in the dramatic influx of icerafted detritus in the northern hemisphere oceans at about 2.4 Ma.
Widespread climatic change could also account, in part, for faunal
turnover among many characteristic Blancan taxa in the western
United States during the early Matuyama chron (Lindsay and
others, 1984).
The most profound sedimentological change in the St.
David Formation (e.g., progradation of gravelly alluvial fans
during the early Pleistocene) does not correlate with any signillcant
climatic perturbation in the paleoceanographic record. Ongoing
research suggests, however, that this later sedimentological transition is also regional in character and may correspond to the initiation of climatic conditions that favored the dispersal of Mammuthus
to North America at about the same time.
Alluvial StratiWlPhy and Geoarcheolo!:)'
Curry Draw and Horsethief Draw are discontinuous easterly-flowing tributaries of the upper San Pedro River located
southwest of Tombstone and east of Sierra Vista. Alluvial deposits
exposed in the banks of these arroyos overlie or are inset relative to
the St. David Formation; they reveal a robust record of depositional, pedological, and erosional events that reflect climatic
changes during the late Quaternary (Haynes, 1987). They have
also yielded the artifacts of Paleoindians and remains of extinct
mammals, whose association is well documented in the San Pedro
Valley. The alluvial deposits in ascending order are (Figure 3):
Nexpa Gravels (Qne), Millville Formation (Qmi), Murray Springs
Formation (Qms), Lehner Ranch Formation (Qle), and Escapule
Ranch Formation (Qer).
The Nexpa Gravels (Qne) are locally inset into the St.
David Formation and appear to represent a long interval of net
degradation; well cemented terrace gravels that cap hills near the
San Pedro River are considered equivalent to the Nexpa Gravels.
These deposits are considered late Pleistocene, and where sampled
have always shown normal polarity, indicating the Brunhes magnetic chron (younger than 700 ka).
The Millville Formation (Qmi) consists of poorly sorted
muddy sand and gravel deposited in broad channels cut into the St.
David Formation on the valley floor. The Millville Formation is
older than the limit of radiocarbon dating and has yielded the
remains of a Rancholabrean fauna (Curry Draw fauna in Table 1).
The Millville Formation represents a short interval of aggradation
after deposition and planation of the St. David Formation.
The Murray Springs Formation unconformably overlies the
Millville Formation and consists of a basal sand, the Moson sand
(Qmo), that is confined primarily to spring feeders, and a basal
olive-green, laminated mudstone, the Sobaipuri mudstone member
(Qso), which is overlain by a white lacustrine marl, the Coro marl
member (Qco). Spring feeders in the Murray Springs Formation
indicate that the water table was high; the Coro marl suggests
standing water was plentiful during deposition of the Murray
Spring Formation. A dark gray to black organic band in the
Sobaipuri mudstone has been dated as 29,000 ±2,OOO B.P.
Radiocarbon dates from the Coro marl indicate it was deposited
between 27,000 and 13,000 B.P. The Murray Springs Formation
has yielded a Rancholabrean mammal fauna but no evidence of
early man.
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The Lehner Formation (Qle) unconformably overlies the
Murray Springs Formation; it consists of a basal sand, the
Graveyard Gulch member (Qgr); a black organic algal mat, the
Clanton Ranch mudstone member (Qcl); and overlying silty loam,
the Donnet Ranch member (Qdo). Clovis artifacts, bones of their
prey, and charcoal from their fires are concentrated in the upper 10
cm of the Graveyard Gulch channel sand. Charcoal from the
Graveyard Gulch member has produced radiocarbon dates between
13,000 and 10,900 B.P. Eight radiocarbon dates on the Clovisage charcoal average 10,900 ±50 B.P. Radiocarbon dates from the
Donnet Ranch member indicate it was deposited between 9,500 and
8,000 B.P. In the mammoth kill area of the Murray Springs Clovis
site numerous elephant-like footprint depressions were preserved
near the partially articulated skeleton of an adult female mammoth
surrounded by Clovis artifacts, all covered by the organic Clanton
Ranch mudstone. Preservation of the mammoth tracks in the channel sand indicates discharge was insufficient to erase the tracks;
however, the water table rose slightly later to permit deposition of
the algal mat and white marl. These changes in the local water table
were probably the result of base level change or local climatic
change.
The Escapule Ranch Formation (Qes) unconformably overlies the Lehner Ranch Formation; it consists of three alluvial fill
members separated by paleosols and erosional contacts. The lower
Weik Ranch member (Qwk) fills the first true arroyo channel; it
was deposited between 6,500 and 4,300 B.P. The Hargis member
(Qha) is the middle member, and the McCool member (Qrnc) is the
upper member of the Escapule Ranch Formation. These units are
overlain by the Teviston Formation (Qtv) that lacks paleosols.
Vertebrate Faunal Remains
Vertebrate sites visited on this trip include: Billy site,
UALP 68125; Land Mammoth, UALP 8726; Gompho scrap,
UALP 8727; California Wash, UALP 47-10; Murray Springs,
UALP 63; Curry Draw, UALP 7101; Escapule mammoth, UALP
6911; Horsethief Draw mammoth, UALP 8621; Horsethief Draw
#2, UALP 8622; Dyack site, UALP 8625; and Piano key tusk,
UALP 8629. We will also be near the following localities: Donnet
mammoth, UALP 68123; San Rafael Aqueduct, UALP 6907;
Horsethief Draw #1, UALP 6908; and Wolf Ranch, UALP 64.
The Curtis Ranch section can also be seen (from a distance) across
the valley. Faunal lists for these sites and Curtis Ranch are given
in Table 1. The list for the Curtis Ranch fauna is a composite of
several sites. Lists in Table 1 are compiled from publications
(e.g., Lindsay, 1978 and 1984) along with subsequent additions
and revisions. As seen in the compilation of Table I, most of the
sites give only a partial record of the complete vertebrate fauna living at that time. Together, however, these sites give a fairly accurate picture of Blancan, Irvingtonian and Rancholabrean faunas. It
should also be pointed out, however, that the "Benson vertebrate
fauna" (from sites in the St. David Formation to the north) is
slightly older than the Blancan sites and fauna listed in Table 1 and
are not represented in the lists.
Blancan land mammal age spans most of the Pliocene (e.g.,
about 4.5 to 2.0 Ma). Irvingtonian land mammal age spans most
of the Pleistocene (e.g., about 1.8 to 0.5 Ma). Rancholabrean land
mammal age represents only the latter part of the Pleistocene (e.g.,
about 0.5 Ma to 10 ka). Blancan faunas are characterized by a
dominance of horses (both 3-toed and I-toed horses), large
elephant-like gomphotheres, camels and pronghorns. Among
small mammals, rabbits and cricetid rodents were diversifying
rapidly during the Blancan. Blancan is also the interval when many
South American mammals (e.g., glyptotheres, several ground
sloths, and porcupines) appear in North America. The Irvingtonian
is marked by the appearance of true elephants (e.g., Mammuthus)
into North America, along with continuation of many Blancan
genera. Note, however, that the Curtis Ranch fauna, considered
early Irvingtonian, lacks Mammuthus . Rancholabrean is marked
by the appearance of Bison and a host of other immigrants from the
Old World. End of Rancholabrean land mammal age is marked by
the appearance of humans (e.g., Paleoindians) into North
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America, and extinction of many large mammals other than Bison,
deer and pronghorns.
Summary of Trip Itinerary
At stops 1 and 2 we will examine the axial facies of the St.
David Formation preserved in isolated hills near the present San
Pedro River. These hills are invariably capped by well cemented
gravels that are probably equivalent to the Nexpa Gmvels preserved
in alluvial deposits to the south. Lower and middle St. David
members are well represented in these stops. An optional stop
between stop 1 and stop 2 will demonstmte a topographically lower
strath terrace that is dominated by fine grained sediments and produced a semi-articulated mammoth skeleton. At stop 3 we will
examine a characteristic piedmont exposure of the middle St. David
Formation in California Wash. The California Wash site also
includes several tuffs, a monocline produced by reactivation along
the range front fault of the San Pedro Valley, and several fresh
water diatomites, one of which has produced a diverse small
mammal and reptile fauna.
At stop 4 (on day 2) we will visit the Murray Springs
Clovis site where alluvial deposits that overlie the St. David
Formation are well exposed, and where extinct mammals and
Paleoindian artifacts were found in association. At stop 5 in
Horsethief Draw we will see more exposures of the middle St.
David Formation in direct juxtaposition with the alluvial deposits
seen at the Murray Springs Clovis site. Remains of an extinct
mammoth lacking: association with Clovis artifacts were recently
excavated from alluvial deposits in Horsethief Dmw.
DAY 1
Directions and Comments en route to Stop 1
The trip starts at the southwest parking lot on the University
of Arizona campus. Proceed to Interstate 10 via Campbell Avenue/
Kino Parkway, then drive east on Interstate 10 to Benson (about 40
miles). Interstate 10 leaves the Santa Cruz Valley and passes
between the Rincon Mountains (to the north) and the Santa Rita
Mountains (to the south). Coarse Cenozoic basin fill and more
indurated Cretaceous sediments are exposed in road cuts and
washes in the vicinity of Davidson Canyon (about 20 miles east of
Tucson) and farther east along Interstate 10. The highway passes
north of the Empire Mountains east of Davidson Canyon, and
passes north of the Whetstone Mountains east of Cienega Creek.
Soon after entering Cochise County the Dragoon Mountains are
visible in the distance, on the east side of the San Pedro Valley.
The highway descends into the San Pedro Valley east of the highway 90 turnoff, and the St. David Formation is well exposed on
both sides of the highway as we approach Benson. Turn off at the
Benson exit, driving south on highway 80. About six miles south
of Benson turn west on the Apache Powder Plant road. Follow the
Apache Powder Plant road about six miles to the railroad crossing,
which is the vicinity of Stop 1.
STOP 1, "BILLY HILL"
At stop 1 we are on the west side of the San Pedro River in
the vicinity of several hills that rise about 50 meters above the
valley floor and are capped by well indurated gmvels. These hills
are remnants of the Pliocene-Pleistocene St. David Formation; the
capping gravels accumulated after deposition of the St. David
Formation during early degmdation of the San Pedro Valley.
Outcrops on this hill (Figures 4 and 5) include parts of the
lower and middle members of the St. David Formation disconform ably overlain by Pleistocene gravel. The lower 20 m of
redbed section is lower member mudstone and fine-gmined sandstone, representing playa-mudflat facies that will be seen again at
Stop 2. The lower member mudstone is overlain by gmvel, sandstone, and mudstone with calcareous nodules characteristic of the
middle member. Imbrication in the basal gravel indicates flow to
the west-northwest; however, dominance of volcanic pebbles
(Figure 4) derived from bedrock in the southern San Pedro Valley
indicates that this gravel was deposited by an axial stream with
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Figure 4. Geologic map of area encompassing field-trip Stops 1
and 2 near Land. Pie diagrams represent gmvel composition within
the St. David Formation and younger Pleistocene terrace deposits.
For sake of comparison, St. David Formation clasts within gravels
are not depicted, although they range in abundance from 5% to
30% within the Pleistocene terrace deposits. Qtl may correlate to
the Nexpa Gravel (Figure 3).
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~ore general northerly flow. The partly cemented
dlscon~ormably above finer-grained deposits of

gravel that lies
the St. David
FormatiOn can also be seen capping other hills and mesas to the
south. The original thickness of this Pleistocene gravel is not
kno"Yn. Remnants of calcareous soils suggest that it may be correlative to the Nexpa Gravel that we will see at Stop 4. Tabular and
planar crossbed sets as much as 1 m thick occur in associated
coarse-grained sands and granule horizons and indicate deposition
b~ a mod~rately deep, generally north-flowing ancestral San Pedro
River, as IS also suggested by the abundance of volcanic cobbles
(Figure 4) derived from the southern part of the valley. Some of
the cross-bedded units contain abundant white carbonate clasts
eroded from calcareous units within the middle St. David
F~rmation. ~h~ ~apping gravels reflect the gradient of the river
pnor to the mClslon and mass wasting that have produced the
pres~nt topography of the valley floor. In this vicinity several
allu:'lal terraces th~t record subsequent episodes of aggradation and
eroslOn have been mset on some remnant hills adjacent to the river.
Optional Stop 1a will be to examine one of these alluvial terraces.

rounded cobbles. The top of the Land Mammoth terrace, which
lacks a gravel cap, is about 19 meters lower than the elevation of
the adjacent hill that is capped by 4 meters of cemented gravel
(Qtl). The Land Mammoth terrace represents a second period of
stability or aggradation subsequent to initial erosion and mass
wasting that planed the valley floor to the Qtl level. The Land
Mammoth terrace might be equivalent to alluvial aggradation represented by the Millville Formation or the Murray Springs Formation
deposited farther south.
STOP 2, "SP HILL"
"SP Hill" is another remnant hill of St. David sediments
capped by gravels, located about 3.5 miles south of "Billy Hill."

WEST-'-- - 360 m - - --

Pleistocene
Nexpa
Gravel (?)

I
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.0

E

•
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sand
mud gravel
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1"11 III

sand
mud
gravel
Fig~e 5. Section exposed on south side of "Billy Hill" at Stop 1.
Pleistocene gravel rests on strath surface cut into the St. David
Formation. Transition from lower to middle members of the St.
David Formation is marked by axial-fluvial gravel sand, and
mudstone that overlie finer-grained playa-mudflat facies.
Paleomagnetic sites are indicated by filled (normal polarity) and
open (reverse polarity) circles or queries (unstable NRM).

OPTIONAL STOP lA, "LAND MAMMOTII HILL"
In 1987 a partial skeleton of a Columbian mammoth was
disco,:ered in an alluvial terrace adjacent to the river south of Stop
1. This terrace (labeled Qt2 in Figure 4) is composed primarily of
poorly sorted Slit and sand that grades into friable sand with
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Figure 6. Closely spaced sections in the St. David Formation
exposed on "SP Hill" at Stop 2. Lower member of westernmost
section consists of gypsiferous (diagonal pattern) mudstone and
fine-grained sandstone units of the central playa facies that correlate
eastward to generally nongypsiferous mudflat facies with channel
sand, containing lateral-accretion surfaces. Middle member
consists of bioturbated calcareous mudstone and coarse-grained
sand. Strath surface truncating St. David Formation is overlain by
Qt 1 gravel, tentatively correlated to the Nexpa Gravel.
Paleomagnetic sites are indicated by filled (normal polarity) and
open (reverse polarity) circles or queries (unstable NRM).
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"SP Hill" is accessed by driving south from Stop 1, adjacent to the
SP railroad track. This area is located in the San Pedro Riparian
National Conservation Area, which may be temporarily closed to
entry. We suggest that you contact the Bureau of Land
Management Office at Fairbank (602) 457-3395, for information
about entry to this area.
Outcrops on hills near the center of the San Pedro Valley in
this area reveal (Figures 4 and 6):
(I)

(2)
(3)

The contact between lower and middle members of the St.
David Formation.
The lateral facies transition from mudflat to central playa environments within the lower member.
Quaternary carbonate-cemented gravel that disconformably
overlies the St. David Formation.

Most of the exposure closest to the railroad tracks is composed of red mudstone with ribbon channel sandstone and siltstone
containing mudchip layers and prominent lateral-accretion surfaces.
These gullied-mudflat deposits can be traced about 400 m to the
west where the equivalent stratigraphic. interval contains tabular,
massive to thin laminated gypsiferous siltstone and fine-grained
sandstone deposited in the central playa environment (Figure 6). In
both sections these distinctive deposits give way upward to crossbedded sand and bioturbated red and green mudstone with nodular
carbonate horizons; these latter units represent axial drainage of the
valley during deposition of the middle member.
The cemented gravel capping the hills in this area is correlated with that at the top of "Billy Hill" at Stop 1 (Figure 5). The
surface on which these gravels were deposited reflects the gradient
of the San Pedro River at the time gravel cap Qtl was deposited,
subsequent to aggradation of the St. David Formation. This surface
is 25 m higher in the area of "SP Hill" than at "Billy Hill." In contrast, the present gradient of the San Pedro River in the vicinity of
these hills reveals an elevation difference of only 18 meters. These
results indicate the ancestral San Pedro River had a steeper gradient
and probably could have transported a greater bedload than the
modern San Pedro River.
At this locality, cobble counts (Figure 4) document the
mixing of piedmont gravel, rich in quartzite, limestone, and white
vein quartz from the Whetstone Mountains, with axial-stream
gravel rich in volcanic and St. David Formation clasts. Volcanic
clasts, for which there are no sources in the Whetstone Mountains,
diminish in abundance toward the west in these outcrops and a
vein-quartz-rich piedmont gravel rests conformably over axial
gravel in the westernmost exposures. The overwhelming abundance of volcanic clasts in axial gravels of all ages in this area
(Figure 4) suggests that (a) large volumes of durable volcanic
clasts from the south diluted the contribution of other lithologies
from local piedmont streams, and (b) some lithologies derived
from the immediately adjacent ranges (e.g., limestone and vein
quartz) were rapidly abraded to smaller sizes by flow in the larger
axial river.

STOP 3, CALIFORNIA WASH
The middle St. David Formation is well exposed in
California Wash where a sequence containing volcanic ash and
diatomite is displayed (Figure 7). These sediments dip homoclinally as much as 15° to the east. Some of the beds have been
repeated by minor faults. Repetition of beds suggests that some of
the faulting may have been subsequent to folding. This N-S
structural zone is also displayed at Post Ranch, about 8 miles to the
north. The structural zone (Figure 1) is generally identified
(Scarborough and others, 1983) as location of an erosionally truncated range-front fault. If true, the width of the valley has more
than doubled since its inception by block faulting, as the structural
zone is now closer to the valley center than to the base of the
Whetstone Mountains.
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Figure 7. Section of middle St. David Formation exposed in
California Wash to west of abandoned railroad grade at Stop 3.

Directions and Comments en route to Stop 3
Stop 3 is in the upper drainage of California Wash, the first
major wash south of "SP Hill." We will cross the railroad tracks
north of "SP Hill," following the gas pipeline to the west and
south. The gas pipeline road intersects the abandoned railroad
grade at the west side of the valley about 4 miles from the railroad
crossing, south of California Wash. We then drive north about 0.8
miles on the abandoned railroad grade to Stop 3. An alternative
route (in case we encounter aJocked gate) is to drive back toward
highway 80 on the Apache Powder Plant Road, turn east on an
unmarked road 2.1 miles north of the Apache Powder Plant (and
0.8 miles from highway 80), following that road into and out of the
wash, to the abandoned railroad grade at San Juan Siding. Then
drive south on the abandoned railroad grade about 3 miles to
California Wash.
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The "brown ash" in the California Wash section has been
identified as the Huckleberry Ridge Ash (= Pearlette B) by Izett
(1981), dated at 2.0 Ma. All of the sequence exposed in California
Wash above the abandoned railroad grade has reversed magnetic
polarity, which on the basis of age of the "brown ash" and the vertebrate fauna, should represent the lower Matuyama magnetic
chron. The upper diatomite, above the "gray ash," has produced a
diverse Blancan (late Pliocene) small vertebrate fauna (Table 1). In
previous correlations of the California Wash fauna, the diatomite
that produced most of the fauna was correlated between the brown
ash and the gray ash, and the age was considered about 2.5 Ma.
The fossil-bearing diatomite is now correlated above the gray ash.
Determination of the age of the brown ash that underlies the
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California Wash fauna as 2.0 Ma, along with higher stratigraphic
placement of the fauna, now forces age assignment of the
California Wash fauna as about 1.9 Ma, almost equivalent in age to
the Curtis Ranch fauna across the valley. The Curtis Ranch fauna
is located at a slightly higher elevation (ca. 80 m higher) 10 Ian to
the east. There is no diatomite, evidence of local ponding, nor ash
preserved in the upper part of the Curtis Ranch section, in rocks
equivalent in age (e.g., about 1.9 Ma) to those where diatornite
occurs at Stop 3 in the California Wash section. Why should
diatomite and ash be preserved near this fault in California Wash?
Are these deposits produced by local springs?; or, local subsidence
associated with intermittent faulting?; or, both?; or, for some other
reason. We have suspicions but no fIrm answers. Perhaps more
study will bring an unequivocal answer to these questions.
Return to the Apache Powder Plant road and highway 80.
Follow highway 80 south to Tombstone where we will stay
overnight.
DAY 2
Directions and Comments en route to Stop 4, Murray Springs
We will rendezvous at 8 AM in the motel parking lot. We
drive southwest on the Charleston Road, cross the San Pedro
River, then turn south on Moson Road west of the river, drive
south two miles further. We will enter the Murray Springs area via
the abandoned railroad grade between Lewis Springs and Sierra
Vista. Murray Springs is one of several Clovis/Early Man sites in
the San Pedro Valley. Alluvial deposits that overlie the St. David
Formation are well exposed in Curry Draw, the drainage along
which Mr. Murray lived until 1916. In 1966 Haynes and
Mehringer discovered the remains of extinct mammoth associated
with Clovis artifacts in these deposits; extensive excavation and
radiocarbon dating of these sediments (and fossils) were undertaken during the next five years to produce one of the most complete records of Clovis Paleoindian-extinct mammal associations in
North America. Exposures in Curry Draw failed to yield useful
pollen, but the same deposits at Lehner Ranch yielded pollen that
contributed to the early synthesis of PleistocenelHolocene climatic
changes in the Southwest (Mehringer and Haynes, 1965). We will
examine these deposits at Stop 4.
STOP 4, MURRAY SPRINGS CLOVIS SITE
AND CURRY DRAW
Curry Draw, an undissected swale prior to 1916, heads on
the pediment extending from the Huachuca Mountains about 9 mi
WSW of the Murray Springs site. Two main headcuts on Curry
Draw expose the Millville, Murray Springs, Lehner Ranch, and
Escapule Ranch Formations of late Quaternary age inset against the
St. David Formation (Haynes, 1987). A generalized cross-section
is shown in Figure 8. The Nexpa Formation, intermediate in age
between the Granite Wash Formation (Gray, 1965) and the
Millville Formation, forms gravel straths along Curry Draw, some
of which display petrocalcic caliches with laminar horizons.

Coarse, poorly sorted sand and gravel of the Millville
Formation represent aggradation from flashy intermittent, high
energy discharge changing downstream to muddy sand and playa
mudstone, representing low energy discharge. These deposits are
unconformably overlain by green mudstone and white marl of the
late Pleistocene Murray Springs Formation, representing spring-fed
marshes and ponds in many tributaries along the San Pedro River.
An abundant Rancholabrean fauna (e.g., Curry Draw, UALP
7101, in Table 1) is associated with these emergent water table
sediments at several sites, but no evidence of prehistoric peoples
has been found therein. Subterranean groundwater flow is represented by sands cross-cutting basal Murray Springs Formation and
upper Millville Formation (Laury and Haynes, in press).
From approximately 13,000 to 11,000 years ago, a downward trend in the water table resulted in desiccation and entrenchment of the Murray Springs Formation, and the exposure of an
erosional surface upon which Clovis people camped 10,950 B.P.
Along a small, spring fed stream (Bison Kill Creek), they successfully hunted mammoths, bison, and smaller animals at a time
when the water table had dropped to below the streambed, as
revealed by a half-meter-deep water hole or well dug by man or
mammoth beside the dried-up stream bed. The implied drought
corresponds time wise to the desiccation of some Great Basin lakes,
and to the younger Dryas cold, dry episode of northern Europe
(Haynes, in press). Subsequent rise in the water table shortly
before 10,700 B.P. resulted in the formation of a black algal mat,
the Clanton Ranch Member, that buried and near-perfectly
preserved mammoth tracks and Clovis artifactual debris in a marsh
environment. A marl facies of the "black mat" represents ponds
along many San Pedro tributaries. The black mat corresponds with
the warm moist interval that ended the Pleistocene at many localities
worldwide. The basal contact is the PleistocenelHolocene
boundary in southeastern Arizona and marks the end of
Rancholabrean fauna in the region. No remains of mammoth,
horse, camel, or direwolf have ever been found in situ above the
contact with the black mat. Geologically speaking, Pleistocene
extinction in southeastern Arizona was catastrophic.
Light grey, calcareous, massive silt or fine sand, the
Donnet Ranch Member conformably (except for rare minor rills or
channels) overlies the black mat where it aggraded as slope-wash
eolianite nearly to the level of the undissected historic surface of the
draw. Artifacts of the Sulpher Springs phase of the Cochise culture occur sparingly in this unit and in the overlying Escapule
Ranch Formation, composed of four members of typical reddishbrown Holocene alluvium, representing successive cut-and-fIll
events (Figure 8) prior to the modern episode of arroyo cutting that
began during the middle of the 19th Century. The Teviston
Formation, overlying the historic swales, represents poorly sorted
alluvium flushed from headcuts upstream and cut through by
headward migration of headcuts from downstream.
All of these units are well displayed along Curry Draw and,
to varying degrees, along all of the tributary draws of the San
Pedro River. Along the river itself, the Escapule Ranch Formation
makes up most of the historic floodplain and underlies the Arivaipa
surface of Bryan, Smith & Waring (1934). Neither the Murray
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Figure 8. Generalized geologic cross section of Curry Draw (Stop 4) showing
stratigraphic relationship of units (from Haynes, 1987).
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Springs Fonnation nor the Lehner Ranch Fonnation have been recognized along the trunk stream,presumably because of erosion
during the Altithennal 7,500 to 4,500 B.P.
The Bureau of Land Management is currently evaluating
plans for an educational exhibit and self-guided tour of the Murray
Springs Clovis site area.
Directions and Comments en route to Stop 5, HorsethiefDraw
From Murray Springs we drive south to highway 90, turn
east and drive about 2.5 miles where we turn north on a dirt road.
Drive about one mile on the dirt road to the first wash (Horsethief
Draw) crossing the road. As we drive up Horsethief Draw we
encounter the St. David Fonnation and overlying alluvial deposits
with similar lithology and fauna found in Curry Draw, about a mile
to the north.
STOP 5, HORSETHIEF DRAW
The middle member of the St. David Fonnation is exposed
in the lower part of Horsethief Draw. Vertebrate fossils and
magnetostratigraphic data collected near the highway south of here
suggest an age of about 2.4 Ma for these deposits. The abundance
of calcareous layers related to marshes, high water-table phreaticzone precipitation, or both, are characteristic of middle member
sequences deposited in this area, especially near the axis of the
valley. Sand and pebbly sand channel-fill facies are also exposed
and have ribbon, rather than sheet geometries. These features are
characteristic of axial stream deposits in the middle member of the
St. David Fonnation.
Alluvial deposits are poorly developed near the axis of the
valley in this area, being better developed along the flanks of the
axial facies. Farther to the south, near the Lehner Clovis site,
alluvial deposits are well developed in the axis of the valley. An
undescribed Blancan mammal fauna (Dyack fauna, UALP 8625, in
Table 1) with horse, camel, deer, and turtles was collected from the
St. David Fonnation in Horsethief Draw near the beginning of
exposures of alluvial sediments.
The Escapule Clovis site (Hemmings and Haynes, 1969)
was excavated from the Lehner Fonnation in the upper drainage of
Horsethief Draw. Vertebrate fossils are relatively common in the
alluvial deposits of this arroyo, especially from units beneath the
Lehner Ranch Fonnation. In 1987 a partial skeleton of a mammoth
lacking associated Clovis artifacts was excavated from the basal
contact of the Lehner Ranch Fonnation in this area.
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Late Cenozoic Stratigraphy and Tectonics of the Safford,
Tonto, and Payson Basins, Southeastern and Central Arizona

DAY ONE: LATE CENOZOIC STRATIGRAPHY
AND TECTONICS OF THE SAFFORD BASIN,
SOUTHEASTERN ARIZONA
by
Brenda B. Houser
U.S. Geological Survey
University of Arizona
Tucson, Arizo na 85721
Geologic Setting and Summary
The Safford basin is the southeastern continuation of
the Tonto basin, from the Transition Zone into the Basin and
Range province (Figure 1). It extends southeastward about
300 km from Globe to Mexico and, in the northern half, consists of the 111 (one-eleven) Ranch, Bylas, and San Carlos
depositional subbasins (Figure 2). Previous studies of the
area include those of Gilbert (1875), Knechtel (1938), Van
Horn (1957), Davidson (1960), Marlowe (1961), Harbour
(1966), Richter and others (1981, 1983), Houser and others
(1985), and Drewes and others (1985).

The 111 Ranch subbasin contains more than 2,590 m of
fluvial and lacustrine basin-fill sediments that range in age
from probably middle Miocene to latest Pliocene. Exposures
of gypsiferous mudstone are common, and beds of gypsum
and halite as thick as 25 m are present at depth. FaCies
relationships, gravity data (Wynn, 1981), and vibroseis records
indicate that the cross-sectional profile of the 111 Ranch
subbasin is strongly asymmetric with the deepest part
adjacent to the Pinaleno Mountains (Figure 3).
Exposed basin-fill sediments of the Bylas subbasin are
calcareous mudstone and sandstone on the southwest, and algal mat limestone on the northeast. Gypsiferous sediments
are uncommon. Gravity data (Lysonski and others, 1980) indicate that the subbasin is symmetrical, narrow, and relatively
shallow.
Stop 1 is an overview of the geography and geology of
the Safford basin and adjacent ranges. Stops 2 and 3 provide
closer looks at facies relationships, basin-fill sediments, and a
zone of faulting on the southwest side of the 111 Ranch subbasin. At Stop 4 we will see exposures of algal mat limestone
characteristic of the northeast side of the Bylas subbasin, and
examine a sharp compressional structure in basin-fill rocks
overlain by Quaternary alluvium showing extensional structures.
Road Log and Highlights Enroute to Stop 1
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Figure 1: Location of Safford (S), Tonto (T), and Payson (P)
basins, relative to Transition Zone boundary (modified from
Peirce, 1985 and Nations and others, 1985).
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Proceed eastward from Tucson on 1-10 to the junction of
U.S. 666 North, exit 352 (about 85-90 miles). Drive north 27
mi on U.S. 666 to the junction of AZ 366. Go left (southwest) on AZ 366 6.0 mi. Go right 1.3 mi on dirt road and
park at the stone wall overlook.
The road log by Keith and Wilt (1978) covers the trip
route along 1-10. About 13.5 mi north of 1-10, U.S. 666 crosses the covered trace of the southeast extension of the Stockton Pass fault (Figure 2). The fault cuts the Pleistocene(?)
pediment surface along a 6.4-km-Iong northeast-facing scarp 5
km southeast of the highway (Machette and others, 1986); it
forms the southwest edge of the 111 Ranch subbasin. The
Bowie zeolite deposit (Sheppard and others, 1987) may owe
its exposure to uplift on the footwall of the fault.
On the east side of U.S. 666 about 21 mi north of 1-10, a
deep test well (Phillips, Safford State A-I) bottomed in conglomera te at 2,590 m. Lithologies of the drill cuttings and
geophysical log characteristics suggest that the co nglomerate
in the lower 100 m of the well may be a prebasin-fill unit.
The prominent mesas that extend northeast fro m the
base of the Pinaleno Mountains are dissected remnants of
pedime nted, latest Pliocene or early Pleistocene alluvial fans
that are well-developed only along this stretch of the Pinalenos. The mesas owe their present high elevation chiefly to resistance to erosion, but it is possible that as much as 60 m of
their height may be attributed to tectonic uplift, based on displacement on the Cactus Flat fault zo ne discussed at Stop 2.
The proximal Pliocene to Pleistocene fan sediments are
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120-140 m thick, deeply weathered and oxidized, and overlie
similar, but largely unweathered, Pliocene fan sediments.
One of the younger Pliocene to Pleistocene fans is exposed in
roadcuts along AZ 366 and along the dirt road to the overlook. The rusty color of the exposures and presence of
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weathered gneiss boulders is typical of the younger fan
deposits of these high mesas.
The younger Pliocene to Pleistocene fans are inferred to
have formed as a consequence of the initial location of the
course of the Gila River along the northeast side of the
Bonita Creek fan delta in the Safford basin after the development of through-flowing drainage (Figure 2) (Houser and
others, 1985). Thus, streams that drained the Pinaleno
Mountains opposite the fan delta built thick fan deposits as
they prograded northeastward across the basin to reach the
river. As the Gila Rivet shifted southwestward to its present
medial location in the basin, the early-formed alluvial fans
adjacent to the range front were pedimented, abandoned,
dissected, and replaced by thinner, less extensive fans.
STOP 1: OVERVIEW OF 111 RANCH SUBBASIN

"

\

The basin-fill sediments of the 111 Ranch subbasin consist chiefly of clastic detritus supplied from erosion of the
adjacent mountain ranges, and by ancestral Bonita Creek
(Figure 2), which entered the Safford basin from Bonita
Creek basin. Southwest of the basin, the Pinaleno and Santa
Theresa mountains are dominantly granitic rocks (Thorman,
1981). Northeast of the basin, the Gila, Whitlock, and
Peloncillo mountains and the Natanes Plateau are dominantly middle Tertiary intermediate to silicic volcanic rocks of the
Mogollon-Datil volcanic field (Wilson and others, 1969;
Drewes and others, 1985). The occurrence of different rock
types on opposite sides of the basin, in conjunction with
exotic pre-Tertiary lithologies brought in by ancestral Bonita
Creek, has facilitated provenance studies of the basin fill.
Stratigraphy of 111 Ranch Subbasin

o

,,'"

Figure 2: Map of Safford basin showing location of stops, and
geologic and geographic features.
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Four informal basin-fill units have been defined in the
111 Ranch subbasin (Figure 3) (Richter and others, 1983;
Houser and others, 1985; Houser, unpublished data). The
oldest is the conglomerate of Midnight Canyon exposed in
Bonita Creek basin and along the Gila River where the river
enters the Safford basin. It is semi-indurated fluvial conglomerate derived from the Gila Mountains and contains only
volcanic clasts. The Midnight Canyon conglomerate consists
of proximal fan deposits in exposures in Bonita Creek basin,
but well cuttings indicate that it extends as far as 2/3 of the
way across the 111 Ranch subbasin toward the Pinalenos
where it consists of distal fan facies conglomerate interbedded with alluvial plain and playa deposits. Its upper
contact is 500 m below the surface and the maximum thickness is more than 650 m (Figure 3). The Midnight Canyon
conglomerate is younger than the 19 Ma underlying volcanic
bedrock (Richter and others, 1983); its minimum age may be
late Miocene or early Pliocene.
The silt and conglomerate beds of Sanchez conformably
overlie the conglomerate of Midnight Canyon. The Sanchez
beds have about the same distribution as the Midnight
Canyon and are similar in that they contain only volcanic
clasts; however, they are finer grained, less indurated, and
show better sorting and bedding. The last two factors suggest
the presence of streams with sustained flow. Well cuttings
indicate that beneath the center of the basin the Sanchez
beds consist of about 250 m of mudstone interbedded with
massive gypsum and halite. The gypsiferous facies of the
Sanchez beds probably interfingers with the lower part of the
lacustrine and fluvial beds of Bear Springs Wash in the
southwest part of the basin (Figure 3). The Sanchez beds
may be late Miocene or early Pliocene based on their
stratigraphic position between the Midnight Canyon
conglomerate and the lacustrine and fluvial 111 Ranch beds.

21

A

A'

METERS

1600
1400
1200
1000
800
600

Drainage integration by headward erosion of the Gila
River marked the end of basin-fill sedimentation. Anderson
(1988) inferred that the northern end of the Safford basin in
the vicinity of San Carlos, had through-flowing drainage b~
about 3.6 Ma. The Gila probably reached the 111 Ranch
subbasin between latest Pliocene and middle Pleistocene time
as indicated by fission track ages from air-fall tuffs near the
top of the basin-fill section at 111 Ranch, and by the
occurrence of 0.6 Ma Lava Creek B air-fall tuff interbedded
with Gila River gravel at three localities in the Safford basin
(Houser, unpublished data) and at one locality in the Duncan
basin to the east (Izett and Wilcox, 1982).
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Figure 3: Schematic cross section of 111 Ranch subbasin
showing facies relationships of basin-fill units. Approximate
line of section shown on Figure 2.
In outcrops in Bonita Creek basin and along the Gila
Mountains, the Sanchez beds are 130-360 m thick.
The youngest basin-fill units of the 111 Ranch subbasin
are the lacustrine and fluvial beds of 111 Ranch and of Bear
Springs Wash, These are interfingering units, each consisting
of two interbedded facies; 1) fine-grained sediments
deposited in Tertiary lake Graham (includes both Bear
Springs Wash and 111 Ranch beds), and 2) coarser-grained
dep.osits of alluvial fans at the foot of the Pinalenos (Bear
Spnngs Wash beds), and deposits of the Bonita Creek fan
delta (111 Ranch beds) (Figures 2 and 3).
The distribution of lacustrine facies indicates that
during high stands Lake Graham covered much of the subbasin and may have been as deep as 30 m, The common occurrence of halite and gypsum in lacustrine claystone, and the
scarcity of chert or dolomite suggest that the lake water was
a low silica Na-S04 -Cl brine when con-centrated by
evaporation (Hardie and others, 1978),
Fluvial facies of the 111 Ranch beds indicate that the
Bonita Creek fan delta covered an area of about 730 km' and
extended from the mouth of Bonita Creek southwestward
across the basin to within 4 km of the foot of the Pinalenos
(Figure 2). The occurrence, even in the distal fan facies, of
sandstone and conglomerate, large-scale cross-bedding, clast
imbrication, and good sorting indicate deposition in braided
streams with sustained flow, In addition to volcanic clasts,
the conglomerate beds of the fan delta contain exotic clasts
of red granite and orthoquartzite (red feldspar grains in
sandstone beds) that were supplied by Bonita Creek after its
headwaters reached exposures of Precambrian red granite
and Paleozoic sedimentary rocks (Figure 2). These exotic
clasts serve to distinguish the fluvial facies of the 111 Ranch
beds both from older units, which contain no granite or
quartzite clasts, and from the time-equivalent Bear Springs
Wash fluvial facies, which contains clasts of white to gray
granite derived from the Pinaleno Mountains.
The maximum age of the 111 Ranch and Bear Springs
Wash beds is not known, but it may be early Pliocene. The
units are as young as late Pliocene, however, based on a
Blancan vertebrate fauna in the 111 Ranch and Bear Springs
Wash areas (Galusha and others, 1984; Tomida, 1987), and
on fission-track ages of 2.3-2.7 Ma on zircon and glass,
respectively, from interbedded air-fall tuff beds in the 111
Ranch area (Dickson and Izett, 1981), The maximum
thickness of the 111 Ranch beds is about 520 m,
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The 111 Ranch subbasin apparently is deepest on the
southwest side, as indicated by both gravity data (Wynn,
1981) and seismic sections (Kruger and Johnson, 1989).
Further, lithologic provenance of Miocene and Pliocene
basi~-fill se.diments demonstrates that streams commonly
carned sediment across the width of the basin from the Gila
Mountains to the foot of the Pinal enos. Thus, the Tertiary
depositional axis of the subbasin was also displaced to the
southwest. Quaternary faulting patterns in the subbasin, however, seem to indicate a more symmetrical arrangement, with
normal faults on both sides of the basin being generally down
toward the river in the center of the valley.
Road Log and Highlights Enroute to Stop 2
Return to U.S. 666 and go north 7.5 mi to U.S. 70 (mile
0). Roadcuts along U.S. 666 are in the lacustrine and fluvial
facies of the 111 Ranch beds. The ledges are calcitecemented sandstone. In the vicinity of the roadcuts 3.1 mi
north of AZ 366, U.S. 666 crosses an aerial photograph lineament that is continuous with the Cactus Flat fault zone
(Figure 2) discussed at Stop 2 (Houser and others, 1985;
Machette and others, 1986). About 3.6 km to the northwest
a fault i~ this zone brea~s the surface of Freeman Flat along
a 1-m-hlgh northeast-faclllg scarp. At 5.5 mi, the highway
descends an erosional scarp onto the agricultural terrace of
the Gila River.
Go left on U.S. 70 1.7 mi to 20th Ave, Go left on 20th
Ave. 1.4 mi to Golf Course Rd. (mi 3.1). Go right 1.2 mi to
dirt road with wire gate (mi 4.3). Go left onto dirt road 0.2
mi; take dirt road to left around firing range. Go 0.3 mi to
another dirt road (mi 4.8); bear right (south). Go 0.6 mi and
turn right (southwest) on powerline road (mi 5.4). Bear left
at junctions with dirt roads at mi 5.8, 6.1, and 6.6. Park at mi
7.3. and walk east to Freeman Wash.
STOP 2: STRATIGRAPHY} STRUCTURE OF
BEAR SPRINGS WASH AND 111 RANCH BEDS
The Bear Springs Wash beds and the small-scale faulting that is typical of younger basin-fill sediments in the
Safford basin are exposed along Freeman Wash. The overlying 111 Ranch beds are exposed on the west side of Freeman Wash in a saddle. The Bear Springs Wash beds consist
of semi-indurated, interbedded, light olive-gray to greenishgray sandstone and claystone that are interpreted as nearshore lake deposits. Thin-bedded to laminated sandstone
beds are fine-grained, calcareous, micaceous, arkosic,
limonite-stained, and ripple cross-bedded. Thicker, massive
sandstone beds consist of poorly sorted, muddy, coarsegrained arkosic sand, with local rip-up mud clasts. Silty
claystone is laminated, gypsiferous and salty tasting, with

Houser

yellowish-gray lenticular calcareous concretions as much as 5
cm thick along bedding planes.
The .s ediments exposed in the saddle between two mesas
are chiefly interbedded distal fan facies of both the 111
Ranch beds (Bonita Creek fan delta) and Bear Springs Wash
beds. Well-sorted, fine- to coarse-grained sandstone beds are
003-1.0 m thick, large-scale trough and planar cross-bedded,
and locally calcite-cemented. Pale red sandstone containing
pink feldspar was derived from the red granite exposed in
Bonita Creek basin; greenish-gray micaceous sandstone was
derived from the Pinal enos. Thick sequences of pale red to
grayish-orange pink, massive to thin-bedded mudstone and
muddy sandstone form poor exposures on slopes. Paleosols
are well developed locally in the mudstone.
Numerous small high-angle faults, which are part of the
Cactus Flat fault zone (Machette and others, 1986), cut the
Bear Springs Wash beds along this stretch of Freeman Wash.
Most show normal displacements of a few cm to 1 m, down
either to the northeast or southwest. A few reverse faults
range from high-angle to low-angle.
Analysis of major and trace elements has been used to
correlate air-fall tuffs of the Bear Springs Wash and 111
Ranch beds in the Freeman Wash area. The tuffs were dated
by fission-track at 2.3 Ma (zircon) and 2.7 Ma (glass) at the
111 Ranch locality (Dickson and Izett, 1981). Elevation differences between tuffs from the Freeman Wash area, nQrtheast and southwest of the Cactus Flat fault zone, and between correlative tuffs from the 111 Ranch locality, suggests
the possibility that there has been as much as 100 m displacement, down to the northeast, across this part of the Cactus
Flat fault zone in the past 2.3-2.7 Ma.
Road Log and Highlights Enroute to Stop 3
Return to junction of 20th Ave and U.S. 70. Go left on
U.S. 702.1 mi to Stadium Ave. (mi 0). Go left 1.0 mi. Go
right at cemetery. Go left on U.S.F.S. road 103 (mi 1.2). Go
left on dirt road at mi 3.0. Park at mi 304 and walk up Spring
Canyon Wash 0.1 mi to laminated claystone exposure in 8m-high cut bank.
The large mesa at the foot of Mount Graham is Frye
Mesa, one of the late Pliocene or early Pleistocene alluvial
fan deposits.
STOP 3: LACUSTRINE FACIES OF
BEAR SPRINGS WASH BEDS
The 7-m-thick exposure is composed of greenish-gray
and pale brown, calcareous, semi-indurated, laminated
claystone with micaceous sandstone partings. Sandstone
partings are commonly less than 1 mm thick and consist of
quartz, feldspar, mica, and abundant heavy minerals. There
are a few primary gypsum beds about 2 cm thick, and paperthin claystone laminae show soft-sediment deformation.
This is interpreted to be a lacustrine, possibly deep
water deposit, but certainly below wave-base. These finegrained sediments were deposited within 7 km of the base of
a mountain that had about 1850 m of relief. Lacustrine
deposits are less common and thinner on the northeast side
of the 111 Ranch subbasin; a further indication that the
depositional axis of the subbasin was offset to the southwest.

River to T-intersection (mi 2004). Go left 3.7 mi (mi 24.1) to
mouth of second steep-sided canyon on right side of road.
Park and walk up canyon.
From rni 21.9, a line of springs and seeps northeast of
the road extends about 1 mi to the northwest. They are
associated with a zone of east-, northeast-, and northwesttrending faults that has apparent Quaternary displacement of
less than 10 m, down to the southwest.
At mi 23.9 on the northeast side of the road, a N600W
high-angle normal fault is down thrown to the southwest. The
footwall consists of algal limestone basin-fill facies, and the
hanging wall consists of Gila River gravel. Clasts in the
gravel were rotated by drag along the fault plane.
STOP 4: BYLAS SUBBASIN
Stratigraphy
The stratigraphy at this locality consists of Pliocene(?)
algal limestone basin fill, Pleistocene(?) Gila River terrace
gravel, Gila River terrace gravel that has been reworked and
mixed with pediment gravel, and pediment gravel.
The algal limestone facies, consisting of interbedded
algal mat limestone, and calcareous muddy sandstone and
sandy mudstone, occurs only northeast of the Gila River. It
covers an area 1.5 to 6.5 km wide that extends northwest
about 40 km from Indian Hot Springs. The contact with
distal fan facies sediments derived from the Gila Mountains
on the northeast is sharply gradational. The contact with
alluvial plain facies sediments on the southwest is covered by
the Gila River floodplain. Well date from across the river at
Geronimo indicate that the algal limestone facies is more
than 242 m thick (Knechtel, 1938).
The algal mat limestone beds are the distinctive component of this facies. They vary in thickness from less than 1
cm to as much as 2 m and are either planar or show concave
upward segments in cross section. Exposures on bedding
planes indicate that the concave upward segments are cross
sections of polygons and that the size of the polygon is
directly proportional to the thickness of the algal beds.
Comparison with modern stromatolite morphology (Perez,
1988) suggests that the depositional environment in the
vicinity of Stop 4 may have been a submerged offshore area
with wave action.
The intercalated mudstone is chiefly poorly bedded but
contains claystone laminae, and silt to fine-grained sand
partings along low-angle planar cross-bed surfaces. Upper
surfaces of indurated, thin, lenticular limestone beds 3how
trace fossils such as trails and burrows. Ice crystal molds
were seen in one sample.
Evidence from ostracodes collected at localities 8 km
south and 15 km southeast of Stop 4 suggests that the algal
limestone facies is no older than Pliocene and was deposited
in a shallow, fresh to slightly saline lake with seasonally cold
water (R. M. Forester, U.S. Geological Survey, written commun., 1986). Occurrence of different species in the Bylas and
111 Ranch subbasins tends to confirm that drainage and lakes
of the Bylas subbasin were physically separate from the 111
Ranch subbasin during the Pliocene, although the evidence
may also indicate a slightly older age for the Bylas subbasin.
Structure

Road Log and Highlights Enroute to Stop 4
Return to junction of Stadium Ave and U.S. 70 in
Thatcher (mi 0). Go left on U.S. 70 19.0 mi to Ft. Thomas.
Turn right (north) at Melvin Jones memorial. Cross Gila

Houser

All the stratigraphic units in this area have been
structurally deformed. The major structure is a tightly folded
and faulted asymmetric anticline in algal limestone that is
truncated by calcite-cemented Gila River gravel (Figure 4) .

23

The structure trends N300W and the amplitude of the fold is
a minimum of about 15 m. It can be traced along strike for
about 1.5 km with no change in shape or orientation.
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Figure 4: Southwest limb of a faulted anticline in the agal
limestone facies of the Bylas subbasin at Stop 4.
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The sequence of Gila River gravel overlying algal
limestone is repeated upstream in the wash by three normal
faults that bound rotated horst and graben blocks. The
grabens are filled with fluvial deposits consisting of locally
derived sand and gravel, similar to the pediment gravel , but
finer grained. The whole area is capped by pediment gravel.
Return to US. 70, turn right, and drive toward Globe.
TERRACES AND PEDIMENTS OF
SAN CARLOS RIVER VALLEY
by
Larry W. Anderson
U S. Bureau of Reclamation
Denver, Colorado 80225
Along the San Carlos River, six major terraces and
pediments have been identified by Anderson (1988) that
range in height from 9 m (t6) to over 120 m (ll) above the
present floodplain (Figure 5). The 0.9 Ma (Shafiqullah and
others, 1980) Peridot Mesa flow (b2) is graded to a
prominent terrace 64 m above the San Carlos River. The
terrace deposits overlie the basalt in at least two locations,
indicating that these deposits are slightly less than 900 ka.
The 3.6 Ma Flatiron Mesa basalt flow (bl), west of the
San Carlos River and south of US. 70, is about 60 m higher
than the Peridot Mesa flow. Cross-sections and profiles
(Figure 6) show that the Flatiron Mesa flow projects to about
the same elevation as the highest terrace and pediment
deposits on the lower San Carlos River, indicating that these
deposits are also about 3.6 Ma (Anderson, 1988). The 3.6
Ma age of the Flatiron Mesa flow thus provides an approximate age for the inception of through-going drainage out of the
Gila-Safford basin because high pediments south of San
Carlos Reservoir (the product of a through-going ancestral
Gila River), are graded to about the same elevation as the
Flatiron Mesa flows.
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Figure 5: Reconnaissance surficial geologic map, San Carlos
quadrangle. Cross-section A-A' is shown in Figure 6.
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shown on Figure 5. Tbf = Tertiary basin-fill, numbers are
individual terrace deposits.

DAY TWO: LATE CENOZOIC STRATIGRAPHY AND
TECTONICS OF THE TONTO BASIN,
CENTRAL ARIZONA
by
J. Dale Nations
Department of Geology
Northern Arizona University
Flagstaff, Arizona
The objectives of this portion of the field trip are to
examine the Cenozoic stratigraphy and tectonic history of the
Tonto basin, with emphasis on structural and stratigraphic
evidence of the timing of tectonic events, including faults,
facies relationships, and isotopically dated volcanic units.
Cenozoic rock units that pre-date the formation of Tonto
basin by extensional faulting are the Whitetail Conglomerate and Apache Leap Tuff, that will be observed at
Stops 1 and 2. The Gila Conglomerate and Tonto Basin
Formation are syn- and/or post-tectonic basin-fill sequences
that will be observed enroute to and within Tonto basin.

Anderson

STOP 2: GEOLOGIC OVERVIEW AND SETTING
OF THE TONTO BASIN
Regional Setting and Structure
The Tonto basin is a slightly arcuate, 60-km-long, 10- to
IS-km-wide Transition Zone basin that is bounded on the
east and west by Precambrian rocks of the Sierra Ancha and
the Mazatzal Mountains and Two Bar Ridge. To the south,
the basin is bounded by Tertiary volcanic rocks in the Salt
River Mountains, and to the north by a ridge of Precambrian
rock that separates it from the Payson basin. Paleozoic rocks
are exposed within the Tonto basin near Theodore Roosevelt
Dam.
The main basin-bounding faults are on the west side of
the basin at the base of the Mazatzal Mountains in the
Punkin Center area and at the base of Two Bar Ridge to the
south (Royse and Barsch, 1971; Menges and Pearthree, 1983;
Pearthree and Scarborough, 1984). The Armer Mountain
fault at the base of the Sierra Ancha partly defines the
eastern margin of Tonto basin (Anderson and others, 1987).
Cenozoic Stratigraphy of Tonto Basin

Figure 7: Map of Tonto and Payson basins with field trip
stops 1-9 and locations of K-Ar dates.
Depart Copper Manor Motel in Globe (mi 0), west on
U.S. 60 toward Miami (Figure 7). Exposures in road cuts are
Gila Conglomerate (Ransome, 1903). Turn right (4.0 mi) on
AZ 88 toward Roosevelt. Gila Conglomerate in depositional
contact with Precambrian rocks in left roadcut at mi 6.5.
Stop at mi. 11.1; Apache Leap Tuff on left side of road.
STOP 1: APACHE LEAP TUFF
The 19-20 Ma Apache Leap Tuff (Peterson, 1962) caps
ridges to northeast all the way to Tonto basin. It commonly
rests on Precambrian granite but overlies Oligocene Whitetail
Conglomerate at southeast end of Tonto basin (Faulds, 1988),
where it underlies the Tonto Basin Formation (Stops 3 & 4).
Turn right (mi 19.1) on AZ 288 toward Young. Park
beside road, climb low hill of 1.4 Ga Ruin Granite to west
with powerline pole on top.

Nations

Cenozoic rock units in the Tonto basin area are; the
Oligocene Whitetail Conglomerate, 23.6 Ma basalt, 19-20 Ma
Apache Leap Tuff, Miocene-Pliocene(?) Tonto Basin
Formation, and Pliocene(?)-Quaternary alluvium.
The Whitetail Conglomerate (Ransome, 1903) is the
oldest Tertiary unit in the vicinity of the Tonto basin, but it is
not exposed within the basin. Its age is greater than 20 Ma
based on overlying tuffs dated at 19.9 and 20.4 Ma. (Reynolds
and others, 1986) and an interbedded 32 Ma air-fall tuff
(Krieger and others, 1972). Correlative rocks are not
exposed in the Tonto basin, but remnants of similar deposits
of probable equivalent age are found beneath 23, 22.4, 26.7,
and 15.7 Ma lava flows in the Payson, Verde, and Chino
basins that were deposited in erosional valleys adjacent to the
ancestral southern escarpment of the Colorado Plateau
(Muehlberger and Brumbaugh, 1986; Peirce and others, 1979;
Krieger and others, 1971; Sanders and Nations, 1989).
The oldest Tertiary rock unit exposed within Tonto
basin is a basalt dated at 23.6 Ma that underlies 18.9 Ma
dacite of the Apache Leap Tuff (Nations, 1988) (Figures 7,
8). Two dacite outcrops dated at 18.9 and 19.4 Ma (Stops 3
and 4), underlie the Tonto Basin Formation in Pinto Creek
and Campaign Creek (Nations, 1988). The dacite has been
displaced about 300 m vertically and therefore predates high
angle normal faulting of Tonto basin. The dominance of
dacite clasts in the conglomerate facies along the western
margin of the basin and in the basal one-third of the Tonto
Basin Formation exposed on Rock Island (Figure 8, M.S. 9,
10, 11) suggests that the Apache Leap Tuff has been eroded
from the Mazatzal Mountains.
Tonto Basin Formation
Contemporaneous with, and subsequent to, the formation of the Tonto basin by normal faulting, sediments were
eroded from the surrounding elevated areas and deposited in
the basin through the processes of debris flow and
fluvial/lacustrine sedimentation as the Tonto Basin Formation (Nations, 1988). Initially, a gray to reddish-brown
conglomerate facies was deposited throughout the basin and
later, presumably as tectonic activity waned, only along the
margins of the basin. Subsequently, a reddish-brown mudstone facies, including minor evaporites and carbonates,
accumulated on distal mudflats and in lacustrine environ-
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ments. The conglomerate grades upward and laterally into
mudstone. Maximum age of the formation is indicated by an
18.9 Ma date on the underlying dacite, and an 18.6 Ma date
on interbedded air-fall tuff indicates that basin subsidence
and sedimentation had begun by that time (Figure 8). Fossil
evidence (Lance and others, 1962) indicates that the formation is no younger than late Miocene or early Pliocene.
Details of the lithology and stratigraphic relationships
are discussed in relation to the stops and geologic highlights
in the following roadlog.
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l11on. There is no direct evidence of the age of this overlying
mudstone, but it is similar to the mudstone facies exposed
four miles east of Punkin Center that is late Miocene to early
Pliocene in age, based on fossil occurrences. The mudstone
is in turn overlain by fluvial deposits on one of the oldest
geomorphic surfaces mapped by Anderson and others (1987)
and considered to be late Pliocene to Pleistocene in age.
Both of these observations suggest that the most recent faulting in Tonto basin occurred no later than middle Pliocene, or
about 3 million years ago.
Return to AZ 88 and continue north. Turn left (mi
22.9) up Pinto Creek. Road to right leads to Roosevelt Lake
Resort. Drive to mi 23.7.
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At Pinto Creek an exposure of 19.4 Ma Apache Leap
Tuff beneath the Tonto Basin Formation indicates its
maximum age at this location near the Two Bar South fault
(Figures 7, 8).
Return to AZ 88 (mi 24.5) and turn left. At the north
end of Pinto Creek bridge the mudstone facies of the Tonto
Basin Formation is tilted about 45" along a northeast-trending
fault zone in the Pinto Creek area.
Turn left on USFS Road 449 about one mile past
Campaign Creek bridge (mi 27.2). Take left fork (mi 29.2),
through gate (mi 29.9), Cross-P Ranch to right. Right fork
(mi 30.1), then left fork (mi 31.2). Cross Two Bar South
fault (mi 32.0). Turn around and start back.
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STOP 4: CAMPAIGN CREEK
1800'

The oldest dated Tertiary rock unit in Tonto basin is the
23 .6 Ma basalt at bottom of wash to left (mi 32.2). It is
overlain by the 18.9 Ma Apache Leap Tuff (mi 32.3) and the
Tonto Basin Formation (Figure 8). Return to AZ 288.
Continuous exposures of the Tonto Basin formation along
Campaign Creek demonstrate fining into the basin. Turn left
on AZ 88 (mi 37.0) and continue north.
Road to Tonto National Monument to left (mi 42.4).
At 2:00 across Roosevelt Lake, mudstone facies of the Tonto
Basin Formation. At 1:00, the large island in Roosevelt Lake
is Rock Island, which is composed of northeast-dipping beds
of conglomerate facies of the Tonto Basin Formation.
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Figure 8: Cross-section and facies of Tonto Basin formation,
with K-Ar dates. (modified from Nations, 1988).
Tectonic History of Tonto Basin
The occurrence of basin-fill sediments older than 18.6
Ma within Tonto basin indicates that Basin and Range
extension had begun by that time. These sediments clearly
are confined to the basin, which is structurally controlled by
basin-bounding normal faults along the southwestern margin,
and to a lesser extent along the northeastern margin
(Anderson and others, 1987).
High angle normal faults and folds postdate t~e mud-.
stone facies within the basin in several places, partIcularly m
the Pinto Creek, Cholla Bay, and Rock Island areas (Nations,
19:88). This indicates that tectonic activity continued after the
deposition of basin-fill sediments in those areas. However, a
high angle normal fault at Stop 5 that is tru~cated ?y an er?sional surface and overlain bv undeformed fme-gramed basmfill sediments (Figure 9) indicates that at least some faults
ceased movement prior to the final phase of mudstone depos-
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The conglomerate facies is composed dominantly of
dacite clasts that were eroded from the Apache Leap Tuff. It
is exposed as a marginal facies along the southwestern and
western margins of Tonto basin, and in the lower one-third of
the basin-fill exposed on Rock Island where its maximum
observed thickness of 170 m occurs (Figure 8, MS 11). Its
lower contact is not exposed there, but the conglomerate
probably rests on downfaulted Redwall Limestone or the
Martin Formation. On the west side of Roosevelt Lake, the
conglomerate facies crops out at Roosevelt Marina and
Government Hill, where it onlaps Precambrian basement
rocks, and in Mills Canyon, where the base is not exposed.
Its upper boundary, observed in MS 11 on Rock Island
(Figure 8) is gradational into the overlying mudstone facies of
the Tonto Basin Formation.
The conglomerate facies is interpreted as the lower part
of an unroofing sequence of sediments that was eroded from
adjacent highlands during or soon after extensional subsidence of Tonto Basin. The poorly-stratified, matrixsupported nature of the conglomerate facies indicates that it
is composed primarily of debris flow deposits derived from
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sources in the Mazatzal Mountains and possibly the Sierra
Ancha. The unroofing resulted in complete removal of the
Apache Leap Tuff from these elevated areas. The angular to
subrounded texture of dacite clasts indicates they were
deposited near the source. Imbrication and uncommon
trough cross-bedding show consistent northerly paleocurrent
direction along the southwestern basin margin and on Rock
Island. Depositional dip of basin-fill sediments along the
northeastern margin, is to the south into the basin.
Tonto National Forest Ranger Station, to the right (mi
43.8). The road cut on the left exposes a small anticline in
conglomerate facies of the Tonto Basin Formation.
The road cut on the left (mi 45.1) exposes the
northwest-trending, down-to-the-northeast, Two Bar North
fault that has juxtaposed conglomerate of the Tonto Basin
Formation against middle Proterozoic diabase.
Intersection of AZ 88 and 188 (mi 46.6). Turn right on
AZ 188 and proceed across Roosevelt Dam (mi 46.7). From
here to about mi 48.0, the road cuts expose Proterowic
through Mississippian rocks and conglomerate facies of the
Tonto Basin Formation. Drive to mi 50.6 and park.
STOP 5: EVIDENCE OF FAULTING
DURING BASIN-FILL DEPOSITION
The cut on the east side >of the road (mi 50.6) exposes a
high-angle normal fault along which conglomerate facies of
the Tonto Basin Formation, with abundant white dacite
clasts, is juxtaposed with a coarse-grained deposit within the
lower mudstone facies (on the south side) (Figure 9). The
south side has been displaced downward. The fault is overlain by unfaulted fine-grained, upper mudstone facies and
Pliocene(?)-Quaternary gravel, indicat-ing that the mudstone
was still being deposited when move-ment ceased.

Tc ,

1
' &
' ' ' +'':'
;

"'" -

;.,

"

I

The mudstone facies of the Tonto Basin Formation is a
structureless, massively-bedded sequence of red-brown, silty,
gypsiferous mudstone with a maximum measured thickness of
280 m (Figure 8). Its lower boundary grades downward into
the conglomerate facies and is observable on the north side
of Rock Island as a vertical transition from dacite-dominated
boulder conglomerate upward through sandstone, siltstone
and into mudstone. A similar transition occurs laterally
toward basin margins, grading from basin-center mudstone
through siltstone, sandstone, to basin-margin conglomerate, as
observed in transects along Pinto Creek, Campaign Creek,
and Salome Wash.
The mineralogy and facies relationships of the basin-fill
sediments indicate that the sediments accumulated in an
internally-drained basin. Minor, bedded carbonate and
gypsum occur in the upper part of the mudstone facies in the
northern part of the basin near Punkin Center.
The mudstone facies is K-Ar dated at 18.6 Ma, based on
an interbedded tuff in gently basinward-dipping strata near
the top of MS 5, one mile north of Punkin Center (Figures 7,
8). This tuff dips beneath late Miocene-early Pliocene
mudstones east of Punkin Center toward the center of the
basin (Lance and others, 1962).
Continue north toward Punkin Center. At 1:00 across
Roosevelt Lake (mi 52.6), extensive erosion in Salt Gulch
provides excellent exposures of gypsiferous mudstone of the
Tonto Basin Formation. From here to about mile 56.8, the
conglomerate facies is exposed in road cuts on the left.
On the right (mi 63.1), A-Cross Road crosses Tonto
Creek. On the left in the road cut, is the "grussy facies" of
the Tertiary basin-fill which is composed entirely of grus and
granitic clasts eroded from the Mazatzal Mountains to the
west and is probably younger than the Tonto Basin
Formation.
The road damage (mi 59.0) is caused by heaving of
gypsum and gypsiferous mudstone within the Tonto Basin
Formation. The concentration of evaporites in this small
area of the Tonto basin, suggests that it was the lowest part
of the basin, adjacent to the main bounding fault.
AZ 188 crosses Sycamore Creek and from here to near
Punkin Center is in mudstone facies of the Tonto Basin
Formation.
Turn right at mi 64.7 toward the town of Punkin Center.
A tuff .interbedded with the mudstone facies of the Tonto
Basin Formation in the road cut (north side of road) is
probably correlative with the one dated at 18.6 Ma, one mile
to the north. Go through Punkin Center, turn right on AZ
188 (mi 65.6). The dated tuff crops out at the top of
mudstone facies in butte at 9:00 (mi 65.8) (Figures 7, 8).

...

Figure 9: High-angle fault cutting conglomerate facies (Tc),
and lower mudstone facies (Tml), six miles south of Cholla
Bay on southwestern shore of Roosevelt Lake. Fault is
truncated by erosional surface, which is overlain by finegrained upper mudstone facies (Tmu) and Tertiary(?)Quaternary alluvium (T(?)-Qal).
STOP 6: MUDSTONE FACIES OF
TONTO BASIN FORMATION
Road cut (mi 51.5) is in the massively bedded, silty,
gypsiferous mudstone of the Tonto Basin Formation with
Pliocene(?)-Quaternary gravel at the top of the exposure.
The mudstone facies is locally deformed, but generally dips
gently into the basin.
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Mudstone Facies of Tonto Basin Formation

Pliocene(?)-Quaternary Alluvium
Twelve geomorphic surfaces in Tonto basin have been
described and analyzed by Piety and Anderson (1988). They
typically are capped by well-rounded stream gravels deposited
on erosional surfaces that truncate fault and fold structures in
the Tertiary basin-fill sediments. Geomorphic analysis
indicates that the oldest of these surfaces may be Pliocene.
Several of these terraces and pediments are visible from the
top of the high terrace to the left (mi 67.5)
Roadcut to left (mi 70.4) exposes Tonto Basin
Formation with abundant basalt clasts and coarsening of
sediments near the margin of Tonto basin.
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STRATIGRAPHY AND STRUCTURE
OF THE PAYSON BASIN
by
David Brumbaugh
Department of Geology
Northern Arizona University
Highway crosses Slate Creek. The road cut on the left
exposes conglomerate of the Tonto Basin Formation and
overlying Quaternary(?) gravel.
The road cut (mi 73.7) exposes faulted north-dipping,
well-indurated, older Tertiary conglomerate that appears to
have been deposited in Payson basin. It contains abundant
basalt clasts, probably derived from an underlying basalt that
may be correlative with 19-23 Ma basalts in Payson basin to
the north at Stop 7 (Muehlberger and Brumbaugh, 1986).
At Jake's Corner (mi 76.2) turn right (north) onto dirt
road to Tonto Creek. The prominent hill to the left is
Proterozoic bedrock, suggesting that the Cenozoic basin-fill in
this part of the Payson basin thins over a bedrock divide that
separates Tonto from Payson basin. After crossing a wash,
0.5 miles from Jake's Corner go 0.1 mi and turn right on a
jeep trail. This trail climbs up the basin-fill section, and onto
the gravel surface of the pediment-terrace that heads at Deer
Creek on the west side of the basin. Pass through gate, turn
left on jeep trail (mi 80.6) and travel 0.2 mi to amphitheater
outcrops.
STOP 7: PAYSON BASIN STRATIGRAPHY
Older Proterozoic volcanics and metasediments exposed
along Tonto Creek are overlain with angular unconformity by
basin deposits that contain intercalated basalt flows. The
basin deposits are divided into lower basin fill, upper basin
fill, and pediment-terrace gravels (Figure 10).

combined total thickness of 70 m here at Tonto Creek. The
lower basin-fill deposits are seen only at scattered locales on
the east and west margins of the basin where they are
exposed by stream dissection.
Upper basin-fill consists of finer grained fluvial sandstone, siltstones, and limestones toward the center of the
basin and marginal conglomerate facies (Martin, 1989). The
upper basin-fill is 98 m thick at Tonto Creek and 100 m thick
at Deer Creek on the west side of the basin (Martin, 1989).
The upper basin-fill at Tonto Creek is overlain with slight
angular unconformity by about 20 m of pediment-terrace
gravels. The clasts are rounded and consist predominantly of
Precambrian lithologies.
Return to Jake's Corner (mi 82.2). Turn right (north)
onto 188. For the next three miles the highway parallels the
east-dipping Deer Creek pediment-terrace surface which
overlies upper basin-fill. The Payson fault zone parallels the
highway to the left (south). The bluffs to the south expose
Precambrian rocks on the footwall side of the fault zone.
At highway 87 (mi 85.5) turn right (north). Lacustrine
limestone is intercalated with upper basin-fill west of the
highway junction. At 0.4 miles (mi 85.9) turn left onto jeep
trail and take first left fork. Travel 1.2 mile to next stop (mi
87.1).
STOP 8: LINCOLN SPRINGS BASALT
Contact of 14.4 Ma Lincoln Springs basalt (Muehlberger
and Brumbaugh, 1986) with lower basin-fill sediments. Lower
basin-fill sediments contain abundant angular basalt clasts,
suggesting early to mid-Miocene tectonism. The contact relationships suggest the Payson fault cuts the Lincoln Springs
basalt, which indicates some movement after 14.4 Ma.
Return to AZ 87 (mi 88.3). Go south on 87 1.9 miles to
a 10 m high road cut at a bend in the highway.
STOP 9: PAYSON FAULT
The Payson fault (mi 90.2) displaces upper basin-fill
sediments against the Proterozoic Red Rock Rhyolite. The
fault is high angle normal at this exposure striking of N62W
a nd dipping 62SE. To the northwest along the east front of
the Mazatzals the fault dips 60-68° and decreases to 45° near
the north end of the basin. Estimates of offset based on the
Precambrian/Paleozoic contact datum suggest a minimum of
3,000 feet of movement on the central part of the Payson
fault zone (Martin, 1989).
Return to Tucson via Ariz. 87 and 1-10, approximately 5
hours to Tucson, arrive Tucson about 9:00 pm.

Figure 10: View north along Tonto Creek of the Payson basin
stratigraphic section: pt = pediment-terrace; ubf = upper
basin-fill; Ibf = lower basin-fill; Tb = Tertiary basalt; PC =
Precambrian.
The lower basin-fill is characterized by angular clasts of
local Precambrian source rocks. Directly above the Precambrian erosional surface are coarse basal gravels of late
Oligocene or early Miocene age. The gravels are overlain
west of Jake's Corner by 23 Ma basalt a nd here by 19.7 Ma
basalt (Muehlberger and Brumbaugh, 1986). These basalts
are intercalated within the lower basin-fill deposits, with a
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Calderas in 3-D, Chiricahua Mountains, Southeastern Arizona
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INTRODUCTION
Purpose of Trip
Faulting and erosion have combined in the Chiricahua Mountains to expose three dimensional views of ash-flow calderas and
their comagmatic intrusive rocks. Here, we can directly observe
both the volcanic and hypabyssal to plutonic levels of several midTertiary calderas. We will examine the "floor" of a caldera, the
"roof" of the underlying plutonic complex, and feeders for ash
flows and lavas. These field observations form the basis for
models of shallow crustal magma systems and calderas. The focus
of the trip is on the hypabyssal environment of the Turkey Creek
caldera (Figure I), but we will also examine volcanic rocks
erupted from the caldera, as they help us understand the volcanic
to plutonic transition and evolution of the magma reservoir.
Overview of Geologic Relations to be Examined on Trip
The structural boundary of the 20 km diameter Turkey Creek
caldera is occupied by a ring of quartz monzonite and monzonite
porphyry (65% Si0 2 , Figure 2); this porphyry appears to represent
the margin of a saucer shaped (upper surface) intrusion that is also
exposed centrally within the caldera. Stratigraphic and structural
data indicate that emplacement of the porphyry closely followed
eruption of high-silica (76% Si0 2 ) ash-flow tuff of the Rhyolite
Canyon Formation; gradational textures, evidence of mingled magmas, and rare intermediate compositions, suggest that the tuff and
the porphyry were derived from the same magma reservoir.
Radiometric and paleomagnetic data are consistent with this interpretation: 40 Arja 9 Ar ages for the tuff and porphyry, and for
moat lavas, are analytically indistinguishable at 26.9 Ma (Figure
3); paleomagnetic vectors for the Turkey Creek rocks cluster
tightly (Figure 4). The ring of porphyry is interpreted as the
feeder zone for basal dacite lava flows within the caldera moat,
textures in the ring grade from porphyritic monzonite granophyre
to glass-matrix dacite lava. Pyroclastic breccias, with mingled
porphyry and tuff occur along the vertical intrusive contacts of
the ring intrusion and represent the walls of feeders which successively fed rhyolite tuff, then dacite porphyry eruptions.
An unusual roof breccia occurs at the subhorizontal contact
between the central monzonite intrusion and overlying intracaldera
tuff. Regionally, the roof breccia is a complex zone that contains
fragmental rocks with both tectonic and magmatic or hydrothermal
origins. Locally, the roof breccia shows characteristics of low
pressure shock metamorphism.
Thick sedimentary breccias and volcaniclastic sandstones in
the southern part of the caldera unconformably overlie, and contain clasts of, Rhyolite Canyon Formation tuff and monzonite
porphyry. The sedimentary rocks are overlain in turn by aphyric
high-silica rhyolite moat lavas. The temporal progression from
high-silica rhyolite ash-flow tuff to monzonite porphyry and
dacite moat lava, followed by aphyric rhyolite moat lavas and
dikes, defines a chemical trend from >75% SiO to <65% SiO~,
then (after an erosional interval) back to >75% Si0 2 • The sedImentary rocks mark the only significant erosional episode during
caldera evolution, but 40 Arja gAr ages suggest that little time
elapsed during this interval (probably less than 100,000 y).
The features described above are consistent with a magma
chamber and eruptive model in which the less evolved lower parts
of a stratified magmatic reservoir were drawn up into, and locally
erupted effusively from, the same conduits and vents that initially
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fed large-volume ash-flow eruptions of high-silica rhyolite. The
near absence of pre caldera rocks within the Turkey Creek caldera
(caldera "floor" rocks) is difficult to reconcile with the classical
caldera paradigm. If the central monzonite intrusion represents
the ill situ lower part of the source magma chamber for the ashflow tuff, a very shallow magma chamber (with a thin and ephemeral roof) would be required. Instead, the central intrusion is
thought to represent a thick (> I km) sill or laccolith that was
intruded into the intracaldera tuff during the waning stages of
caldera collapse. Intrusive and brecciated contacts, contact metamorphosed and melted intracaldera tuff, absence of floor rocks,
and lack of intracaldera equivalents of the lower part of the outflow tuff are explained by such a model. Extrapolation of the
laccolitl1 model downward suggests the possibility of a sill complex
within a thick sequence of intracaldera tuff and would allow anatectic "recycling" of intracaldera tuff to produce moat lavas.
CHIRICAHUA NATIONAL MONUMENT -OUTFLOW TUFF AND "BASEMENT" ROCKS
The largest erosional remnant of the outflow tuff from Turkey Creek caldera is exposed north of the caldera in Chiricahua
National Monument. This area probably represents a paleobasin
where outflow tuff ponded adjacent to highlands to the north and
east (Marjaniemi, 1969). Three different stratigraphic divisions
have been proposed for the ash-flow tuffs and associated rocks of
the Rhyolite Canyon Formation exposed outside the caldera in the
National Monument (Figure 5).
Latta (1983) considered the Rhyolite Canyon Formation outflow to contain a lower Jesse James Canyon ash-flow member
(informal) that is petrographically and chemically distinct from the
overlying informal Monument member. He defined the Monument member as the outflow sequence of the Turkey Creek caldera, a composite ash-flow sheet with only three principal depositional units; the source caldera for the Jesse James Canyon member is uncertain. For the purposes of this guide, we have adopted
genetic divisions of Latta and we use his "units I, II, and III" for
the lower, middle, and upper depositional units of the Monument
member. Each depositional unit is composed of at least one ash
flow, contacts between the three units are placed at prominent
ash-rich (surge) deposits. These deposits are locally somewhat less
welded than the adjacent tuff, or can be mapped into areas where
they form the contacts between simple cooling units. Latta
pointed out that the three principal ash flows that make up the
Monument member locally comprise a compound cooling unit (as
defined by Smith, 1960), and were therefore emplaced within a
short period of time. We have not found sedimentary deposits
between the three units of the Monument member, but several
meters of fluvial sandstone and breccia locally occur between the
Jesse James Canyon and Monument members. In addition,
40 Arj3 gAr ages for the lower and upper units of the Monument
member are indistinguisable at 26.9 Ma (Figure 3).
Paleomagnetic site mean directions for Monument member
units II and III cluster' tightly near the expected mid-Tertiary
geomagnetic field direction for the southwest and overlap directions from the monzonite porphyry and Jesse James Canyon member (Figure 4). Monument member unit I yields two directions;
both differ significantly from directions defined by the other
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Figure I. Geologic index map of the Chiricahua Mountains (after Marjaniemi, 1969), showing field trip localities
(by number) and areas of more detailed map figures. Trc = welded tuff of Rhyolite Canyon Formation; K-p<;: =
Cretaceous to Precambrian rocks. Approximate structural boundary of the Turkey Creek caldera, and NW boundary
of the Portal caldera indicated by heavy lines.
units. These preliminary results suggest that unit I may have been
separated by at least a few hundred years from units II and III,
and that unit I may contain more than one cooling unit. Nevertheless, the overall tight clustering of the data is consistent with
origin of all the rocks in a relatively short period of time; all of
the directional variation can be explained by secular variation.
Latta recognized a depositional break within the intracaldera
tuff, and, on the basis of major-element chemistry, he correlated
the lower depositional unit of the intracaldera sequence with his
upper unit of the outflow tuff (Monument member, unit III) (Figure 5), leaving correlation of the upper unit of the intracaldera
tuff and the two lower depositional units of the outflow tuff in
question. He suggested that the later part of the main eruptive
sequence (upper unit of intracaldera tuff) ponded in the caldera
and that the outflow sequence includes units erupted before and
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after caldera collapse. The lower ash flow units of the outflow
tuff may have erupted during the initial stages of caldera formation, prior to significant collapse, and accordingly are not preserved inside the caldera; alternatively, they may exist in the subsurface, below a monzonite porphyry sill (see discussion). We also
note the chemical similarity of the upper cooling unit of the outflow sequence with the intracaldera tuff. Although there is considerable variation in the alkalis and rubidium, the more immobile
elements show good agreement between the two units (Table I).
Dacite lava overlying the ash-flow sequence in the National
Monument (dacite of Sugarloaf Mountain) is chemically and petrographically similar to porphyry of the ring intrusion and to the
earliest lavas erupted from the ring intrusion of the caldera at
Barfoot Peak (Table I; locality is near Ida Peak on Figure I).
Because of the lack of vent structures closer to Sugarloaf Moun-
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TABLE 1.
Major element analyses (normal ized to 100% by weight, volati le-free), ard trace-element aburdances (in ppm) f()r igneous rocks of the

Ch i r i cahua Mounta i ns, southeast Arizona.

Faraway Ran ch
Fm. lavas
4
73.42:!:0.05
14 . 84:!:0. 05
0.25:!:0.0
0.90:!:0 . 01
O. 30:!:0. 05
1 . 16:!:0 . 08
4 . 08:!:0 .19
4.83:!:0.11
0.18:!:0 . 00
0.0 :!:O . O
o. 04:!:0. 02
2. 06:!:1. 56

Unit:

n
Si02
A1203
Fe203
FeO
MgO
CaO
NaZO

K20
T102
P205
MnO
LOI

4
175:!: 11
250:!: 22
25:!: 3
162± 4
15:!: 3
841:!; 29
51:!; 3
91:!: 6
40:!: 7

n
Rb

Sr
Y
Zr
Nb
Ba
La
Ce
Nd

Unit
n
Si02
A1203
Fe203
FeO
MgO
CaO
Na20
K20
Ti02
P205
MnO
LOI

Upper
8
77. 44:!;0 . 62
12. 66±0 . 35
0.21±0 . 01
0.77±0 . 04
0.08±0 . 06
O. 23±0. 22
3.75±0.48
4 . 67±0 . 89
o . 15:!;0 . 03
0.0 ±O.O
o. 06±0. 02
1. 74±2 . 28

Rb

Sr
Y
Zr
Nb
Ba
La
Ce
Nd

12
455±114
25:!: 23
49± 15
193± 8
53± 10
10:!: 4
33± 9
84± 15
30± 9

Jesse Jamer
Cyn . tuff
5
77 • 60:!:0 . 22
12 . 36:!:0 . 19
O. 20;!:0. 02
O. 73:!:0 . 08
o. 32:!:0 . 08
O. 39:!:0 .12
3. 31:!:0 .18
4 . 88:!:0. 08
0.14:!:0 . 01
0 . 0 :!:O . O
0 . 05:!:0 .0 1
1. 56:!:0. 38

Trc
intracaldera
15
76 .45+1. 08
12.38+0 . 60
0 . 40!0 . 04
1 . 44:!:0 . 16
o . 19:!:0 . 09
o . 24:!:0 .12
2. 84:!:0 . 97
5. 79:!:1.05
O. 23:!:0. 03
0.0 :!:O . O
o . 03:!:0 . 02
1 . 20:!:0. 6

304:!: 10
28:!: 6
43:!: 4
166± 4
35:!;
21:!:
40:!; 6
79:!: 10
29:!; 4

Moat rhIolite
Lower
Other
7
4
76 .79+1.18
74.70:!;2.15
13.59:!:1.12
12.76!0.52
0 .27+0.01
o. 38±0 . 02
0.96+0.05
1. 36:!:0. 07
0 . 15+0.07
o. 48±0.11
o . 64!0 . 19
1. 42±0. 33
3. 73:!:0. 54
2. 92±0. 83
4.47:!;0.62
4. 79±0 . 77
0 . 18:!;0.01
0.27±0.02
o . 06±0. 04
0 . 0 :!:O. 0
o. 05:!:0. 01
o . 03±0. 02
2. 80:!;1. 40
4 . 07:!:1. 39

11
404+ 98
39! 19
56+ 14
211! 22
41+ 10
77+ 10
72! 11
136+ 30
60! 15

5
248:!; 30
174± 51
38:!: 6
17l± 14
13:!: 4
691:!; 83
52:!; 5
105± 14
53:!; 7

12
77. 41:!:0. 31
12 . OO:!:O .14
o. 32:!:0 . 01
1. 16:!:0 . 03
o . 17:!:0 . 12
0 . 26:!:0 . 16
3 . 58:!:0. 20
4. 90:!:0. 05
0 . 12:!:0 . 01
0.0 :!:O. 0
o. 07:!:0. 01
0.76:!:0.31

22
336:!:115
34:!: 11
60:!: 8
407:!: 72
43:!; 5
70+ 25
110! 26
204:!; 43
83:!; 16

14
425:!: 14
20:!: 5
72:!: 21
291! 111
63:!: 3
17:!: 9
58:!: 16
131:!: 20
50:!; 12

Moat tuffs
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Sugar~oaf

77.70:!;0 . 42
12.24:!;0.31
0 . 22:!;0.01
0.79:!:0 . 04
o . 15:!;0 . 02
o. 25:!:0 . 06
3.44:!;0 . 02
5 . 01:!;0 . 09
0 .15:!;0.01
0.0 :!;O.O
O. 04:!;0 . 02
O.51:!;0 . 10

352:!;
25:!:
52:!;
206:!;
48:!;
52:!:
50:!;
107:!;
43:!;

Trc !outflowl
II
14
77. 52:!:0.26
12 .10:!:0.11
0.30:!:0.02
1. 08:!:0. 08
o . 08:!:0 . 09
o. 25:!:0 . 07
3. 46:!:0 . 22
5 . 04:!:0 . 36
0.12:!:0 . 02
0.0 :!:O . O
o. 06:!:0. 02
0.68:!:0.26

47
7
10
22
7
31
13
24
9

dac.
65.21
15.72
0.98
3 . 53
1. 90
3.76
3.37
4.40
0.77
0.30
0.08
1.74

1
174
381
39
335
21
856
60
114
57

Barf~ot

dac.
66 . 29
15.45
0.93
3 . 35
1.57
3.52
4 . 54
3.06
0.88
0.31
0 . 10
3.34
1
189
382
45
514
25
727
86
168
77

=

Note:

75. 85:!:0 . 35
12. 48:!:0 . 03
0.41;!0 . 01
1. 49:!:0. 04
O. 29:!;0 .20
0.30:!:0.09
3 . 56:!:0 .3 7
5 . 33:!:0 . 14
o . 22:!:0 . 01
0.0 :!:O . O
0.08:!:0.02
o. 83:!:0 . 81
4
294:!: 3
36:!: 6
66:!: 1
381:!; 43
46:!; 1
68:!; 9
106:!; 10
206:!; 25
77:!; 8

15
381:!: 34
23:!: 7
74:!: 20
279:!; 9
57:!: 5
28:!: 18
61:!; 20
136:!; 17
56:!: 18

86P-31

III

86P-71
86P-73
Ida Pk. Ida Pk~
ap.rhy. qz.rhy.
76.41
76 . 06
13 .37
12 .98
0 .22
0.28
0.81
0 .99
0 .0
0 . 16
0.11
0.64
3 . 76
3 . 83
4 . 48
5 . 46
0 .18
0 . 16
0.0
0.0
0.04
0.05
0.50
5 . 02
1
403
15
43
201
49
6
38
78
29

1
422
91
68
228
40
82
79
160
68

Transitional
Imp-Ire
10
75.60+2 . 49
12.66!0 . 85
0.40:!:0 . 15
1. 44+0.54
0.31!0 .20
O. 40:!:0 . 40
2. 65:!:1. 30
6 . 19:!:1. 55
O. 27:!:0 . 17
o . 05:!:0. 08
o . 04:!:0 . 03
1 . 40:!:1.35

Tr ans itional
Imp-lava
4
65 . 95:!:0 . 84
15 . 55:!:0.16
0 . 93:!:0 .06
3 . 36:!:0 . 20
1. 64:!:0. 31
3 . 48:!:0.34
3 . 83:!:0 . 53
4 . 10:!:0 . 70
0 . 78:!:0.07
0.30:!:0.02
0.09:!:0.01
1. 89:!:1.14

10
406:!:116
62:!: 44
61:!: 12
324;!: 78
48:!; 13
192:!;195
68:!: 17
133:!: 20
60:!: 11

8
221:!:
306:!:
46:!:
442:!:
25:!:
806:!;
75:!:
139:!:
68:!:

Qz-rich
bleb
P453a1
1
72.7
13 . 6
2.45
0 . 55
0 .47
1.14
2.75
5.71
0 . 46
0 . 15
0.05
1.5

1
246
150
49
222
17
852
73
136
58

1
206
222
50
343
22
823
52
109
57

22
203:!: 49
227:!: 28
48± 5
526± 57
26± 2
709+ 66
83! 7
150:!; 11
73:!; 5

91
64
5
88
3
64
13
23
9

Breccia at FllS Park
Host
Lava-like
Tmp
Tmp
P453a2
P453b
1
1
66 . 5
68 . 8
15.1
14 .2
4 . 22
3.48
0 .95
0 . 78
0.84
0.75
1.90
2.15
3.67
3.65
5.35
4.99
1.02
0.79
0.36
0 .28
0.06
0.08
1. 44
0.82
1
201
266
63
399
28
1034
101
139
76

Monzon! te 12or]2hla
Core
5
9
65. 78:!:3 . 42
64.86+0 .92
15 . 29:!:0.5 .
15.68+0.26
O. 97:!:0 . 27
0 . 96!0 . 05
3. 48:!:0 .98
3.47:!:0.17
1. 48:!:0. 58
1. 53:!:0 .17
2 . 81:!:1. 08
3. 12:!:0.49
3. 68:!:0 . 22
3. 87:!:0. 28
5 . 14:!:0 . 71
5 . 14:!:0 . 45
o . 96:!:0. 28
o . 93:!:0 . 05
O. 32:!:0 . 12
o . 35:!:0. 03
o .10:!:0. 03
o . 10:!:0. 02
1. 67:!:0 . 11
2.17:!:0.62
East rins

Qz-rich
laye r
P453c
1
76 .9
12.1
1. 63
0.37
0.24
1. 08
2 . 75
4.60
0 .23
0.10
0.02
0.76

1
226
127
33
149
13
564
51
93
42

9
211:!:
222:!:
48±
481:!;
26:!:
712:!:
89:!;
164:!:
73:!:

StOB:
Pumice
block
P459d
1
75.9
12 . 4
1.63
0 .3 7
0 .4 6
1.50
1. 39
6.08
0.16
0.05
0.09
7.7

1
279
348
55
328
42
116
61
129
51

58
56
5
20
2
90
13
18
7

8 bre ccia
Trc
Trc
spatter tuff
P459g
P459h
1
1
78.1
77.5
11.4
11.7
1.57
1. 65
0.35
0 .37
0.05
0.05
0.04
0.05
3.39
3.56
4.92
4 . 90
0.14
0.15
0 . 05
0.05
0 .02
0.04
0.23
0.36

1
366
14
66
310
50
30
70
138
61

1
365
17
73
318
54
34
78
155
66

=

Averages ard standar9 deviations are for "n" analyses. LOI
loss on ignition. Molar FeD/Fe203'FeD set to 0_8
Trc
Rhyolite Canyon Formation;
monzonite porphyry_
An informal un it of Latta (1983); 2Dacite at Sugarloaf Mountain; 3Dacite at Barfoot Peak; 4Aphanitic rhyol ite at Ida Peak;
Quartz rhyol ite at Ida Peak.
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tain and the similarity in chemistry and petrography, a ring dike
source, about 8 km south, is suggested.
Stop I
From "Stoplight Corner" in downtown Willcox, AZ, the corner
of Haskell (Business 1-10) and Maley (AZ 186) streets, drive east
on Maley toward Chiricahua National Monument. At 29.8 mi,
pull off for an "arm wave" stop (best with late-afternoon light) to
overview the northern margin of the Turkey Creek caldera and
outflow tuff of the Rhyolite Canyon Formation north of the caldera. Cone shaped hilltop (Sugarloaf Mountain) on horizon at
11:00 is dacite lava capping outflow Rhyolite Canyon Formation
tuff. Low angle outflow-tuff sheet dips to the south away from
the high ground to north, flattens below Sugarloaf Mountain, and
thickens and climbs to the south toward the caldera margin. Outflow tuff overlies the rhyolite lavas and pyroclastic flows of the
Faraway Ranch Formation (low hills in foreground). The topographic margin of the caldera follows Pinery Canyon at 1:00; high
terrain on the horizon to the southeast is underlain by the eastern
ring intrusion of the caldera.
Proceed east and south on AZ 186 1.7 mi, then drive east on
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AZ 181 to Chiricahua National Monument.
Stop 2. Faraway Ranch Formation --"Basement rhyolites"
Continue 1.7 mi east from the entrance to Chiricahua National
Monument, past Faraway Ranch, to a pullout on the left at the
crest of a small hill. This is a blind curve, so watch out for traffic! Climb the hill north of the road.
This stop is in the eroded upper carapace breccia of a rhyolite
lava (72% Si0 2 , Table I) within the Faraway Ranch Formation.
Much of the outcrop is devitrified, but glassy zones are preserved
near the cliff at the north edge of the outcrop. Note the presence
of biotite and sphene; these minerals (and hornblende) are common in the rhyolite and dacite that predate the Turkey Creek caldera, but they are rare in the ash-flow tuffs that were derived
from the caldera (the informal Monument member of the Rhyolite
Canyon Formation of Latta, 1983). Biotite from similar rhyolite
on Erickson Ridge (S30W, -1/2 mi) was dated at 28.2±0.8 Ma by
Marjaniemi (1969); pre caldera rhyolite lava east of the caldera at
Cave Creek has a 40 Ar/3 9 Ar age of 28.13±O.13 Ma (L.W. Snee,
written commun., 1989).
An unfaulted section through the overlying Rhyolite Canyon
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Formation is visible at Riggs Mountain (N40E, -1/2 mi). The
base of the prominent nose extending south from Riggs Mountain
is underlain by Faraway Ranch Formation rhyolite carapace breccia similar to that exposed here. The carapace breccia is overlain
by a pyroclastic flow and airfall tuff, then by a salmon colored,
biotite- bearing, welded tuff. These tuffs are mapped as the
informal Jesse James Canyon member of the Rhyolite Canyon
Formation by Latta (1983), who considered it to be a single cooling unit, distinct from overlying ash flows derived from the Turkey Creek caldera (the informal Monument member). The Jesse
James Canyon member is overlain by unit I of the Monument
member then by the prominent cliff-forming unit II.
We found that each of the map units below unit I of the
Monument member is characterized by relatively low Rb and Zr
(-300 and -170 ppm, respectively) compared to higher Rb and Zr
(-400 and -290 ppm) in units I and II of the Monument member
(Table I). We believe that this geochemical and cooling break
may be the most genetically significant contact in the section,
possibly separating ash flows derived from two separate calderas.
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Figure 3. 40 Ar /3 9 Ar spectral ages (squares) for sanidine
separates from Turkey Creek caldera rocks showing plus and
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Figure 2. Alkali-silica classification diagram, showing mean
compositions for Turkey Creek caldera rocks (see Table I).
Tmru and Tmrl represent upper and lower moat rhyolite
lavas, equivalent to the upper and lower parts of the informal Fife Canyon rhyolite lava map units (Tfrl, Tfru) of
Latta (1983). Trcl, Trc2, and Trc3 represent outflow units
I, II, and III of the informal Monument member, Rhyolite
Canyon Formation. Trci represents intracaldera tuff of the
Rhyolite Canyon Formation, 'Tmpr and Tmpc represent
central and ring phases of the monzonite porphyry.
Enroute to Stop 3
Continue east 1.3 mi to the Visitor Center, then curve left
(north) and drive 5.4 mi up Bonita Canyon; turn right (west) on
the Sugarloaf/Echo Canyon Road and continue 0.6 mi to the
Sugarloaf trailhead parking lot. The road climbs through unit I of
the Monument member (within I mi) and remains in unit II for
most of way to Stop 4. The prominent hoodoos are in unit II. A
35-cm-thick welded tuff is exposed in the roadcut on the right,
2.4 mi from the Visitor Center. If time permits, we will stop for a
closer inspection after lunch.
Oligocene(?) shales and sandstones (marked by "Ancient
Lake Beds" sign, 3.7 mi from the Visitor Center) underlie the
Rhyolite Canyon Formation along the east side of the paleo basin
in which the outflow sequence accumulated.
Stop 3 Rhyolite Canyon Formation -Upper part of outflow sequence
We hike up Sugarloaf trail to the lookout (-2 hours, round
trip). Localities are given relative to parking lot elevation of
6820' (see map by Drewes, 1982). The trail begins in uppermost
part of unit II of the Monument member (Figure 5).
6830' . Map contact between Drewes' Trus (densely welded tuff)
and Trat (air-fall tuff) map units. Outcrops above and below the
mapped contact contain abundant large pumice fiame, a characteristic of unit II in this area, and have similar trace-element chemistry (Table I). We locate the contact between units II and III
farther upsection (near 6960' el. on the trail -see below), on the
basis of an abrupt decrease in abundance of pumice and lithic
fragments, a decrease in welding, presence of surge beds, and a
change to less evolved chemistry.
6960 to 7000'. Weakly indurated. moderately- to weakly-welded
tuff with surge beds. This zone is exposed in an undercut at the
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Figure 4. Equal-area projection of paleomagnetic directions
for rock units from the Turkey Creek caldera (all directions
on lower hemisphere). Rock unit designations defined in
Figure 2, except Trcla and Trclb refer to lower and upper
parts of unit I of the informal Monument member of the
Rhyolite Canyon Formation and Tjj refers to the informal
Jesse James Canyon member of Latta (1983). Superscripts
refer to the number of localities sampled; each locality consists of five to ten individual core samples. All data represent stable directions determined on the basis of alternatingfield demagnetization and the outlined fields include the
cones of 95% confidence for each locality.
base of the densely-welded zone of unit III of the Monument
member (Figure 5). The exposure at the far (west) end of the
undercut reveals a 0 to 20 em-thick cross-laminated (dune-form)
surge bed. The laminated bed is the apparent source region for
Liesegang bands that crosscut laminations and extend upward into
the overlying tuff. Directly above is a fines-depleted pipe that
we interpret as a fossil fumarole. Similar fines-depleted pipes and
irregular veins are exposed throughout this area in both the poorly
indurated basal zone of unit III and extending into the overlying
densely welded zone.
7120'. Contact between unit III of the Monument member tuff and
overlying dacite lava flow . The dacite at Sugarloaf Mountain
is exposed from here to the top of the mountain. As noted previously, the chemical composition of the lava is similar to dacite
and monzonite porphyry from the caldera ring intrusion near
Barfoot Peak (Table I). Note that the dacite contains large (to 0.5
cm) feldspar phenocrysts and fine-grained mafic xenoliths .
Remember these features for comparison with the ring intrusion
and related lavas (to ·be seen tomorrow).
7310'. Lookout post at top of Sugarloaf Mountain. The building is
constructed from glassy dacite porphyry lava. The lookout provides an excellent view of Cochise Head (to the northeast), part of
a thick accumulation of rhyolitic welded tuff and tuff breccia that
apparently overlaps in age with the Faraway Ranch Formation.
The high terrain forming the skyline to the southeast is
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underlain by the eastern ring-intrusion that defines the structural
margin of the Turkey Creek caldera. Ida and Barfoot Peaks (Figures 1 and 9a) are visible in the middle ground. Ida Peak is
capped by rhyolite moat lavas that overlie the most northwesterly
exposures of the ring intrusion. Barfoot Peak is capped by dacite
lava similar to that underfoot and preserves rocks that are transitional into the ring-intrusion porphyry.
Pinery Canyon, the principal east-west trending drainage to
the south, follows the former northern topographic margin of the
caldera. The morphology of the caldera is partly inverted due to
erosion of the less-resistant Bisbee Group sedimentary rocks outside the structural margin. We will drive up Pinery Canyon and
across the pass at its head this afternoon, enroute to the Southwest
Research Station.
Return to cars and backtrack out of the National Monument
to intersection of AZ 186 and AZ 181 (12 mi). If time permits,
we will stop briefly at the 35-cm-thick welded tuff on our way
out of the Monument, 3.6 mi from the Sugarloaf parking lot.
Informal
Map units
Informal members, units
members of
of
and section of
Enlows(l955) Drewes(l982)
Latta (1983)
9

7

a.

Trrf

8

Trot

phases of the monzonite are separated by a segment of intracaldera
tuff only about I km wide in the southwest (Figure I).
Both Marjaniemi (1969) and Latta (1983) related resurgence
of the caldera to intrusion of the porphyry. Tilt-corrected paleomagnetic directions (corrected for dip of eutaxitic lamination)
for the intracaldera tuff from the northern part of the caldera are
relatively shallow, but uncorrected directions overlap the fields for
Rhyolite Canyon Formation tuff and moat lavas (Figure 4). This
relationship suggests that rotation of the intracaldera tuff took
place prior to magnetic blocking; i.e., resurgence took place prior
to cooling of the intracaldera tuff. Paleomagnetic directions for
monz<lnite porphyry sites in the northern part of the caldera range
from those of the outflow tuff (Monument members II and III) to
more shallowly inclined tilt-corrected directions for the intracaldera tuff (Figure 4). This is consistent with uplift and progressive
northward tilting (resurgence) during cooling of the monzonite,
although as previously noted, the magnitude of the variation is
also within that expected from secular variation. As explained
below, the monzonite is comagmatic with the Rhyolite Canyon
Formation tuff, and probably represents either the in situ or re-
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Figure 5. Correlation chart for stratigraphic units of the
Rhyolite Canyon Formation.
TURKEY CREEK -- CENTRAL INTRUSION,
INTRACALDERA TUFF, AND MOAT RHYOLITES
The center of the caldera is deeply eroded (~2km), exposing
hypabyssal levels of a monzonite to ~uartz monzonite porphyry
intrusion over an area of about 40 km . Outcrop pattern, as well
as similarity in petrography and chemistry, suggest that the intrusion is continuous in the subsurface with a monzonite to dacite
ring intrusion that is discontinuously exposed around more than
180 0 of the caldera circumference. Note that ring and central
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Figure 6. SiO 2 - FeOT variation diagram comparing monzonite porphyry and transitional intrusive to extrusive rocks of
core and ring intrusions to dacite and rhyolite moat lavas
and Rhyolite Canyon Formation tuff (Trc). Symbols with
tick marks are texturally transitional between intrusion and
lava flow.
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intruded residue of the source magma chamber for the tuff.
The monzonite intrusion (central and ring phases) is exposed
at a hypabyssal level; it is porphyritic, with large (0.5 to several
cm) andesine phenocrysts in a granophyric groundmass. Fresh
samples from relatively deep exposures are magnetite clinopyroxene-hornblende-biotite bearing monzonite to quartz monzonite.
Small (1-2 cm) mafic hornfels inclusions are a sparse but characteristic feature of both the central and the ring intrusions.
Although most of the monzonite is non-foliated porphyritic
granophyre, abrupt transitions in texture, petrography, and chemistry occur within both the central and ring intrusions. We will
visit a locality tomorrow atop the ring intrusion where quartz
monzonite porphyry grades into porphyritic dacite lava flows.
Similar relations are also observed along faults in the southern part
of the central intrusion, where transitions from homogeneous
quartz monzonite porphyry, through miarolitic porphyry, to vesicular quartz-bearing, porphyritic lava occur over a few meters.
The lavas are flow-folded but appear gradational with densely
welded intracaldera tuff of the Rhyolite Canyon Formation.
These zones of extrusive porphyry bound fault blocks in the intracaldera tuff, indicating eruption from vents that formed as the
floor of the caldera (roof of the magma chamber) was broken up
during late stages of caldera collapse.
Chemical data for the Rhyolite Canyon Formation tuff and
for the hypabyssal quartz monzonite porphyry (Table I, Figure 6)
document the change to a less-siliceous (monzonitic) magma.
Central and ring vents for the ash-flow tuff were intruded and
then clogged by this viscous magma. The abrupt transition from
high-silica ash-flow tuff to quartz-bearing dacite lava, then to
quartz monzonite and monzonite porphyry suggests that high-silica
rhyolite was evacuated from a source chamber in which a distinct
compositional interface existed between high-silica rhyolite and
underlying low-silica monzonitic magma.
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The upper contact of the central intrusion in lower Turkey
Creek (Stop 4) is a monolithologic roof-breccia composed of disaggregated monzonite porphyry and quartz-phyric granophyre.
Brecciation probably accompanied intrusion and magmatic inflation of the porphyry as a laccolith within the intracaldera tuff.
Lack of megascopic shear fabric is difficult to reconcile with a
purely tectonic interpretation. The breccia is strongly altered and
hematized or sericitized. Veins of matrix-supported (fluidized?)
hematitic breccia are locally observed, but are not characteristic.
Therefore, brecciation could have been partly hydrothermal, produced by hydrofracturing and limited fluidization during devolatilization of the porphyry intrusion, however, the hydrothermal
alteration could also postdate primary brecciation.
Another possibility is that the roof-breccia is analogous to the
crush zone in nuclear blast craters (e.g., Derlich, 1970), or to
breccias which occur at the borders of bolide impact craters (e.g.,
SHiffler and others, 1979). Our preliminary investigations suggest
low-pressure shock metamorphism to produce the monolithologic
breccia in these outcrops. A possible interpretation is that magmatic explosion(s) with foci in the underlying intrusion created
shock waves that brecciated the chilled border of the intrusion.
Alternatively, brecciation may be related to magmatic inflation and/or caldera collapse. Intrusion of the central monzonite as
a laccolith within the intracaldera tuff could have first metamorphosed the overlying, still hot, intracaldera tuff into a granophyric
hornfels, then as additional monzonite magma inflated the sill
from below, the chilled contact zone would be brecciated. The
latter process may be a low pressure (cataclastic) equivalent to the
protoclastic border zones of many plutons (e.g., the Colville batholith, Waters and Krauskopf, 1939). Paleomagnetic directions from
breccia clasts are clustered about an arc perpendicular to the prominent jointing plane in the outcrop (Figure 7), and suggest opening of joint planes during cooling of the roof of the intrusion
while inflation of the interior (caldera resurgence) was underway.

gin by melting of intraca.l~era tuff by the. porp~y~y along an
intrusive contact. In addItIon to the brecciated JOInt slabs of
monzonite porphyry near Turkey Creek, other breccia outcrops
contain pyroclastic-matrix breccias with clasts of precaldera(?)
dacite, and others contain plastically deformed clast breccias.
These relations indicate that although some of the porphyry
(deeper levels?) was probably still ~t super-soli?us temperatures
during formation of the roof -breCCia, other regiOns were cooled
and jointed prior to fragmentation.
Stop 4 --Roof breccia of core intrusion, intracaldera Rhyolite
Canyon Formation tuff, moat rhyolites.
From the AZ ISI-AZ IS6 intersection, drive 10.5 mi south on
AZ lSI, then 5.2 mi east on a gravel road into the center of the
Turkey Creek caldera (Figure I). Park on the left where the road
widens. Assemble on the exfoliation surface on the right (south)
side of the road. This is typical porphyritic monzonite of the core
intrusion.
We will climb the fence on north side of road, hike across the
field, and climb the ridge to north. FUTURE GUIDEBOOK
USERS: DO NOT CLIMB FENCE WITHOUT PERMISSION OF
RANCHER (THIS LAND IS POSTED -- NO TRESPASSING).
We climb through a section, within a graben block, that takes
us from monzonite porphyry of the central intrusion through roof
breccia and into intracaldera Rhyolite Canyon Formation tuff
(Figure S). The tuff is overlain by bedded volcaniclastic breccia
and sandstone, then by moat rhyolite. It is possible to see all of
these units in a relatively short distance because the intracaldera
tuff is anomalously thin (400 to 500 m), due, at least in part, to
erosion. Magmatic excavation of the basal intracaldera tuff provides an alternative means to thin the section; however, we have
not observed inclusions of the tuff in the porphyry, and a similar
roof breccia is exposed below a much greater thickness (-1 km) of
intracaldera tuff to the northeast.
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The magmatic intrusion and inflation hypothesis gains credence from recent mapping of the Rhyolite Canyon/porphyry
contact to the northeast. Rootless dikes and sills of rhyolite and
granite occur near the contact, and intrude both the overlying tuff
and the underlying monzonite. Monzonite porphyry dikes also
locally intrude the overlying tuff. The concentration of rhyolite
and granite dikes and sills near the contact suggests a possible ori-
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Figure S. Simplified geologic map (a) and cross section (b)
of area north of lower Turkey Creek. Scale bar and latitude-longitude grid approximate; base from aerial photograph.
Horizontal = vertical scale in section.
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The porphyry is locally fractured and a few quartz veins can
be found in outcrops along Turkey Creek. A zone of monzonite
to quartz-phyric granophyre breccia is exposed at the base of the
section. This is a monolithologic, cataclastic, auto breccia that is
composed of dcm-to mm-scale clasts of monzonite and granitic
granophyre porphyry in a granulated matrix (mainly clast supported). Intact joint slabs of porphyry can locally be traced into
zones of brecciation, indicating that clasts were not rotated after
jointing and, because breccia clasts are not preferentially shaped
or oriented with respect to joint planes, that jointing probably
developed after brecciation. Veins of hematitic, matrix supported
breccia are locally exposed and indicate limited fluidization. Thin
sections reveal that clasts are cut by thin «I mm) mylonite bands
and microfaults and that quartz phenocrysts are shattered. Some
quartz microfractures are lined with dendritic films of hematite.
The lower "crush" zone of the breccia contains clasts of granophyric monzonite porphyry; clasts in the upper "fracture" zone
are quartz-phyric granophyre. We interpret the upper zone rocks
as highly fractured and metamorphosed, and/or partially melted
Rhyolite Canyon Formation tuff because of the presence of
rounded quartz phenocrysts, low-angle foliation, and chemical
similarity to the tuff.
The welded tuff exposed above the cataclastic breccia interval
contains several cooling breaks and may be divided into two or
three ash-flow deposits. Compaction foliation attitudes are variable in the lower part of the exposed welded tuff, suggesting large
scale rheomorphic folding (this locality is close to the caldera
wall). The welded tuff is locally overlain by several tens of
meters of brown to tan weathering, bedded, tuffaceous clastic
breccia and ash-rich sandstone. The section north of Turkey
Creek is capped by an erosional remnant of biotite-sanidine rhyolite of the moat-lava sequence. The lava has a basal carapace
breccia that is in depositional contact with the underlying sedimentary unit. From the crest of this knob, a thick section of
moat lavas overlying Rhyolite Canyon Formation tuff is visible to
the north. To the northeast, the smooth-weathering outcrops of
the central porphyry intrusion are easily distinguished.
Return to the cars and backtrack to the entrance to Chiricahua National Monument.
Stop 5 -- Rhyolite moat lava (optional)
Turn off AZ 181 onto Pinery Canyon Road, just outside the
entrance to Chiricahua National Monument, and proceed 7.4 mi
south then east into the Chiricahua Mountains toward Onion
Saddle and parallel to the northern topographic margin of Turkey
Creek caldera. Turn right (south) onto Methodist Camp Road and
proceed about I mi into the eroded moat of the caldera. Cross
Downings Pass and take the first left turnout south of the pass.
This stop is at an abandoned explosives storage shaft in rhyolite
moat lava (locality 5, Figure 9).
The lava is high silica (77% SiO 2' Table I), sparsely porphyritic (sanidine and quartz) rhyolite of the lower moat lava
sequence. The outcrop shows spectacular flow banding and isoclinal folding.
Return to the Pinery Canyon Road, turn right (east) and continue toward Onion Saddle. Near the head of Pinery canyon, the
road climbs through precaldera sedimentary rocks to Onion Saddle,
just outside the structural margin of the caldera. At Onion
Saddle, take the left fork (downhill) and descend into the Cave
Creek drainage. At 3.3 mi from Onion Saddle, veer right (uphill)
toward Portal, AZ, and continue an additional 4.1 mi to the
Southwestern Research Station of the American Museum of
National History (SWRS).
INTRUSIVE TO EXTRUSIVE TRANSITIONS IN THE
RING INTRUSION
The structural margin of the Turkey Creek caldera is intruded
by a wide (2 to 4 km) ring dike of monzonite porphyry (Figure 1).
Where the ring dike is not present at the surface, the structural
margin of the caldera is buried by rhyolite and dacite of the
moat-lava sequence. We have identified only one feeder for the
moat rhyolite, a subvertical dike exposed in the south wall of Pinery Canyon northeast of Ida Peak (Figure 9). This dike cuts the
outer margin of the ring intrusion, as well as sedimentary rocks
immediately outside the caldera.
We believe that Rhyolite Canyon tuff eruption and caldera
collapse were followed immediately by intrusion of monzonite
porphyry into the Rhyolite Canyon feeder zones (both ring dike
and faults in the caldera floor). These shallow intrusions erupted
dacite lavas to form the stratigraphically lowest lavas now exposed
atop the ring dike, as well as local accumulations that overlie the

Pallister and others

tuff along linear zones within the caldera. Transitional intrusive
to extrusive textures and morphologic features (described below)
are seen atop the ring intrusion and in the central outcrops of
extrusive porphyry.
Results of drilling into rhyol ite feeder dikes at the Inyo
domes, California, has led to the suggestion that significant degasing of rhyolite magma may take place at shallow levels within the
intrusive environment; that rhyolite magma may vesiculate, degas,
and weld itself back together in the conduit (Eichelberger and
others, 1986). Given a zoned or layered magma reservoir, pyroclastic eruption would normally be succeeded by effusive eruption
as more volatile-poor parts of the reservoir are vented. We
believe that transitions between pyroclastic and effusive rocks
observed in the near-surface vent environment of the Turkey
Creek caldera record such a process.
Stop 6 --Structural margin of Turkey Creek caldera.
Return to Onion Saddle. Turn south on the Rustler Park
Road (FS 42D). Pull off on right, 1.2 mi from Onion Saddle. This
is the contact between the ring intrusion and precaldera sedimentary and volcanic rocks (Figure 9). A southwesterly dipping section of Tertiary (?) clastic sedimentary rocks and meta basalts make
up the precaldera rocks north of the contact here. These rocks
overlie the Lower Cretaceous Bisbee Group.
Examine the road cuts between the quartz-vein zone (exposed
behind the cars) and the monzonite porphyry ahead (-100 m
southwest). The quartz veins are a continuation of a vein system
that trends northwesterly, subparallel to, but locally branching
away from the margin of the ring intrusion.
An important question to consider here is the nature of the
contact. Although the porphyry regionally intrudes the sedimentary and volcanic rocks to the north and east, the sediments here
appear to have ponded against the eroded porphyry (and are
therefore correlative with moat sediments exposed elsewhere in the
caldera). Examine the altered breccia beds immediately adjacent
to the porphyry, which contain highly altered porphyry(?) (some
quartz-phyric) and rhyolite clasts.
Note that the porphyry has a fine-grained (but not glassy)
groundmass near the contact. Miarolitic cavities containing terminated quartz crystals are well exposed in outcrops about 30 m.from
the contact. A thin airfall tuff bed(?) within the porphyry
(exposed in a roadcut 0.4 mi to the southwest) indicates that the
porphyry was partly extrusive. Thicker pyroclastic intervals form
benches within the porphyry cliffs to the south and east. These
occurrences suggest that we are within an eroded ring vent complex, where exposures of porphyry proximal to (and deeper
within) the ring intrusion show intrusive .features; more distal (and
shallower) exposures have characteristics of thick lava flows.
Stop 7. Extrusive phase of monzonite porphyry and moat
rhyolite flows.
Continue southwest on the Rustler Park road for 0.9 mi, then
turn right on the Barfoot Park (Scout camp) Road (FS 357). Proceed 1.0 mi to Barfoot Park. We will hike to the Barfoot-Ida Peak
saddle (-3 hours roundtrip). Walk down the valley to the west·
intercept and hike northwest (right turn) on the Ida Peak Forest
Service trail. Remember this intersection, as we will return this
way. The Ida Peak trail contours along the southwest flank of
Barfoot Peak to a saddle between Barfoot and Ida Peaks. We walk
across a large landslide deposit for the first 0.4 mi, then climb up
to the saddle. Look for outcrops of glassy-matrix porphyry and
erosional remnants of sedimentary moat breccia (with Rhyolite
Canyon welded-tuff clasts) as the trail rounds the western spur of
Barfoot Peak and climbs to the saddle (locality 7a, Figure 9).
This is . an area that we mapped in moderate detail, building
on the theSIS work of Carl Tsugii (1984). Tsugii recognized several andesitic to rhyolitic lava flows overlying the ring intrusion
here. We agree with this interpretation, but, we regard the lower
(mainly dacitic) lavas as intrusive to extrusive features. We
believe that the dacitic lavas, which form prominent benches on
the low flanks of Ida Peak and cap Barfoot Peak, represent the
extrusive equivalents of the monzonite porphyry. Transitional
textures and compositions of the lavas and underlying porphyry
intrusion (Figure 6; Table 1) indicate that we are seeing various
levels through a caldera ring intrusion and vent complex, as shown
by the cross section in Figure 9b. These relations suggest that
the transitional intrus.jve to extrusive rocks of the Turkey Creek
caldera preserve an abrupt compositional gradient that may have
formerly been a layer interface within the source magma chamber.
This hypothesis is further developed in the discussion.
The Barfoot-Ida Peak saddle (el. 8140') is within the lower of
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Figure 9. Geologic map (a) and interpretative cross section (b) of the northeastern segment of the ring intrusion,
Turkey Creek caldera. Field trip localities are indicated by stop number. Profile line shows present topography.
Stippled areas represent carapace breccia. Qls = Quaternary landslide deposit, QTls = Quaternary or Tertiary landslide deposit. EI Tigre conglomerate, an informal unite of Tsugii (1984).
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two rhyolite lava flows of the moat sequence that caps Ida Peak.
Hike up the ridge to the east (toward Barfoot Peak). This traverse
takes us downsection through flow-folded rhyolite lava and lower
carapace breccia of the lower moat-rhyolite, then into platyjointed dacite/monzonite porphyry with local remnants of moat
sediments on its erosional(?) surface, and finally into glass-matrix
dacite lavas that cap Barfoot Peak. Please keep together; we will
not climb to the top of Barfoot Peak, instead congregate on the
western spur ridge, then "peel off" to the south to intercept the
Ida Peak trail back to the cars.

breccias, and show similar relations to those seen at Barfoot Peak
(Stop 7). Excellent overviews of the caldera to the west and north
are available from the ridge crest.

OR

5,6:

Might all the moat rhyolite be

Stop 8 -- Ring dike feeder zone
Backtrack 0.8 mi on the Barfoot Park Road, leave one vehicle
at the Barfoot lookout (Buena Vista Peak) trailhead (at the cattle-·
guard), then proceed 0.2 mi to the Rustler Park Road, turn right
(south) and drive 1.0 mi to the Barfoot Campground; continue
south, past the cabins and on the 4-wheel-drive road 1.0 mi, turn
right (uphill) on side road, proceed 0.1 mi, veer right and continue
another 0.1 mi to Bootlegger Saddle. Hike north, up the west face
of the ridge, through vesicular and lava like platy weathering monzonite (dacite) porphyry for about 0.2 mi to the prominent spur
west of Hillside Spring (Figure 9). Descend 100 ft in elevation (to
the west) on the spur to a prominent low cliff and hoodoo that
mark the contact between monzonite porphyry of the ring intrusion and intracaldera tuff.
Look carefully at the monzonite porphyry as you descend to
the cliff; this rock has a subhorizontal platy jointing and eutaxitic-like structure. Interlayered zones of pumiceous(?) quartz-free
monzonite/dacite porphyry with and without feldspar megacrysts
are present. The cliff is composed primarily of spherulitic quartzsanidine rhyolite that locally preserves ghost-like flow banding,
flow folds(?) and spatter breccia fragments. A few meters below
the top of the cliff (to the south) is an outcrop containing a
30-cm-diameter block of quartz-bearing feldspar megacrystic
pumice. The pumice is chemically similar the tuff of Rhyolite
Canyon, although it has anomalously high MgO, CaO, MnO, and
Sr; and high La, Ce, and Nd (Table I). Please do not collect here.
as this is a rare occurrence.
These outcrops are interpreted as pyroclastic spatter breccia
that locally forms the inboard margin of the monzonite porphyry
ring intrusion. Both the inboard and outboard contacts of the
intrusion form steep slopes that are generally obscured by talus,
however, in both situations isolated outcrops of breccia have been
found. Similar outcrops of pyroclastic and reworked breccia were
observed near the outboard side of the ring intrusion, north of
Barfoot Peak, and near Flys Park (0.8 mi SSE of here, Figure 9).
These outcrops suggest that the true width of the ring dike at
depth may locally be less than a few hundred meters, and that the
several-km-wide band of porphyry exposed at the surface IS
accentuated in width by dome and lava flow infilling of the caldera moat. This relation is also suggested by the flow-like partings and intercalated airfall tuff within the monzonite porphyry
exposed in the cliffs below Centella Point, Barfoot Peak and Ida
Peak.
Samples of dark and light zones within banded breccia blocks
in outcrops near Flys Park have chemical compositions that suggest
mingling of high-silica Rhyolite Canyon tuff magma with monzonite porphyry magma (Table I). Dark grey dacitic fiame or
magma blebs that are similar to monzonite porphyry (by virtue of
containing feldspar megacrysts and fine-grained lithic inclusions)
are also common in the upper part of the intracaldera tuff. These
relations suggest a transition in eruptive style within ring vents
that initially erupted the tuff of Rhyolite canyon, then dacite
(monzonite) porphyry.
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Stop 9 - - "String of Pearls"
Return to the cars and backtrack to the Rustler Park Campground. Hike northwest from the campground and intercept the
ridge trail to Buena Vista Peak. Please keep together. We will
follow the crest of the ridge (above and parallel to the trail) from
the first saddle to the trail forks at the saddle just south of Buena
Vista Peak (Figure 9). We then take the right fork and descend
to the car we left at the Barfoot Lookout (Buena Vista Peak) trailhead. Drivers will be ferried back for the vehicles. If you get
lost or separated descend to the east. You should cross the Rustler
Park-Buena Vista Peak trail just below the ridge crest, then the
Rustler Park Road, 200 to 350' (elevation) below the crest.
This traverse takes us through the "String of Pearls", a series
of dacite porphyry lava domes atop the monzonite porphyry ring
dike. These are interpreted as the extrusive equivalents of the
monzonite porphyry. They have glassy basal/marginal carapace
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Intrude cupola
into Bisbee

a
Figure 10. Working models for structural stages in the
evolution of the Turkey Creek caldera. (a) batch model; (b)
anatectic model for stages 5 and 6. Trc = tuff of Rhyolite
Canyon Formation; Trcl = lower members (units I and II of
Latta (1983) of outflow tuff of Rhyolite Canyon Formation);
Trci = intracaldera facies tuff of Rhyolite Canyon Formation; Tmp = monzonite porphyry.
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DISCUSSION: MODELS FOR THE TURKEY CREEK
CALDERA
Hypothetical structural models for the Turkey Creek caldera
are outlined in Figure 10. During the initial stage a layered
magma chamber was intruded to shallow levels in the crust.
High-silica Rhyolite Canyon magma overlay dacite (monzonite)
along a sharp interface in the magma chamber. The rare intermediate compositions, abrupt transitions from rhyolite tuff to dacite
lava, and mingling of the tuff and monzonite porphyry demonstrate that these two magmas coexisted in the plumbing system of
the caldera.
Stages 2 and 3 record eruption of the tuff of Rhyolite
Canyon. The lower units of the Monument member were either
not deposited within the caldera because it had not yet collapsed
sufficiently, or they were deposited, but are now concealed
beneath an intracaldera monzonite sill (during stage 4). During
the waning phase of stage 3, monzonite magma was drawn up into
vents that had previously erupted rhyolite tuff. The monzonitic
magma mingled with rhyolite in the vents and was erupted as
mafic fiame within the uppermost intracaldera tuff.
Stage 4 was characterized by intrusion of the central monzonite, probably as a thick sill or laccolith, by ring eruptions of
monzonite magma to form thick dacite lavas within the caldera
moat, and by central eruptions from linear vents that fed small
flows and domes. Intracaldera tuff was locally melted at the roof
of the sill, producing small bodies of aplite and rhyolite. In the
Portal caldera, a dacite porphyry sill intruded and mingled with
intracaldera tuff (Bryan, 1989), providing a nearby analogue. The
chemical similarity of rhyolite and aplite melts (that occur along
the central monzonite porphyry<'intracaldera tuff contact) to lower
moat rhyolite, contact metamorphic relations along that contact,
and the available 40 Ar/3 9 Ar ages suggest that early moat rhyolite
lavas might be anatectic melts of intracaldera tuff.
Two alternatives are presented for stages 5 and 6; each
includes a period of erosion and deposition that predates eruption
of most (if not all) moat rhyolites. In the first scenario, a new
batch of high-silica magma entered the magmatic system, causing
continued resurgence and erosion. Small volume rhyolite lavas,
possibly derived by anatexis of intracaldera tuff, were erupted in
the caldera moat, then the main body of moat rhyolite magma was
erupted. This model would only be density stable if sufficient
time had passed for crystallization of the monzonite before intrusion of the moat rhyolite magma. Alternatively, all of the moat
rhyolite might be anatectic, derived by melting of still-hot intracaldera tuff as monzonite porphyry invaded the intracaldera tuff
as a sill swarm, as shown in Figure lOb (the "Cheshire cat" model).
In the general context, withdrawal of magma from deep
reservoirs may favor foundering of intracaldera tuff and redistribution of magma as sills and laccoliths within a thick intracaldera
sequence. Only where extensive sections and very deep levels of
intracaldera rocks are exposed can such hypabyssal intrusive relations be observed. Even at Turkey Creek, where erosion penetrates several km into the caldera, the distinction between source
pluton and laccolith is not readily made.
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INTRODUCTION

GEOLOGY OF THE SANTA CATALINA COMPLEX

On this trip we will examine the middle Tertiary extensional
mylonite zone and the polydeformed northeastern flank of the Santa
Catalina metamorphic core complex. In general. these structures are
representative of many metamorphic core complexes and support
conventional metamorphic-core-complex interpretations (e.g .• Davis.
1980. 1983. 1987; Davis and others. 1986; Wernicke. 1985). In detail.
however. the multiple generations of structures and the multiple senses of
shear contradict standard interpretations and demand qualification and
modification of those interpretations.
The Santa Catalina Mountains form the northern half of the Santa
Catalina-Rincon metamorphic core complex (Figure 1). The combined
complex. like other metamorphic core complexes. consists of an upper
plate and a lower plate separated by a low-angle detachment fault. The
Catalina fault. the San Pedro fault. and the Bellota Ranch and Italian Trap
allochthon faults (Figure 2) appear to be one major southwest-vergent
detachment fault system that has been arched over the complex (Lingrey.
1982; Davis. 1983. 1987). Latest movement on the detachment fault
system took place around 21 Ma (Shafiqullah and others. 1988) but the
exact timing and kinematics of the arching are ambiguous (cf. Spencer.
1984; Holt and others. 1986).
Structurally below the Catalina detachment fault. as in other
complexes. lies a m-scale zone of chloritic breccia and a km-scale zone of
s-c mylonites. the lineations of which parallel the transport direction of
the upper plate. North and east of the Santa Catalina mylonite zone. the
complex is made up primarily of four generations of granitic intrusives:
1.4 Ga Oracle Granite. 64 Ma Leatherwood Qu artz Diorite. 49 Ma
Wilderness Granite. and 27 Ma Catalina Granite (Shakel and others.
1977; Keith and others. 1980; Guerin. 1988). These plutons intrude a
thin cratonic sequence of Proterozoic through Cretaceous sedimentary
rocks. These strata generally dip northeast off the northeastern flank of
the Santa Catalina Mountains although they have been variably
metamorphosed. folded. faulted. and ductilely sheared (Keith and others.
1980; Bykerk-Kauffman and Janecke. 1987; Bykerk-Kauffman. 1990).
Most previous interpretations of the Santa Catalina complex fall
into one of two broad categories. The first category interprets the lower
plate structures. including the mylonite zones. as primarily the result of
Sevier-Laramide crustal shortening (Banks. 1980; Drewes. 1981). The
second category interprets the same structures as primaIily the result of
middle Tertiary extension (Davis and Coney. 1979; Davis. 1980. 1983.
1987). In fact. however. the Santa Catalina complex contains structures
indicative of Late Cretaceous. early Tertiary and middle Tertiary
compressional. extensional and intrusive deformation (Figure 3) (Keith
and others. 1980; Bykerk-Kauffman and Janecke. 1987; BykerkKauffman. 1990). These structures are also surprisingly complex in that
neither their ages nor their compressional or extensional nature can be
inferred from their geometries. orientations or vergences alone. The
Santa Catalina complex thus has a complicated origin similar to that of the
south-central AIizona complexes studied by Haxel and others (1984).

SoC Mylonite Zone

Naruk and Bykerk-Kauffman

The Santa Catalina mylonite zone is a 10-15 km wide zone of
granitic s-c mylonites (see Figure 2). The mylonites appear to have
formed in the middle Tertiary (37 ± 8 Ma) at a depth of 9.3 (± 1.9) km. a
pressure of 2.5 (± 0.5) kbar. and a temperature of 494° (± 10°) C
(Anderson and others. 1988). A similarly thick mylonite zone is absent
below the detaclunent fault on the east side of the Rincon complex.
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Figure 1. Simplified geologic map of the Santa Catalina-Rincon
metamorphic core complex.
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suggesting that the east side of the complex represents a shallower level
of middle Tertiary defonnation.
Rock Types. The southwestern half of the Catalina mylonite
zone consists primarily of mylonitic augen gneiss intruded lit-par-lit by
felsic dikes. Both the gneiss and the dikes are pervasively mylonitic and
exhibit both s- and c-surfaces. Locally the dikes can be seen to be
isoclinally folded, producing a compositional layering within the gneiss.
Zircon U-Pb ages suggest that the augen gneiss is derived from 1.4 Ga
Oracle Granite (Shakel and others, 1977), which in the undefonned state
is a very coarse-grained, porphyritic, hypidiomorphic granular biotite
granite. In the northeastern half of the zone, the mylonites are derived
primarily from the Wilderness Granite, an Eocene medium-grained
hypidiomorphic-granuIar peraluminous granite.

A

Mylonitic Fabrics. In both the augen gneiss and the mylonitic
granite, the obvious macroscopic foliation surfaces are s-surfaces fanned
by planar alignment of quartz, feldspar and phyllosilicate ribbons, and by
the long dimensions of feldspar porphyroclasts. The quartz ribbons are
composed of 10 Ilffi-size inclined recrystallized grains, and the feldspar
and phyllosilicate ribbons consist of 50-500 Ilm-size porphyroclasts.
The c-surfaces are mm-scale, discontinuous shear bands defined by the
asymmetric tails of ribbons and a-shaped porphyroclasts. Both the sand c-surfaces contain a pervasive extension lineation defined by the long
dimensions of ribbons and porphyroclasts.
Geometric Relations. The mylonite zone consists of three
distinct shear zones defined by the dips and relative orientations of the sand c-surfaces (Figures 4 and 5). In the southern third of the mylonite
zone, the c-surfaces consistently dip 21 ° (± 7°) SW and the s-surfaces
rotate from 10° NE dips in the northern part of the domain, to 12° SW
dips in the southern part. Following the conventional interpretations of sc mylonites (e.g. Lister and Snoke, 1984; Simpson, 1984), this geometry
represents a 21° SW-dipping, nonnal-displacement shear zone, with a
relative increase in shear strain from north to south.
In the central third of the mylonite zone, the c-surfaces dip 30° (±
7°) NE, and the s-surfaces dip an average of 12° NE (see Figure 5). The
c-surfaces in this domain everywhere dip more steeply northeast than the
accompanying s-surfaces, indicating a ubiquitous northeast-vergent,
normal sense of shear. This central domain thus appears to represent a
30° NE-dipping nonnal-displacement shear zone. The domain does not
appear to represent an arched or folded continuation of the southwestdipping zone. The transition between the southern and central domains is
relatively sharp, with no areas of subhorizontal c-surfaces between the
domains, such as would be expected in a fold. Also, no southwestvergent reverse shear indicators, such as might indicate a rotated fabric,
have been observed.
In the northern third of the mylonite zone, the c-surfaces dip 20° (±
6°) SW, parallel to the c-surfaces in the southern domain (see Figure 5).
The s-surfaces rotate from 5° NE dips in the northern part ofthe domain,
to 5° SW dips in the southern part. Thus this domain, like the southern
one, appears to represent a 20° SW-dipping, nonnal-slip shear zone in
which the shear strain increases from north to south.
Together, the three subdomains appear to represent conjugate-like
extensional shear zones. The northern and southern southwest-dipping
zones appear to be offset by the central northeast-dipping zone (see
Figure 4). The Forerange arch, in particular, represents the intersection
of two shear zones, rather than being a single folded or isostatically
arched zone (cf. Reynolds and Lister, 1987). The conjugate-like
geometry of the zones is very similar to the anastomosing pattern of
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north of .hear zone
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NORTHERN
SHEAR ZONE

Minor, centimeter-scale shear zones occur throughout the nonmylonitic granite. These shear zones most commonly have a normal
sense of shear, but do not have any strong preferred orientation.
Strain Markers. Peraluminous aplite and pegmatite dikes are
common throughout the mylonite zone and in the undeformed granite
northeast of the zone. In the undeformed granite, the dikes are
undeformed and consistently oriented N400W, 55° (± 16°) NE. Within
the northern southwest-vergent zone, the dikes are initially rotated to
shallow northeast dips (15° ± 5° NE), and structurally higher in the zone,
to subhorizontal (6° ± 3° E dips), consistent with progressive southwestvergent normal shear. In the central domain, the dikes are re-oriented to
shallow northeast dips (22° ± 5° NE), consistent with northeast-vergent
normal shear superimposed on the subhorizontal dikes (Figure 6).
Quantitatively, these rotations appear to represent plane strain
deformation, and can be used to calculate finite shear strains within the
mylonites, assuming simple-shear deformation (Naruk, 1987). The
shear strains, in tum, can be used to determine the orientations and
principle axes of the finite strain ellipsoid. The results show that the ssurfaces of the s-c mylonites track the XY -plane of the strain ellipsoid, as
originally proposed by Ramsay and Graham (1970) for shear-zone rocks
with a single foliation, and in contrast to the original interpretations of s-c
mylonites (e.g., Lister and Snoke, 1984; Simpson, 1974).
Northeast Flank Of The Santa Catalina Mountains

CENTRAL
SHEAR ZONE

SOUTHERN
SHEAR ZONE

Figure 5: Equal area lower-hemisphere projections of mylonitic and
norunylonitic fabrics in the Santa Catalina mylonite zone. Contours
equal 10, 20 and 30% unless stated otherwise.

seismic reflections observed in nearby crystalline basement and
interpreted as conjugate and anastomosing shear zones (Hamilton, 1982).
Lineation trends vary slightly between the three shear zones, from
N65°E - S65°W in the southern zone, to N44°E in the central zone, and
N300E in the northern zone (see Figure 5).
Mylonite-Zone Boundary. The northeastern boundary of the
entire mylonite zone, the "mylonitic front", is a strain gradient or gradational contact between pervasively mylonitic granite and norunylonitic
granite. In the vicinity of Stop 4, where the mylonitic front bounds the
northern southwest-vergent domain, structure contours of this contact
define a planar surface with a 21° SW dip. In contrast, the mylonitic
front dips 27° NE where it bounds the central northeast-vergent domain.
The c-surfaces in the northern and central domains thus parallel the
boundaries of those domains, and the s-surfaces are oblique to the boundaries, consistent with the interpretation of the domains as shear zones.
The character of the nonmylonitic granite northeast of the
"mylonitic front" varies along the strike of the zone, from undeformed to
locally slightly foliated. This foliation, where present, is defined by
planar alignment of biotite schlieren, locally accompanied by alignment of
quartz and biotite grains. This foliation is oriented approximately
perpendicular to the mylonitic foliation and parallel to the lineation,
striking northeast and generally dipping steeply to the northwest (see
Figure 5) . The weakly foliated granite grades northeastward into
undeformed , hypidiomorphic-granular granite.
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The northeast flank of the Santa Catalina Mountains escaped
significant middle Tertiary deformation and, therefore, the record of a
complicated complicated Mesozoic and early Cenozoic tectonic history
was preserved (Bykerk-Kauffman and Janecke, 1987; Janecke, 1987;
Bykerk-Kauffman, 1990) (see Figures 2 and 3). Jurassic-Early
Cretaceous block faulting was followed by Cretaceous to earliest Tertiary
Laramide thrusting that repeated and thickened the section. Subsequent
intrusion of the 64 Ma Leathelwood Quartz Diorite and its associated
porphyritic sills inflated the already-th ickened section and
metamorphosed strata near the plutons. The intrusion of the Eocene
Wilderness Granite caused local contact metamorphism and widespread
very low-grade metamorphism. At the same time, low-angle faulting and
ductile flow thinned the section and produced a prominent structural
fabric. This fabric, the lithologic layering, and the low-angle faults were
locally folded into northwest-trending folds and/or overprinted by steeply
northeast-dipping crenulation cleavages. The origin of these folds and
cleavages is obscure but they may be related to middle TertialY extension.
The late Tertiary Basin-and-Range event produced north-trending steeplydipping normal faults that disrupted the rocks along the northeastem
margin of the range.
Laramide thrusting in the northeastem Santa Catalina Mountains is
represented by the Edgar and Youtcy faults (Bykerk-Kauffman, 1990).
The Edgar fault places various Precambrian lithologies on the Cambrian
AbIigo Formation and the Youtcy fault places PrecambIian granite and
quartzite on the Lower Cretaceous Bisbee Group (see Figure 2). The
Edgar fault is intruded by the 64 Ma Leatherwood Quartz Diorite; thus
thrusting took place during Cretaceous or earliest Tertiary time. Indirect
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evidence from the Edgar fault, including the trend of the fault trace and
the pattern of variations in the stratigraphic levels cut by the fault,
suggests that the Edgar fault verges southwest. However, similar
indirect evidence suggests that the Youtcy fault verges northeast (BykerkKauffman, 1990).
The early Tertiary orogenic episode is represented by the
Wilderness Granite and its associated metamorphic aureole, widespread
low-grade low-pressure metamorphism, shallowly-dipping foliations
(Figure 7), east-trending lineations, and the Geesaman, Mesquite, and
Cottonwood faults (see Figures 2 and 3). Cross-cutting relationships
between the foliation and the Wilderness Granite and coincident gradients
in strain magnitude, metamorphic grade and deformation mechanism
demonstrate that intrusion, metamorphism and ductile flow were
contemporaneous. Thus the Wilderness Granite was probably the heat
source for both the metamorphism and the enhanced ductility that allowed
the rocks to flow (Bykerk-Kauffman, 1990). Although the Mesquite and
Cottonwood faults are intruded by the Wilderness Granite, the
Geesaman, Mesquite and Cottonwood faults appear to be broadly
contemporaneous with the structural fabric because they parallel foliation
and because they,like the fabric, postdate the 64 Ma Leatherwood Quartz
Diorite. In fact, the remarkable compatibility between the kinematics of
the ductile flow and the faulting on the Mesquite and Cottonwood faults
suggests that these faults are stretching faults as defined by Means
(1989). Stretching faults are discontinuities within independently
flowing rock masses rather than major structures that induce flow in the
rocks around them.
Both the low-angle faulting and the ductile flow caused stretching
and thinning of strata. The Geesaman, Mesquite, and Cottonwood faults
parallel foliation and place younger strata on older strata. The ductile
flow that produced the structural fabric involved low-angle east-directed
shearing and vertical flattening, which locally produced subhorizontal
oblate strain markers. The east-directed shear sense is revealed by
abundant east-trending lineations (see Figure 7) and a variety of shear
sense indicators including offset markers, s-c foliations, asymmetric
folds and calcite grain-shape foliations oblique to the macroscopic
foliation (Bykerk-Kauffman and Ianecke, 1987).
The tectonic significance of the early Tertiary orogenic episode is
unclear. Strata were extended and thinned during a time period
characterized by regional compression (Dickinson, 1981). Furthermore,
the region of east-trending lineations and eastward shear indicators is
limited to the northeastern Santa Catalina Mountains. Apparently
contemporaneous structural fabrics and faults throughout the Santa
Catalina-Rincon Complex reveals a remarkable variety of lineation

orientations and shear directions, from east to southeast to southwest. In
addition, abundant steep east-striking foliations in the Wildemess Granite
appear to have formed during or shortly after intrusion. 1bree
hypotheses may explain the early Tertiary structures and fabrics: forceful
intrusion of the Wildemess Granite, late-stage Laramide compression
superimposed on a tilted section, or both processes operating
simultaneously (Bykerk-Kauffman, 1990). As yet, there is insufficient
evidence to determine which, if any, of these hypotheses in correct.
DAY 1: ROAD LOG TO THE CATALINA HIGHWAY
Geologic Highlights Enroute to Stop 1
From the University of Arizona, take Speedway east. Tum north
onto Wilmot, following it as it turns eastward and becomes Tanque Verde
Rd. Tum left (north) onto the Catalina Highway. The slight rises at 1.3
and 2.6 miles from Tanque Verde Road are formed by the OligoceneMiocene Pantano Formation which consists of sandstone and
conglomerate containing mylonite clasts. The formation appears to
represent rapid deposition synchronous with detachment faulting, and the
presence of detrital mylonite clasts indicates that mylonites were already
exposed. In these particular outcrops, the bedding dips 25° SW, away
from the range front and the detachment fault (see Figure 2). In general,
the upper-plate outcrops along the front of the Santa Catalina Mountains
dip in a variety of directions, and do not represent a simple system of
domino-like, back-rotated, listric fault blocks.
The view to the northwest provides an excellent overview of the
"flatirons" of the mylonites that compose the Catalina Forerange. These
southwest-dipping flatirons consist entirely of granitic s-c mylonites.
The foliation surfaces (s-surfaces) can be seen to begin to roll over to
horizontal near the crest of the flatirons, defining the southwest limb and
crest of the Forerange arch.
Where the highway crosses the mountain front and enters the
mylonite zone, recent sands and gravels depositionally onlap the
mylonites. The detachment fault and breccia are not exposed.
Stop 1
Stop at the National Forest entrance sign at milepost marker I, 5.1
miles up the highway from Tanque Verde Road . The road cuts here are
typical of the banded mylonitic augen gneiss that makes up most of the
forerange. In the road cut on the west side of the roaa, many of the
leucocratic layers can be seen to be a single, isoclinally-folded layer.
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Santa Catalina Mountains and of sheath fold axes and mean lineation from the Youtcy Ranch area. Both contour
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S-c fabrics are best exposed a short walk (0.2 miles) up the
highway. There the pervasive foliation consists of s-surfaces, which dip
15° S. The c-surfaces are spaced, cm-Iength, mm-width shear bands that
dip 24 ° (± 7°) SW, yielding a nonnal sense of shear. The classification of
these shear bands as either c- or c'-surfaces cannot be made on the
outcrop. The high-strained appearance of the rock may suggest that these
surfaces are c'-surfaces, yet they are parallel to the shear-zone boundary,
which indicates that they are c-surfaces.
Geologic Highlights Enroute to Stop 2
Continue up the highway from Stop 1. For the first 1.7 miles, the
average trend ofthe road is approximately east-west, parallel to the strike
of the mylonites and the axial trace of the Forerange arch (see Figure 2).
The mylonites consist of augen gneiss and defonned dikes with the same
fabrics and fabric orientations as at Stop 1.
At 1.7 miles, at the Babat Duag scenic viewpoint, the road turns
northeast and transects the Forerange arch. Looking back to the
southwest, ptygmatic and isoclinally folded dikes are apparent in many of
the cliff faces. In the core of the arch, 2.3-3.4 miles from Stop I, the
rocks are much less defonned, being only weakly mylonitic to locally
nonmylonitic. At 3.6 miles from Stop I, the rocks again become
strongly mylonitic, but with northeast-dipping c-surfaces and a pervasive
northeast-vergent, nonnal sense of shear.
Stop 2:

Molino Basin

Park at the second entrance to the Molino Basin Campground, at
the hairpin left tum in the highway. Follow the foot trails northeast
approximately 0.2 miles into Molino Canyon. The outcrops in the
canyon consist of s-c mylonite derived from medium-grained,
leucocratic, garnet-, biotite-, muscovite-bearing Wilderness Granite. Ssurfaces dip 13° NE and c-surfaces dip 25° (± 7°) NE, yielding a
northeast-vergent nonnal sense of shear. Lineations plunge 11 °, N400E.
Cm-scale minor shear zones are also common, and typically dip northeast
with nonnal offsets.
Geologic Highlights Enroute to Stop 3
From Stop 2 to Stop 3 the highway trends west, again
approximately parallel to the axial trace of the Forerange arch. Shearsense indicators are rare, but consistently indicate northeast-vergent
nonnal shear. At 1.8 miles from Stop 2, tum south on the Forest Service
road into the federal prison camp site and Sycamore Reservoir, and
proceed south 0.5 miles to the Soldier Canyon trailhead.
Stop 3
This stop is in northeast-vergent s-c mylonite, derived from
Wilderness Granite, close to the axial trace of the Forerange arch.
Despite the proximity to the axial trace, the c-surfaces here dip 26° (± 8°)
NE, parallel to the c-surfaces in Molino Canyon, and yield a nonnal
sense of shear. The c-surfaces maintain this dip for approximately 0.7
miles to the south along the trail; south of this point they again dip 21 °
SW. The c-surfaces thus have a single orientation on each limb of the
Forerange arch, and they do not appear to have rotated from one
orientation to the other.
Geologic Highlights Enroute to Stop 4
Return to the highway and tum left, continuing another 4.5 miles
up the highway to the General Hitchcock picnic area and campground.
At 1.6 miles from the Forest Service road, the highway turns northeast
into Bear Canyon. The view to the west provides an excellent view of
the crest and northeast-dipping limb of the Forerange arch. The
prominent cliffs, canyon walls and hoodoo -like pillars all consist of
mylonitic Wilderness Granite. Below the road in Bear Canyon, csurfaces are well-developed and consistently dip 30° NE, yielding a
northeast-vergent nonnal sense of shear. Along the highway, sparse
shear-sense indicators also consistently indicate northeast-vergent nonnal
shear. In contrast, in the ridge tops above the highway, the c-surfaces
dip 20° SW and indicate southwest-vergent nonnal shear.
At Bear Canyon campground, the highway passes out of the
mylonite zone into essentially undefonned Wilderness Granite. Road
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cuts to the northeast of the campground contain many northeast-dipping,
undefonned, aplite and pegmatite dikes. For the purposes of strain
calculations, these dikes are assumed to represent the original orientations
of the defonned but otherwise equivalent dikes in the mylonite zone
(Naruk, 1987).
Stop 4:

General Hitchcock Picnic Area

This stop provides a view of the transition from undefonned
granite to s-c mylonite. Outcrops at and northeast of the picnic area
entrance are typical undefonned Wilderness Granite. It is medium
grained, hypidiomorphic granular to slightly porphyritic, with minor
almandine, biotite and muscovite. Monazites from here have yielded 4447 m.y. U-Pb ages (Shakel and others, 1977). A study of the anisotropy
of magnetic susceptibility shows that the magnetite in the granite is
randomly oriented, producing a spherical magnetic susceptibility ellipsoid
(Ruf and others, 1988). Undefonned aplite and pegmatite dikes are
common, and consistently dip 54° (± 16°) NE.
Approximately 100 m up the highway from the picnic ground
entrance, the granite possesses an enigmatic weak foliation defined by
alignment of biotite schlieren and biotite grains. The foliation strikes
N400E and dips steeply to moderately northwest, suggesting
subhorizontal shortening perpendicular to the extension lineation in the
mylonites. In contrast, the magnetic susceptibility ellipsoid in these rocks
is prolate, apparently representing horizontal extension parallel to the
lineation, and vertical and horizontal shortening perpendicular to the
lineation (Ruf and others, 1988).
Three tenths of a mile up the highway, the granite becomes
pervasively mylonitic. The foli ation (N800W, 15° NE) is defined by
severely flattened and elongate quartz ribbons and feldspar and mica
porphyroclasts. The lineation (10°, N25°E) is defined by elongate quartz
rods and streaked-out mica and feldspar porphyroclasts. This first
appearance oflineated and foliated mylonite is interpreted as the mylonitezone or shear-zone boundary.
Another five tenths of a mile up the road, at the small 6339' knob
on the southeast side of the highway, the rocks become distinct s-c
mylonites. S-surfaces (NI5°W, 15° NE) are defined by flattened and
elongate ribbons and grains as above. C-surfaces (E-W, 15° S) are
evident as mm-width, spaced shear bands.
Aplite and pegmatite dikes here and in the adjacent road cuts are
mylonitically defonned and dip 15° NE, 39° less steeply than their
undefonned equivalents at the General Hitchcock picnic area. This
rotation is consistent with plane strain and southwest-vergent nonnal
shear, and represents a shear strain (y) of 1.2, assuming simple shear
defonnation (Naruk, 1987). For such a shear strain, the angle between
the XY -plane of the strain ellipsoid and the shear zone boundary equals
29° (± 6°). This approximately equals the average angle of 32° (± 11 °)
measured at this location between the s- and c-surfaces, and between the
s-surfaces and the shear-zone boundary.
Stop 5: Windy Point Vista
Continue up the highway 2.0 miles from the General Hitchcock
picnic area, to Windy Point Vista. The view to the southwest provides a
panoramic overview of the mylonite zone. The mylonites at Windy Point
and along strike to the east and west have subhorizontal s-surfaces and
20° SW -dipping c-surfaces. The rocks from the crest of the forerange to
the deep canyons below Windy Point have 10°-15° NE-dipping s-surfaces
and 30° NE-dipping c-surfaces. The rocks to the south of the forerange
crest have 10°_15° SW-dipping s-surfaces and 20° SW-dipping csurfaces.
The Windy Point outcrops are s-c mylonite derived from
Wilderness Granite. The s-surfaces are subhorizontal, and the c-surfaces
dip 20° SW parallel to the c-surfaces in the lower forerange. Where the csurfaces intersect dike walls, it can be seen that the offset is typically less
than the grain size of the granite (5 mm).
The aplite and pegmatite dikes are mylonitic ally defonned and
subhorizontal. They have been rotated 54° from their undefonned
orientations at General Hitchcock picnic area, and 15° from their less
defonned orientation at the 6339' knob. The sense of rotation is again
consistent with plane strain and progressively increasing nonnal shear.
The magnitude of rotation represents a shear strain of y = 1.9, and an
angle of 23° (± 5°) between the XY strain plane and the shear-zone
boundary. In comparison, the angle here between the s- and c-surfaces

Naruk and Bykerk-Kauffman

Figure 8: Photograph of the northeast flank of the Santa Catalina Mountains as seen from San Pedro Vista.

and between the s-surfaces and the shear zone boundary also equals 23°
(± 11°). Thus the s-surfaces appear to represent the XY -plane of the
finite strain ellipsoid, and the angle between the s- and c-surfaces is
equivalent to the angle e' in the Ramsay and Graham (1970) simple shear
equations.
Geologic Highlights Enroute to Stop 6
Proceed up the mountain along the Catalina Highway and tum right
into San Pedro Vista, the second scenic viewpoint after Windy Point.
Northeast of Windy Point, the highway continues in southwest-vergent
s-c mylonites for 1.3 miles. At that point, the highway again passes from
s-c mylonite into undeformed granite and locally deformed granite with
the northeast-striking, steeply-dipping foliation defined by schlieren and
biotite alignment.
Stop 6: San Pedro Vista
At this stop we get our first glimpse of pre-middle Tertiary
structures and fabrics. San Pedro Vista overlook provides a panoramic
view of the northeast flank of the Santa Catalina mountain range (Figure
8). The sedimentary and plutonic rocks of the northeast flank of the
range are unmetamorphosed to subgreenschist facies throughout most of
the area but they reach higher grades - as high as the pyroxene-hornfels
facies - immediately adjacent to the Wilderness Granite and the
Leatherwood Quartz Diorite.
The trace of the Cretaceous to earliest Tertiary Edgar Thrust can be
seen just east of due north toward the base of a major east-northeasttrending ridge (see Figure 8). This fault, which crops out
discontinuously for over 25 km, places Precambrian Pinal Schist (slopes
below the quartzite cliffs) on Cambrian Abrigo Formation (reddish rolling
hills in foreground). A swarm of undated northeast-trending rhyolite
dikes intrudes across the thrust (see Figure 8), as does the 64 Ma
Leatherwood Quartz Diorite (see Figure 2).
A short 0.3 mi (0.5 km) hike takes us to an exposure of the early
Tertiary structural fabric and the cross-cutting relationship between it and
the Wilderness Granite. The trail head is on the south side of the parking
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lot. Walk straight up the hill and then follow the trail that contours to the
left. At the trail junction, marked by a metal sign, take the right fork to an
outcrop of weakly mylonitic Precambrian Oracle Granite (dark grey) and
nonmylonitic Tertiary Wilderness Granite (light grey). Note that,
although the Wilderness Granite has no structural fabric, the contact
between the two granites is gently folded and the axial planes of the folds
parallel the foliation in the Oracle Granite. This relationship suggests that
mylonitization and intrusion of the Wilderness Granite overlapped in
time.
Note also the subtle differences between this early Tertiary fabric
and the middle Tertiary fabric we examined earlier in the day: quartz
grains in the early Tertiary mylonite are less deformed - they do not form
ribbons - and feldspar grains display a sugary texture, indicating
extensive dynamic recrystallization. Thin section examination reveals that
the recrystallized quartz and feldspar grains are considerably larger in the
early Tertiary mylonites than they are in the middle Tertiary mylonites
(Bykerk-Kauffman, 1990). These characteristics are typical of early
Tertiary mylonites that are located immediately adjacent to the Wilderness
Granite; they indicate relatively high temperatures and/or low strain rates
or static annealing. These characteristics also aid in the differentiation of
the two generations of mylonites.
DAY 2: ROAD LOG TO REDINGTON ROAD
Geologic Highlights Enroute to Stop 7
Take Tanque Verde Rd. east past the Catalina Highway tum-off as
Tanque Verde Rd. becomes Redington Road. The Catalina detachment
fault crosses the road at the end of the pavemel1t. All mile numbers
below denote miles past the end of pavement. Road cuts expose banded
mylonitic augen gneiss such as that exposed in the Catalina forerange.
Stop 7:

Tanque Verde Canyon (Mile 1.4)

Park 1.4 miles past the end of the pavement at a wide spot in the
road with a good view of Tanque Verde Canyon to the right. Walk down
the trail that drops straight into the canyon.

47

At this stop we will examine an enigmatic early-Tertiary vertical
fabric and a cross-cutting middle Tertiary shallowly-dipping southwestvergent mylonitic fabric. The most obvious planar fabric at this location
is a shallowlY northeast-dipping lithologic banding that parallels the
middle Tertiary s-surfaces. The c-surfaces dip slightly southwest.
Lineations trend east-northeast. Aside from the foliation orientations. this
mylonitic fabric is identical to the fabric we examined yesterday at Stop l.
Thus the anomalous foliation orientations at this location suggest that
these mylonites have rotated since their formation.
This rotation may be related to a number of shallowly southwestdipping faults. marked by fine-grained dark cataclasite. that crosscut the
mylonites. These faults generally parallel the Catalina detachment fault
which projects just above them. Since the Catalina fault is interpreted to
be southwest vergent (Davis. 1983. 1987). these faults probably also
verge to the southwest; thus they could have caused a northeastward
backrotation of the mylonites. A prime example of these faults crops out
where the trail reaches the canyon bottom; the trace of this fault on the
south side of the canyon is quite evident from the trail.
Although the rocks at this stop are dominated by the shallowlydipping middle Tertiary mylonitic fabric. an older east-trending vertical
fabric is evident within isolated pods of rock that escaped mylonitization
(Bykerk-Kauffman. 1990). One of these pods. composed of Wilderness
Granite. crops out a few hundred meters upstream from the fault
described above. The vertical fabric within this pod is defined by the
parallel alignment of mineral grains. especially micas. Thin section
examination reveals no evidence for grain size reduction. The fabric
appears to be an igneous flow foliation in the Wilderness Granite. By
contrast. the fabric is stronger in the older lithologies - most of which are
probably phases of the 1.4 Ga Oracle Granite - where it appears to be an
annealed (or high-temperature) mylonitic fabric. The vertical fabric is
commonly crenulated by the mylonitic fabric; thus it must predate
mylonitization.
East-trending steeply-dipping foliations. similar to the ones
exposed here. pervade much of the interior portions of the Wilderness
Granite (McCullough. 1963; Keith and others. 1980; Naruk. 1987;
Bykerk-Kauffman. 1990). Yet the origin of these foliations is obscure.
The lack of grain-size reduction implies that they formed at high
temperatures (higher than the temperatures that pervaded during
mylonitization). further suggesting that the fabrics formed during or
shortly after intrusion of the 49 Ma Wilderness Granite. Thus these
vertical foliations are generally contemporaneous with the subhorizontal
foliations and faults that dominate the metasedimentary rocks of the
northeastern Santa Catalina Mountains. Bykerk-Kauffman (1990) has
suggested that diapitic forceful intrusion of the Wilderness Granite. such
as that modeled by Dixon (1975). may account for these observations.
Geologic Highlights Enroute to Stop S
Mile 3.S. View of Agua Caliente Hill to the northwest. Note the
northeast-dipping lithologic layering that parallels the s-sUl-faces of the
mylonitic fabric.
The middle Tertiary shear zone boundary crosses the road near this
location. Almost all outcrops visible between here and Stop 8 are
nonmylonitic Wilderness Granite cut by isolated northeast-vergent lowangle shear zones. These shear zones. located within the along-strike
projection of the major northeast-vergent shear zone we examined
yesterday (see Figure 2). appear to be an extension of that zone.
Lineations within the isolated shear zones trend north-noltheast. in
marked contrast to the more easterly-trending lineations in the southwestvergent mylonites at stop 7.
Mile S.l. (where the road makes major bend to the left - east):
An optional stop here provides a view of Italian Trap allochthon. a klippe
of the upper plate of the detachment fault zone. Park in the 2nd side road
on the right and walk up a small hill. Italian Trap allochthon is the bald
hill in the foreground immediately in front of Mica Mt. (the highest point
on the dome-shaped Rincon Mts.). This allochthon is composed of
Paleozoic. Cretaceous and Tertiary strata (Benson. 1981).
Stop 8:

Youtcy Ranch Area (Mile 11.7)

Tum right onto a major side road at mile 11.4. where Redington
Rd . bends to the nOllh just after crossing a major drainage (see Figure 2).
Proceed along the side road 0.3 mi and park in a small pull-off to the left.
The Youtcy Ranch area has been affected by Laramide thrusting. by early
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Tertiary metamorphism and ductile deformation and by middle Tertiary
northeast-vergent shearing (Figure 9).
Stop 8a. Mesquite Fault. Walk along the jeep trail northeast
to the saddle (see Figure 9). The Precambrian Oracle Granite. which
crops out along the trail. generally lacks a foliation. but it contains several
isolated intensely mylonitized zones.
The Mesquite fault. one of the early Tertiary stretching faults. crops
out in a glory hole just north of the saddle (see Figure 9). It dips
shallowly northeast. parallel to foliation. This fault separates
Precambrian Oracle Granite below from Cambrian Abrigo Formation
above; 230 m of section are missing.
Stop 8b. Sheath Folds. Backtrack to the saddle and proceed
up the hill to the northwest following the trace of the Mesquite fault. The
carbonate-rich Cambrian Abrigo Formation was metamorphosed to
pyroxene-hornfels facies during intrusion of the nearby Wilderness
Granite. Note the strong foliation and northeast-trending lineation (see
Figure 7) in the Abrigo Formation. especially in the quartzite beds. Note
also the abundant asymmetric rootless sheath folds. A stereographic
projection of the axes of these folds reveals a northeast vergence. parallel
to lineation (see Figure 7) and concordant with the northeast-directed
shear sense indicated by s-c fabrics in the adjacent Oracle Granite
(Bykerk-Kauffman. 1990).
The northeasterly lineation trends in this area contrast sharply with
the easterly lineation trends evident throughout the northeastern Santa
Catalina Mountains (see Figure 7). However. the lineations at this
location parallel the lineations throughout much of Redington Pass.
Interestingly. the Youtcy Ranch area lies within the along-strike
projection of the middle Tertiary northeast-vergent shear zone we
examined yesterday (see Figure 2). Thus the sheath folds. lineations.
and s-c foliations at this location probably reflect middle Tertiary ductile
shearing. This conclusion is supported by thin section examination
which reveals that the deformational textures in these rocks are
unannealed and are superimposed on metamorphic minerals; such
textures are typical of middle Telliary fabrics but not of early Tertiary
fabrics . This is not to say that these rocks did not experience early
Tettiary ductile flow; the presence of the Mesquite fault suggest that,
indeed. they did. But the most recent ductile flow event to affect these
rocks appears to have taken place in the middle Tertiary.
Stop 8c. Panoramic View. Return to the saddle and contour
around the hillside south of the saddle, following a cattle trail part of the
way. Cross a late high-angle fault and then the Mesquite fault once
again. Rejoin the jeep train, follow it eastward to the end. and then
continue to the top of the hill. This location provides an excellent
panoramic view of the eastern pall of the Santa Catalina Complex.
The Santa Catalina Mountains can be seen to the nOithwest; we are
looking along the sttike of the strata exposed on the northeast flank of the
range. The grey and red hills in the foreground to the north are
composed of metamorphosed Precambrian and Paleozoic strata. The
bouldery hill in the foreground toward N300E is composed of Wilderness
Granite. as is much of the tan low-lying country to the north and west.
The maroon hills toward N600E consist of tilted Telliary strata within the
upper plate of the San Pedro detachment fault; this fault. which dipped
west while itwas active, now dips east (Lingrey, 1982).
Stop 8d. Edgar Thrust. Walk down hill toward the northeast
to the shallowly northeast-dipping Edgar Thrust (see Figure 9). Outcrops
are scarce but the thrust is located where the qumtz-garnet-rich Cambrian
Abtigo Formation gives way to the dark brown pelitic andalusite-bearing
Precambrian Pinal Schist. Approximately 300 to 500 m of section have
been repeated.
Stop Se. Deformed Quartzite Pebbles (optional) . Continue
northeastward (see Figure 9) to the prominent outcrops on the south side
of the ridge. These outcrops are composed of Precambrian Barnes
Conglomerate. the basal member of the Dripping Springs Qumtzite. The
pebbles in this conglomerate have been flattened parallel to foliation and
locally elongated parallel to the 23°. S500E - oriented lineation. Thin
section examination of this conglomerate reveals exquisite core-andmantle structure and extremely undulatory extinction. The absence of
annealing textures suggests that the latest increment of strain in these
pebbles was imposed dUling middle Tertiary extension.
Return to Vehicles. As we return to the vehicles. note the
relatively high metamorphic grade of these rocks. The following two
stops will illustrate the gradual decrease in metamorphic grade. ductility
of the rocks during defolmation. and strain magnitude with distance from
the Wilderness Granite.
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Geologic Highlights Enroute to Stop 9
Return to Redington Rd; tum right, continuing across Redington
Pass. All mile numbers below include 0.6 mi detour to Stop 8.
Mile 15.1. Late Tertiary west-dipping nonnal fault separating
the Eocene Wilderness Granite on the west from the Precambrian Pinal
Schist on the east.
Mile 15.4. Early Tertiary low-angle east-dipping Cottonwood
fault separating the Precambrian Pinal Schist (lower plate) from the
Mississippian Escabrosa Limest9ne (upper plate). Stratigraphic separation across the fault is at least 700 m.
Stop 9: Foliated Lower Cretaceous Bisbee Group (Mile 18.6)
Continue to follow Redington Road as it turns north. Park at a side
road on the left just before the second bedrock knob crossed by
Redington Road. At this stop we will examine the structural fabric in the
Lower Cretaceous Bisbee Group 4.7 km from the northeastern margin of
the Wilderness Granite. Foliation dips shallowly to the east, subparallel
to lithologic layering, and lineation trends ESE. This fabric fonned
during the enigmatic early Tertiary episode of ductile flow and youngeron-older faulting that accompanied intrusion of the Wilderness Granite
(see Figure 3). The rocks at this location were only slightly heated by

that granite. Metamorphism is very low grade yet chlorite and finegrained muscovite are notably abundant. Thin section examination of
these rocks reveals that quartz defonned .by pressure solution but that
calcite defonned by crystal-plastic flow, implying that temperatures were
above 2700 C during defonnation (Groshong and others, 1984).
Rock types include green and purple phyllite, coarse calcareous
sandstone and a limestone- and chert-cobble conglomerate. The chert
clasts are mildly deformed. The limestone cobbles, on the other hand,
have been profoundly flattened and stretched so that individual cobbles
are very difficult to distinguish. Limestone cobble aspect ratios reveal the
following values for the principle axes of the strain ellipsoid (assuming
constant volume): SI = 5.74, S2 = 1.60, s3 = 0.11. Thin section
examination of the limestone cobbles reveals elongate calcite grains
oriented at an oblique angle to the cobble margins, indicating a
component of simple shear deformation. Identical textures, apparent in
samples collected from four widely separated sites in the northeastern
Santa Catalina Mountains, consistently indicate east-directed shear.
Stop 10: Lower Cretaceous Bisbee Group (Mile 25.2)
Continue north along Redington Rd. Drop into the San Pedro
River Valley. Tum left just after crossing the second major wash (Edgar
Canyon). Drive 1.2 miles and park at the apex of a major curve. This

1_.

500 ft

I

_

I
I

200 m

Figure 9: Detailed geologic map of the Youtcy Ranch area (Stop 8). Map units are as follows: Precambrian X
Pinal Schist (Xp) Precambrian Y Oracle Granite (Yo), Late Precambrian Dripping Springs Quartzite (Yds)
Cambrian Abrigo Fonnation (Ca), Pennsylvanian-Penni an Horquilla Limestone (PPh), and Eocene Wilderness
Granite (Tw).
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stop is located 10 km from the northeastern margin of the Wilderness
Granite (see Figure 2) and displays rocks that were only mildly affected
by the early Tertiary event (see Figure 3). These rocks are
unmetamorphosed; they are deformed but strain magnitudes are low and
deformation mechanisms are limited to pressure solution in clay-rich
rocks, buckle folding and brittle fracture. Walk a few meters toward the
canyon to an excellent exposure of the Lower Cretaceous Bisbee Group.
The units seen here, a conglomerate and a maroon siltstone with a slaty
cleavage, are the protoliths for the stretched-pebble conglomerate and the
purple phyllite that we examined at stop 9.
Return Route Tucson
Return to Redington Road and tum left, continuing north along the
San Pedro River. After about 10 miles, follow the main road as it turns
left out of the river valley. Pass through the town of San Manuel and
take highways 77 and 89 south back to Tucson.
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OVERVIEW

largely under the direction of Evans Mayo (Mayo, 1963, 1971a,
1971b; Assadi, 1964; Bikerman, 1963; Kinnison, 1958; Knight,
1967). Brown (1939) mapped an upper unit, the Cat Mountain
Rhyolite (Tuff, of general present usage), overlying a lower
breccia unit which he called the Tucson Mountain Chaos and
interpreted as related to regional thrusting. Mayo (1963,
1971a) reinterpreted the breccia as volcanically erupted intrusive breccia related to a regional "volcanic orogeny." Bikerman
(1963) recognized the ash-flow origin of the Cat Mountain
Tuff, but inferred that the chaos breccia represented stoped

Mesozoic igneous rocks in southeastern Arizona constitute
the least metamorphosed and structurally disrupted sector of
the Cordilleran volcanic arc. Until recently, studies of these
rocks have mainly involved either detailed work on small areas
adjacent to mineral deposits or broad studies focused largely
on regional stratigraphy and tectonics. A current major challenge is to apply modern volcanological concepts, initially developed at more completely preserved Cenozoic volcanic centers, to the surviving fragments of Mesozoic igneous rocks.
About a dozen ash-flow caldera systems have recently been inferred for the Jurassic and Laramide (late Cretaceous-early
Tertiary) igneous areas of southeastern Arizona, based on reconnaissance fieldwork and analogies with Cenozoic calderas
(Lipman and Sawyer, 1985).
Detailed mapping and petrologic studies of three such areas of Laramide age near Tucson have now been largely completed, including the Silver Bell Mountains (Sawyer, 1987) and
the Tucson and Sierrita Mountains that are the focus of this
fieldtrip (Figure 1). Igneous rocks of the Silver Bell Mountains
have been interpreted as remnants of a large ash-flow caldera
where late granitic intrusions along ring faults host major porphyry copper deposits. In Day 1 of this trip, we examine evidence indicating that the Tucson Mountains contain a trapdoor caldera that was the source of the Cat Mountain Tuff. In
Day 2, we make comparisons with the Sierrita caldera and its
associated tuffs (Red Boy Rhyolite) where Tertiary tilting is inferred to provide an oblique section through an upper crustal
magmatic system and associated copper deposits.
THE TUCSON MOUNTAINS CALDERA:
Anatomy of an asymmetric trap-door subsidence structure

The Tucson Mountains, a low desert range just west of
Tucson (Figure 2), are underlain largely by Upper Cretaceous
volcanic rocks now interpreted as parts of the fill of a large
ash-flow caldera (Lipman and Sawyer, 1985). In the Tucson
Mountains and elsewhere in southern Arizona, much of the
challenge in working on the altered and incompletely preserved Mesozoic volcanic rocks is to be able confidently to apply and utilize observations and relations that are demonstratably valid for younger volcanic deposits.
The origin of the igneous rocks in the Tucson Mountains
has been much discussed. The range was mapped in its entirety by Brown (1939), and several areas were restudied by
University of Arizona graduate students in the 1960's, working
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Figure 1. Index map for the Tucson and Sierrita Mountains. Stipple pattern indicates basin-fill deposits between
mountain ranges. Dashed pattern indicates outcrops with midTertiary mylonitic fabric; dashes are approximately parallel to
strike of lineation (modified from Reynolds, 1988).
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Figure 2. Generalized geologic map of early Tertiary and older rocks, showing structural
interpretation of the Tucson Mountains caldera (in part modified from Brown, 1939). Many small
Tertiary normal faults not shown.
Extracaldera units: Pz, Paleozoic sedimentary rocks; Jr, Jurassic (?) sedimentary and volcanic rocks.
Caldera-floor rocks: K, Cretaceous Arnole Arkose of the Bisbee Group. Caldera-related igneous rocks
of Laramide age: finely stippled unit, intracaldera Cat Mountain Tuff; coarsely dotted unit, intracaldera
landslide breccia deposits ("Tucson Mountain Chaos"), containing megablocks up to 0.5 km across;
crosses, caldera-filling lava flows ranging in composition from andesite to rhyolite. Arnole pluton is
interpreted as ring intrusion. Hachured contact indicates base of caldera-filling tuffs and breccias.
Geographic localities: BM, Bren Mountain; CM, Cat Mountain; GG, Golden Gate Mountain; SP,
Safford Peak; TM, Tumamoc Hill; WP, Wasson Peak.
52

Lipman and Fridrich

subvolcanic fragments, rafted from deeper levels by the rising
pyroclastic magma that later erupted the Cat Mountain Tuff.
A similar interpretation was developed in more detail by Mayo
(1971b). Brown, Mayo, and Bikerman all considered the chaos
to be a basal layer beneath the Cat Mountain Tuff. Drewes
(1981, pI. 9) remapped the central Tucson Mountains, also
showing the breccia blocks to underlie the Cat Mountain Tuff
in a matrix that he assigned to the Silver Bell Formation-mapped by him as a regional Upper Cretaceous andesitic unit
extending at least from the Silver Bell Mountains to the north
and to the Santa Rita and Sierrita Mountains to the south.
Lipman (1976) inferred, largely from published descriptions, that the Tucson Mountain Chaos might be landslide
breccia associated with collapse of an upper Cretaceous ashflow caldera within which the Cat Mountain Tuff had ponded.
In-progress fieldwork confirms such an interpretation and also
shows that the slide breccias, rather than underlying the Cat
Mountain Tuff, have a matrix of nonwelded tuff and interfinger
with welded tuff at multiple horizons. A major implication of
this interfingering is that the exposed thickness of the calderafilling Cat Mountain Tuff is at least 3-4 km, many times that
previously reported. Megablocks are up to O.5km across and
include Paleozoic sediments, Jurassic silicic volcanics, Cretaceous sedimentary rocks and andesitic lavas, and tuff of Confidence Peak erupted from the slightly older Silver Bell caldera
to the northwest. Dominant breccia types vary greatly between
various caldera sectors. Small bodies of rhyolitic rock in the
northern Tucson Mountains, previously mapped as irregular intrusions by Brown and Drewes (Amole Latite, Latite Porphyry), are reinterpreted as discontinuous lenses of Cat Mountain Tuff that fill interstices between large disrupted masses of
Mesozoic sedimentary rock. The result of this interpretation is
to include a sizeable additional area as caldera-fill breccia.
A small segment of the structural boundary of the caldera
may be represented by an arcuate fault along the west flank of
the range that drops Cretaceous sedimentary rocks against
Jurassic rocks on Brown Mountain (Figure 2). Cretaceous
sedimentary rocks, exposed low along the west flank of the
mountain range, may represent part of the caldera floor, or
they may be low on the western caldera wall between the exposed outer ring fault and concealed inner structures to the
east. An umesolved problem, if the sediments are part of the
caldera floor, is the apparent absence of in-place precaldera
andesitic lavas above the sediments, even though such lavas
occur widely as slide blocks within the caldera fill. Because no
remnants of the actual caldera wall are exposed, the structural
and lithologic assemblages present on different sectors of the
original caldera wall are now conjectural and best interpreted
from the caldera-filling breccias.
Along the northeast and southeast flanks of the Tucson
Mountains, the Cat Mountain Tuff is conformably overlain by
andesitic to rhyolitic lavas that are interpreted as erosional
remnants of a thick caldera-fill sequence emplaced soon after
collapse and involved in caldera resurgence. These lavas obscure the northern and southern caldera margins. The large
zoned granodioritic-granitic Amole pluton exposed along the
northwest flank of the Tucson Mountains appears to be a
resurgent ring intrusion that arches the caldera fill, including
postcaldera lavas, upward to the east and north. The ages of
the caldera-related volcanic rocks are constrained as Lat~ Cretaceous (70-75 Ma) by published conventional K-Ar ages
(Bikerman and Damon, 1966), but further work would be desirable to constrain the time span between eruption of the Cat
Mountain Tuff and emplacement of the apparently cogenetic
resurgent Amole pluton.
Within northern parts of the caldera fill, slide breccias

Lipman and Fridrich

dominate over ash-flow tuff (Figure 2), documenting repeated
oversteepening of caldera walls during subsidence in this sector. In contrast, along the inferred southern caldera margin, the
thickness of tuff decreases to only about 100 m, and megabreccia is virtually absent. These relations suggest a hinged southern caldera margin and overall trap-door geometry. Thus, virtually the entire mountain range is interpreted as an oblique
section through the structurally disrupted interior of a caldera;
the caldera margins are largely concealed by Tertiary basin fill.
Although poorly constrained, especially to the east, the overall
inferred dimensions of the Tucson Mountains caldera are
about 20 x 25 km, slightly smaller than the Pleistocene Long
Valley caldera, and well within the spectrum of late Cenozoic
calderas in the western United States (Figure 3).
Most of the Cretaceous rocks are tilted eastward, presumably largely in response to Tertiary faulting involving extension
and rotation within the upper plate of the westward-directed
middle Tertiary detachment that is exposed along the foot of
the Santa Catalina-Rincon core complex east of Tucson. In the
southeastern Tucson Mountains, dips in the caldera-related
Cretaceous rocks are typically only 10-200 steeper than overlying middle Tertiary volcanics, as on Tumamoc Hill. In contrast, north of Wasson Peak, the caldera sequence strikes E-W,
dips nearly vertically, and is overlain by the gently dipping midTertiary volcanics of Safford Peak in a much more pronounced
angular unconformity. These relations indicate that much of
the tilting of the northern caldera sequence predated the midTertiary volcanism, and several features suggest that this deformation is related to late asymmetrical resurgent emplacement of the Amole granitic pluton: (1) all the steeply tilted
rocks, including postcaldera lava flows, are intruded by the
Amole pluton; (2) paleomagnetic studies indicate that the
steep tilting of the volcanics within the caldera predates solidification of the Amole pluton, which has not been significantly
tilted or rotated since acquiring stable magnetization (Jon
Hagstrum, oral cornmun., 1989); (3) some faults that cut the
tilted volcanics seemingly do not displace the granitic rocks.

Figure 3. Inferred map outline of the Tucson Mountains
caldera (TM), in comparison with young calderas of the western USA. (LV, 0.7-Ma Long Valley; 0.6-Ma Yellowstone).
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In several parts of the Tucson Mountains, a gridwork of
NW- and NE-trending faults disrupts the caldera-filling volcanics, but where determinable, most faults have relatively
small displacements (25-100 m). These faults complicate detailed estimation of the thickness of the caldera fill, because
reliable stratigraphic markers are generally lacking. Many of
these faults are likely related to middle Tertiary extension, but
some may have formed in response to disruption of the caldera
during the Cretaceous subsidence event, as indicated by: (1)
the geometrically unusual gridwork pattern of faulting; (2) local extreme welding, ductile flowage, and rotation of pumice
fabric in the tuffs into near-vertical orientations adjacent to
faults; (3) truncation or filling of some faults by "Silver Lily"
dikes of typical ENE trend and presumed Laramide age.
The three main field trip stops, at Bilby Road, Gates Pass,
and Sweetwater Wash, permit examination of representative
sections through the northward-thickening fill of the trap-door
subsidence structure. At Bilby Road in the southern Tucson
Mountains, a 0.5-km hike provides a complete caldera section
from floor, through the intracaldera tuff (only about 150 m
thick) and volumetrically minor associated breccia, into postcaldera lavas. The Gates Pass stop, in the central part of the
mountain range, offers a 2-3 hour loop hike that provides a
partial section from caldera floor up through lower parts of the
caldera fill, where it consists mainly of t~i,ck and relatively
lithic-poor welded tuff, and leading to a panoramic view of the
northern Tucson Mountains from a scenic highpoint. The
Sweetwater Wash section in the northern and thickest part of
the caldera fill provides a representative 2-km segment of
caldera-fill breccia, where the tuff is volumetrically minor.
Field mapping and petrologic studies of the igneous rocks
of the Tucson Mountains are currently in progress (1989), and
interpretations presented here are preliminary.

14.3
STOP 1: Southern caldera margin. Park in wide
area at road end. We are at base of small hill of Cat Mountain
Tuff. By walking east on the pipeline continuation of Bilby Rd,
we can examine a complete section of relatively thin Cat
Mountain Tuff near the southern margin of the caldera fill,
where the structural margin of the caldera is probably only a
hinged inflection (Figure 4).
The contact between Cretaceous sandstone and nonwelded greenish-gray basal Cat Mountain Tuff can be located
within about 1 m in small gully just south of pipeline road, unless covered by recent rainstorm slopewash. Just higher in this
small gully and nearby are meter-sized blocks of Paleozoic
limestone, limestone conglomerate (Glance Fm?), and Cretaceous andesitic lavas enclosed by nonwelded tuff matrix near
the base of the Cat Mountain. The green-gray color of the
basal tuff is characteristic of altered tuff that was originally
glassy. Higher on slope, the tuff becomes red-brown and collapsed pumices define a compaction foliation, indicative of
primary welding and devitrification.

Tucson Mountains Field Guide
The fieldtrip route (Figure 2) begins from Interstate 10, in
central Tucson, proceeds south and west to examine the southern caldera margin at Bilby Road (Stop 1), returns to Tucson
through thick welded tuff in the central part of the caldera at
Gates Pass (Stop 2), then proceeds into the thick caldera fill
breccias in the northeast Tucson Mountains via Camino del
Cerro to Sweetwater Wash (Stop 3).
Mile:
0.0
Start at 1-10 and Grant Rd. Proceed south on 1-10.
Jagged crest of Tucson Mountains at 3:00 consists almost entirely of intracaldera Cat Mountain Tuff. The
general structure is a homoclinal sequence dipping 15350 eastward.
Flat-topped and pointed hills at 1:00-2:00 are A
Mountain and Tumamoc Hill, capped by mid-Tertiary
lavas (basaltic andesite). (4.0)
4.0
Junction, 1-10 and 1-19 (S to Nogales); bear right on
1-19 for 4.3 mi to Valencia Rd junction; turn west onto
Valencia Rd for 3.4 mi. First roadcut outcrops are upper part of east-dipping Cat Mountain Tuff. At crest of
low pass in southern Tucson Mountains, 1.1 mi ahead,
outcrops at 3:00 are also Cat Mountain Tuff. Continue
0.7 mi west of pass to Mark Rd (9.5)
13.5
Turn right (north) for 0.5 mi on Mark Rd
(continues to north as Joseph Ave). Then turn right
(east) on Bilby Rd (unpaved). Small exposures along
road ahead are in steeply dipping Cretaceous sandstone
of the Bisbee Group (Amole Arkose), interpreted as inplace rocks of the caldera floor. (0.8)
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Figure 4. Preliminary generalized geologic map and cross
section, Bilby Road area (Stop 1). K, Cretaceous Amole
Arkose of the Bisbee Group. Caldera-related igneous rocks of
Late Cretaceous age: w, welded Cat Mountain Tuff; n, nonwelded to. partly welded tuff; mbr, intracaldera landslide
~egabreccIa deposits containing megablocks of Paleozoic
limestone, Cretaceous andesitic volcanics, and Cretaceous
sandsto~e. ("Tucson Mountain Chaos"); R, flow-laminated
(spherulItIc) rhy?lite megablocks within landslide deposits, of
probable JurassIc age; vs, bedded volcaniclastic sedimentary
rocks?A, lava flows of porphyritic andesite; B, crystal-rich
rhyolItic tuff of Beehive Peak (middle Tertiary?).
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As we continue east, across the crest of the first hill, the
I~w ~Iopes ahead are roughly a dip surface in the gently eastdlppmg ~uff (10-20 0 ), but tuff exposured in small gullies is
vanable m appearance due to weak tectonic brecciation and
variable hydrothermal alteration. Total thickness of the Cat
Mountain Tuff here is only about 150 m (Figure 4). No large
fa~lts ~re present: Th~ Cat Mountain here is a simple cooling
umt Wlthout ObVIOUS mternal breaks and is no thicker than
many outflow sheet. The relatively thin tuff section is nevertheless considered to be inside its source caldera based on the
p.resence ~t i.ts. base of sparse megablocks, inte~reted as denved .by mslidl.ng .from walls of the caldera during collapse.
RelatIOns at thiS site alone would be inconclusive, were it not
for the pre~ence o~ la.rger ~nd more voluminous megablocks to
the north m assoCIatIOn With the great northward increase in
thi~kness of the tuff unit (to 4-5 km). The relatively thin tuff
umt and sparse megablocks near Bilby Rd suggest we are near
a weakly developed south margin of the Tucson Mountain
calder~, which probably was a morphologically subdued structural hmge, rath~r than a w~ll developed ring fault bounding a
steep topographic wall. Hmged and asymmetrical trap-door
collapse of calderas is well established in many better preserved volcanic fields (Lipman, 1984).
. Looking to the north, Golden Gate pass (where we will
hike at Stop 2) is visible between Golden Gate and Bren
Mountains, and further north the most distant ridges are on the
west slopes of Wasson and Amole Peaks, just west of the third
stop (Sweetwater Wash) in thick caldera fill.
. Ridge ahead to east is capped by plagioclase-phyric andesite lava that conformably overlies the upper gray partly
welded to nonwelded vapor-phase-crystallized Cat Mountain
Tuff. Poorly exposed in gully at midslope are discontinuous
lenses of fine-grained volcaniclastic sedimentary rocks that
have lar~ely been derived by local reworking of the partly
welded light-gray upper part of the Cat Mountain Tuff Such
sediments also occur between flows of postcaldera lav~s that
conformably overlie the Cat Mountain Tuff further north in
the ~ucson Mountains. Based on these generally conformable
relatIOns, and on the presence elsewhere of a sizeable angular
unconformity between these lavas and much less altered middle Tertiary lavas, the conformable lavas are latest Cretaceous
(or earliest Tertiary) in age and are interpreted as representing
p~stcaldera volcanism that is broadly part of the Tucson Mountal~ calde~a cycle. Further evidence favoring such a close genetic relatIOn between these lavas and the caldera cycle is provided by relations with the 75-Ma Amole pluton at the north
end of the Tucson Mountains. There, similarly conformable
lavas and the underlying Cat Mountain Tuff have both been
strongly tilted and deformed by emplacement of the pluton, yet
the pluton is indistinguishably different from the tuff in K-Ar
age at about 75 Ma (Bikerman and Damon, 1968).
Return to cars, and retrace route west on Bilby Rd. (0.2)
14.5

~urn right (~orth) on ~ark Rd. After turn, the high

pomt at 12:00 IS geographic Cat Mountain. A conspicuous break in slope between two cliffs high on the mountain is a partial cooling break between two densely
welded zones of Cat Mountain Tuff. As we proceed
ahead, note that the lower welded zone thins and
weakens to the southeast.
The two light-colored knobs in the foreground are
megablocks of flow-layered (spherulitic) rhyolite of
probable Jurassic age, enclosed within the basal Cat
Mountain Tuff. Such bodies have previously been interpreted as intrusive into the Cat Mountain, but their
origin as allocthonous blocks within the tuff is demon-
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15.7

16.1

17.3

20.3

21.2

23.3

strated by many field relations, including (1) welding
foliation .in the tuff matrix that wraps around the blocks,
(2) weldmg zonations in the enclosing tuff, becoming
less welded toward the megablocks that were cool at the
time of incorporation in the tuff, (3) truncated flow layering at contacts with the tuff, (4) thin films and veins of
tuff matrix that penetrate fractures in the rhyolite
blocks, (5) association of the rhyolite masses with other
block lithologies such as Paleozoic limestones. (1.2)
Notched roadcut outcrops are weakly welded Cat
Mountain Tuff, dipping gently beneath and around the
megablocks of flow-layered rhyolite to the east. (0.4)
T-intersection with Irvington Rd; turn left (west) for
0.8 mi, to T-intersection with Sunset Rd; turn right
(north). After turn, high peak ahead is Golden Gate
Mountain, capped by densely welded Cat Mountain
Tuff. Lower slopes are nonwelded to partly welded tuff,
overlying Cretaceous sedimentary rocks on the caldera
floor along pediment. (1.2)
Ajo Way; turn right (east). Continue east 0.5 mi to
stoplight at Kinney Rd; turn left (north). As we head
north~est on Kinney Rd, watch the changes in welding
zonatIOn on the lower south slopes of Golden Gate
Mountain. A lower dark-brown welded zone emerges
northwestward from within the thick buff-colored tuff
that is so conspicuous on the southeast side of the
mountain. (3.0)
Entering Tucson Mountain Park. The lower welded
zone on the middle west slopes of Golden Gate Mountain is now a cOllspicuous cliff. The irregular outcrops
lower on the slope are slumped masses of Cat Mountain
Tuff that cover in-place Cretaceous sedimentary rocks.
!he gradual appearance of additional cooling units and
mcreased welding northward within the Cat Mountain
Tuff is characteristic of the N-S section provided by
present-day exposures in the Tucson Mountains and reflects the overall trap-door character of the inferred
caldera subsidence, with only a hinged southern caldera
margin and maximum subsidence in northern parts of
the caldera. (0.9)
Low pass west of Golden Gate Mountain. Highest
hills straight ahead in far distance are Silver Bell Mountains, cappe~ by outfl~w Cat Mountain Tuff that is preserved Wlthm the slightly older Silver Bell caldera
(Sawyer, 1987). The capping tuffs of the Silver Bell
Mountains have at times been designated the Mount
Lord Tuff (Ignimbrite), but correlation with the Cat
Moun.tain Tuff (which has precedence as a name) is
now flfInly based on stratigraphic position with respect
to the tuff of Confidence Peak (erupted from the Silver
Bell caldera), petrographic and chemical distinctions
and distinctive paleomagl).etic pole positions (P. Lip~
man, ~. Sawy.er, and 1. Hagstrum, unpub. data). (1.1)
Ju,!,ctlOn Wlt~ Gates Pass Rd; turn right (east).
OptIOnal roadSide stop: to consider overall structural
and stratigraphic complexities of the intracaldera Cat
Mountain Tuff.
On left (to the NE), the complex alternation of cliffs
and slopes on the rugged western flank of the Tucson
Mountains are not easily traceable laterally. These
complexities reflect intricate laterally variable interl.eaying of cli~f-forming densely welded tuff (relatively
lit~I~-poor) WIth less welded bench-forming tuff contalm~g .me~ablocks. ~o .sizeable faults cut these slopes.
All hthlc-nch zones Wlthm the Cat Mountain are weakly
welded, due to thermal quenching by relatively cool
blocks slumped from caldera walls.
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Pedimented lower slopes contain monolithologic breccia blocks of tuff of Confidence Peak. These blocks, of
the latest-deposited Cretaceous unit prior to eruption of
the Cat Mountain Tuff, were the first wall materials to
slump into the collapsing caldera, and may have moved
only short distances from their original location.
Lithologies of breccias interleaved with the Cat Mountain Tuff vary greatly laterally and vertically in the
caldera fill. Basal zones containing Paleozoic carbonate
megablocks are especially conspicuous, and were early
recognized and designated as "Tucson Mountain Chaos"
(Brown, 1939). The diversity of additional lithologies
associated with the carbonate blocks was studied in
great detail by Mayo (1963, 1971b), and presence of
andesitic material was emphasized by Drewes (1981)
who interpreted the matrix as andesitic in composition
and correlated the entire megablock assemblage with
his regional andesitic Silver Bell Formation.
New work shows that the matrix to the blocks is nonwelded Cat Mountain Tuff, as indicated by textural, petrographic, and chemical data, and all the megablock
areas are interpreted as contemporaneously deposited
facies of intracaldera Cat Mountain Tuff. In addition to
the lithologically diverse megablock areas, previously
recognized as "Tucson Mountain Chaos," intracaldera
megabreccia assemblages include (1) large areas of
dominantly andesitic megablocks along the southeastern and northeastern mountain flanks that have previously been mapped as in-place Cretaceous andesite, (2)
the masses of flow-layered rhyolite already noted that
previously were interpreted as intrusions, and (3) large
areas in the northern Tucson Mountains that consist
dominantly of Cretaceous sedimentary rocks (Amole
Arkose), and have previously been mapped as in-place
deposits irregularly intruded by "Amole Latite." All
these assemblages are now interpreted as distinctive
intracaldera-breccia of the Cat Mountain Tuff. (1.7)
Tight turn to left, with parking area at right. We hike
back down road from Gates Pass to this point as part of
the Stop 2 traverse. (0.5)

25.5
STOP 2: Central part of caldera fill at Gates Pass
(Figures 5, 6). Turn left (north) into parking area about 25 m
east of pass for This will be a 2-3 hour loop-trail hike to examine relations between tuff and megablocks in lower parts of
the caldera fill in the central part of the Tucson Mountains.
Proceed on foot from Point A 0.45 miles (750 m) across
pass (3172' elevation) and down section along paved road, to
2nd parking area (Point B) at major bend in road (ROAD
TRAFFIC IS HEAVY AND VISIBILITY IS POOR; EXTREME
CAUTION NEEDED). At this point we will be in Cretaceous
sedimentary rocks, seemingly part of the caldera floor. The
trip route will follow a foot trail to a saddle between Bren
Mountain (3988') and Golden Gate Mountain (4288'), remaining within the Cretaceous sedimentary rocks. Then, we
will angle back toward Gates Pass on a higher foot trail to the
east, providing excellent exposures of diverse block lithologies
within the Cat Mountain Tuff. Eventually, we will climb to top
of the 3530' point, providing a panoramic view of the northern
Tucson Mountains and adjacent ranges. Finally, continuing
along the foot trail, we will return to Gates Pass.
Leaving the Gates Pass parking area, we cross the pass,
carved in a large megablock of steeply dipping Cretaceous
sandstone. This sandstone is a unit of the Bisbee Group,
locally called the Amole Arkose (Brown, 1939). The Amole
Arkose includes interbedded sandstone, siltstone, and local
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finely bedded limestone. Most contacts between the block and
adjacent tuff are poorly exposed, but along the road about 50
m west of the pass, the block of Amole Arkose is in contact
with lithic-rich weakly welded Cat Mountain Tuff. The Cat
Mountain Tuff is a compositionally uniform low-silica rhyolite
(70-72% Si02), containing phenocrysts of quartz, feldspar, and
sparse biotite (where not obscured by alteration).
The Cat Mountain Tuff here also contains blocks of andesitic lava at least several meters across. Note that as the tuff
becomes less lithic rich upward from road level, it also becomes more welded as indicated by collapsed-pumice foliation.
Such features are typical of caldera-filling tuff, in which large
lithic fragments act as heat sinks to inhibit welding (Figure 4).
About 0.15 mi (250 m) west of pass along road, prominent
rugged outcrops at road level are a densely welded zone of Cat
Mountain Tuff containing relatively sparse lithic fragments.
This welded zone is both overlain and underlain by less welded
tuff containing abundant large blocks of andesite and other
rock types. Note the irregular foliation and decrease in welding adjacent to blocks beneath the most densely welded tuff, in
contrast to sparsity of blocks within the most welded tuff. The
disaggregated mass of reddish sandstone here was probably derived from the Jurassic Recreation Redbeds, which are exposed in place on Brown Mountain near the Tucson Desert
Museum about 5 km to northwest.
111"05'
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Figure 5. Preliminary geologic map of Tucson Mountain
caldera fill in the Gates Pass area (Stop 2). Units: Cat Mountain Tuff, nonwelded to partly welded (pw, light stipple) and
densely welded (dw, dark stipple); intracaldera slide breccias
(coarsely dotted). Hachured line indicates base of caldera-fill
deposits, against autochthonous Cretaceous sedimentary rocks
(Amole Arkose). Dashed line, trail followed by field trip
route; reference points indicated by letters (A to G).
Lipman and Fridrich

Looking back across road to the north, note similar
densely welded tuff dipping southeastward beneath the
megablock zone just examined in roadcuts. Some faults may
be present in this area, but are not mappable for any distance.
At 0.35 mi (550 m) west of pass, road bends to the left, and
a block of Paleozoic limestone several meters across is exposed, along with other brecciated sedimentary lithologies, in
obscure contact with weakly welded quartz-bearing tuff.
Just before road bends to northwest, with large parking
area on south side (Point B), are exposures of gently dipping
Amole Arkose that are apparently in place on the caldera
floor, or possibly low on the wall.
From this parking area, walk south up the trail to the saddle that separates Bren Mountain (on northeast) from Golden
Gate Mountain (on southwest). The trail is entirely within
Amole sediments of the caldera floor that are discontinuously
exposed beneath the colluvial debris.
At trail crossing the main gully, the many boulders of
densely welded Cat Mountain Tuff are typical of the cliffs
above and similar to the late welded tuffs (Mount Lord Volcanics) that cap the crest of the Silver Bell Mountains 50 km to
the northwest. The good exposures ahead along the east side
of the gully are Amole Arkose. Detailed mapping of these
sedimentary rocks by Assadi (1964) for a M.S. thesis at the
University of Arizona, and also by Harald Drewes of the
U.S.G.S. (1981, pI. 9), show that they are broadly folded
around north-northwest-trending axes.
About 100 m upvalley along the trail, exposed in a side
gully to the east between exposures of Amole Arkose, is a large
dark gray block of limestone (Permian?), enclosed within the
nonwelded lower part of the Cat Mountain Tuff, beneath large
massive cliffs of lithic-poor welded tuff. Linear vellowishbrown outcrops, trending along the slope just above the limestone megablock, are exposures of a dike of Cretaceous dacite,
part of a regional swarm (Silver Lily Quartz Latite) in this sector of the Tucson Mountains. This area was mapped in great
detail by Mayo (1971b, Figure 3).
At the saddle (Point C), bear left (east) on a more obscure
trail that leads toward the limestone megablock and back towards Gates Pass. Note the eastward and southeastward dips
indicated by slabby jointing of the tuff on Golden Gate Mountain to the west. The section to the east is probably raised by a
small fault through the saddle. The peak visible through the
pass to the south, just east of the large trailer park development, is geographic Cat Mountain; it consists entirely of
densely welded Cat Mountain Tuff overlying megablocks and
in-place Amole sedimentary rocks at the base of the slope adjacent to the trailer park. In the far distance are the Santa Rita
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Figure 6. Diagrammatic cross section through the west
margin of the Tucson Mountain caldera north of Gates Pass,
illustrating interfingering between Cat Mountain Tuff (pw,
nonwelded to partly welded; dw, densely welded) and intracaldera slide breccias (coarsely dotted pattern).
Lipman and Fridrich

Mountains, site of another Cretaceous caldera fragment
(Lipman and Sawyer, 1985); a high point in the range (Mount
Hopkins, elev. 8550'), barely visible to the right, consists mostly
of granitic rocks along the east margin of that caldera.
Heading back along the upper trail toward the conspicuous
block of Paleozoic limestone, the trail crosses Cretaceous
sandstone near the contact between in-place Amole Arkose
(caldera floor?) and overlying megablock debris in a tuffaceous
matrix along the basal Cat Mountain Tuff.
Large dark-brown outcrops, just to the right (south) of the
Paleozoic limestone, are blocks of Cretaceous andesitic lava,
again as megablocks enclosed in a tuff matrix.
About 75 m along the trail, in a small gully just before the
limestone block, are reddish sediments of Jurassic Recreation
Redbed type, juxtaposed with fragments of laminated limestone of a type locally characteristic of the Amole Arkose.
Beyond the Paleozoic block is voluminous float of porphyritic andesite, derived from blocks of Cretaceous volcanics
upslope. Be alert for a fork in the trail (Point D): stay high. At
this point the trail is obliquely traversing the contact zone between in-place Cretaceous sediments and overlying megablockrich Cat Mountain Tuff. Below the trail, the sediments are
stratigraphically and structurally coherent; at trail level and
above, blocks of Amole Arkose are incorporated as fragments,
along with the other rock types just noted, in a tuff matrix.
The trail then crosses below a large mass of brecciated and
mostly structureless (locally flow laminated) rhyolitic lava of
probable Jurassic age. This block is at least 15 m across.
The trail continues northward, mainly through talus of
welded Cat Mountain Tuff from cliffs above, to a spur ridge
that descends directly toward the parking area below. Above
the trail on this spur is another large mass of light-colored rhyolitic lava. The trail then climbs obliquely upward, through the
margins of this rhyolite mass, where contacts are locally
exposed between the rhyolite and partly welded Cat Mountain
Tuff containing small angular fragments of andesite. Here, the
Cat Mountain has compaction foliations that dip anomalously
steeply northward, wrapping around the rhyolite block.
The trail continues ahead toward a prominent spur, where
it crosses about 25 m above the upper contact of another large
mass of light-colored brecciated rhyolite. On the way, the trail
crosses several smaller masses of Cretaceous andesitic lava and
Amole sandstone, enclosed by somewhat altered partly welded
Cat Mountain Tuff.
From the rhyolite block, the trail continues obliquely upward through partly welded light-colored tuff, toward morewelded brown cliff-forming outcrops, then descends below the
cliffs. Dips in these welded tuffs are variable, from 300 to 500
east; some variation may be due to slumping on the steep
slopes, but much is interpreted as due to variable draping
around and over the large megablocks below trail level.
Looking north across the main road, we can see several
prominent cliff-forming welded horizons in the Cat Mountain
Tuff, separated by benches or gentler slopes, along which large
megablocks are also present (Figure 3). Thus, the megablocks
occur at multiple horizons within the Cat Mountain, not just
beneath it as previously thought. This relation becomes increasingly pronounced northward along the range front and to
the northeast. Also, looking northward, try to distinguish
where we saw welded tuff and megablocks at road level.
Continue eastward to the conspicuous saddle (Point E),
then descend northward following an obscure and rather
eroded trail. Descending and contouring northward, we pass
another large block of Cretaceous sandstone that is mostly
above the trail. Consider how irregular the contact is between
the densely welded tuff above us and the zone of megablocks
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below. How much is due to depositional irregularities, versus
possible faults in the saddle?
The trail then switchbacks up through a variably welded
and altered Cat Mountain Tuff, to a prominent shoulder
southeast of Gates Pass parking area (Point F).
Across Gates Pass to the northeast, the ridgecrest is
capped by densely welded Cat Mountain Tuff. The dip is
steeper than it appears, 20-30 0 or greater, because this ridge is
nearly parallel to the strike of the tuff. Below the cliffs of
welded tuff, several large light-colored knobs and more obscure darker ones are masses of volcanic rock enclosed in tuff;
the light knobs are Jurassic rhyolite like that just crossed along
the trail, and the dark exposures are Cretaceous andesite. This
zone of decreased welding containing megablocks is stratigraphically entirely above the level at which we are standing.
Continue up to the viewpoint southeast from the shoulder
(10 minutes), following the eroded trail that first switchbacks
upward and then contours counterclockwise around south side
of the hill. This trail provides access to excellent exposures of
densely welded Cat Mountain Tuff, previously seen only in
talus, and also some welcome afternoon shade if the day is hot.
All slopes in sight to the south and east are Cat Mountain
Tuff. The subtle variations in jointing and color, though not
well understood, probably largely reflect initial variations in
welding and crystallization of the thick caldera-filling tuff.
From the top of this knob (Point G), we can see the Silver
Bell Mountains, 50 km to the northwest, and some of the
ASARCO tailing ponds from the porphyry !,;Opper open-pit operations. This is an excellent place to discuss relations between
the Silver Bell and Tucson Mountains calderas. In a nutshell,
tuff erupted from the Silver Bell caldera (tuff of Confidence
Peak) is present as megablocks within the younger Tucson
Mountains caldera, and the welded tuff member of the Mount
Lord Volcanics that caps the Silver Bell Mountains is now interpreted as outflow Cat Mountain Tuff from the Tucson
Mountain caldera. These correlations are confirmed by distinctions in petrography, minor-element compositions, and
paleomagnetic pole positions (Table 1; unpubl. data, P.W.
Lipman, D.A. Sawyer, and J. Hagstrum, USGS).
Also from here are visible: Brown Mountain, the ArizonaSonora Desert Museum, and the approximate location of the
possible caldera boundary fault that drops the Cretaceous
against Jurassic sediments (Figure 2). The hills to the northeast
expose the south margin of the Amole pluton that appears to
TABLE 1.

26.5
28.3

29.2

32.3

37.1

38.0

Leaving Tucson Mountains Park. Continue east 1.2 rni
to junction with Camino del Oeste; continue ahead on
Speedway Rd (continuation of Gates Pass Rd). (1.8)
Contact in small gully between dacite lava and underlying east-dipping Cat Mountain Tuff to west, dropped
along small northwest-trending fault against more Cat
Mountain Tuff to east. (0.9)
Passing Painted Hills Rd. Hills to south are Upper
Cretaceous (?) dacite lava dome of Twin Hills, conformably overlying the ash-flow fill of the Tucson
Mountains caldera. (3.1)
Central Tucson: intersection, Interstate 10 and
Speedway Blvd; proceed north on 1-10, past starting
point (Grant Rd), to Camino del Cerro turnoff (or turn
north earlier on Silverbell Rd) (4.8)
Camino del Cerro intersection with 1-10. Turn left
(west on Camino del Cerro. After turn, at 11:00, Wasson Peak at north end of the high Tucson Mountains
ridge consists mainly of Cretaceous sandstone
megablocks (Bisbee Group; Amole Arkose) low in
caldera-fill section. At 2:00 is Safford Peak, a high
point and possible vent within the main area of midTertiary dacitic lava. (0.9)
Silver Bell Rd. The conspicuous low hills at 12:30
constitute an E-W-trending ridge of the main welded
upper part of the Cat Mountain Tuff. From this ridge

Representative analyses, igneous rocks of the Tucson Mountains caldera,.Arizo~a (recalculated volatitle free)
[Major oxides by XRF methods by J. Taggart; minor elements hy energy-dlsperslve (KEVEX) methods by D. Yager]

6
2
3
4
5
Unit
CAT MOUNTAIN TUFF
CONFIDENCE PK TUFF
Loc./type Cat Mtn del Cerro "Amole L" "Amole L"
Megablocks
Field No. 845130* 87L-9
87L-4
87L-1
87L-8
87L-3

8
9
POSTCALDERA LAVAS
Andesite Dacite
Rhyolite
87L-76A 87L-71
87L-73

10
11
12
AMOLE PLUTON SILVER LILY
Granod.
Granite
dike
84S122* 87L-7
87L-75

SiO
A1 263
Fe 0 T
Mg 6 3
CaO
Tf0 2
P~05
M0

74.5
13.0
1.68
0.85
1.86
2.87
4.39
0.22
0.05
0.11

71.5
14.5
2.11
0.43
0.92
4.53
4.46
0.36
0.11
0.03

LOI

2.98

1. 51

~a60

Rb (ppm)
170
124
120
Sr
211
Y
22
24
Zr
130
315
Nb
12
8
* , D.A. Sawyer, unpubl. USGS
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have resurgently uplifted the northwest side of the caldera; the
granite was perhaps localized along this ring fault.
Major remaining field problems are the total thickness of
the caldera fill including postcollapse lava flows of Late Cretaceous or early Tertiary age, the structural position of the
Amole Arkose (true caldera floor, or low on the wall), and the
amount of rotation and transport of the Cretaceous rocks along
middle Tertiary detachment faults.
Retrace route downslope to shoulder; then follow trail
northeast to Gates Pass parking area (Point A). Continue east
on Gates Pass Rd.
As we proceed east from the pass, variably-colored rocks
in gully to left are megablocks of diverse lithologies along
welding break within Cat Mountain Tuff. The largest and most
conspicuous blocks in this area consist of flow-layered and locally spherulitic rhyolitic lava of probable Jurassic age. These
were previously considered to be intrusions. (1.0)

73.6
13.0
1. 93
0.65
1.98
3.38
4.23
0.25
0.06
0.07

73.3
13.7
1.98
0.66
1.43
4.02
3.64
0.36
0.09
0.05

73.2
13.6
1.81
0.24
2.25
3.87
3.65
0.24
0.08
0.05

73.3
14.2
1.62
0.71
1.45
3.71
4.09
0.26
0.08
0.03

54.3
16.7
9.06
5.65
7.43
2.79
2.22
1.17
0.36
0.13

62.8
18.6
3.27
0.96
4.26
4.37
4.12
0.64
0.23
0.05

72.5
14.8
1.54
0.29
0.26
3.69
5.66
0.21
0.06
0.03

57.6
16.7
7.45
3.65
6.29
3.65
2.77
1.04
0.33
0.10

70.0
15.0
3.22
1.23
2.04
3.18
4.57
0.39
0.12
0.02

67.3
16.7
2.92
0.88
2.48
4.27
4.03
0.39
0.18
0.09

1. 29

1.35

2.52

1.77

4.78

0.96

1.14

0.80

1.24

0.90

149
170
19
125
12

183
372
15
110
14

117
242
12
80
11

128
296
12
91
10

177
400
21
168
10

145
493
20
435
12

analyses, 1989
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of Cat Mountain Tuff north to the base of the hills of
mid-Tertiary dacites, the low ridges consist of vertically
dipping Cretaceous lavas (andesite-dacite) and minor
interleaved sediments that represent postcaldera volcanism. From the main Cat Mountain ridge south all
the way to Wasson Peak, hills are lower parts of the
caldera-fill assemblage, dominated by andesitic and
sedimentary megablocks. The entire Cretaceous sequence dips nearly vertically from Wasson Peak to the
lower slopes of Safford Peak, as indicated by weldedtuff foliations, map patterns, and attitudes of sedimentary interbeds between the postcaldera lavas. (0.9)
Crest of low rise, with convenient (small) pull-out on
right. A good place for panoramic view of the relations
just described. (2.3)
End of pavement; enter first bedrock hills underlain by
upper grayish partly welded Cat Mountain Tuff, dipping
to northeast. Continue 0.6 mi to secondary unmarked
gravel road on left (south); take this road approximately
1.2 miles to Sweetwater trailhead (high-clearance vehicles required). Alternative route (as described at end of
guide): continue ahead (northwest) on main gravel residential road directly to crossing of Sweetwater Wash
and beginning of Stop 3 traverse (parking for only a few
vehicles). (1.2)
.

43.0
STOP 3: Thick megabreccia in northern caldera till at
Sweetwater Wash (Figure 7). Leave cars for a several-hour
loop walk to examine representative stratigraphic, compositional, and structural relations between diverse megablocks
and tuff matrix below the main welded horizon of lithic-poor
Cat Mountain Tuff. We will be in the interior of typical thick
caldera fill within the northern sector of the caldera.
In the upper part of the section, clast types are dominantly
andesitic lavas and volcaniclastic sediments; in places, the matrix between clasts is pulverized clast lithologies, but elsewhere
it is quartz-bearing tuff of Cat Mountain phenocryst and
chemical type. Further up the wash (down section), sparse
blocks of Paleozoic limestone (mainly Permian Concha Limestone?) and red sandstone (Jurassic Recreation Redbeds) occur along a transition in dominant clast type downsection to
more quartzose sandstones of the Bisbee Group (Amole
Arkose). Such Paleozoic and older Mesozoic clasts are scattered sparsely through both sedimentary- and volcanic-dominated megabreccia assemblages. The widespread occurrence
of the youngest pre caldera clasts (andesite) in a stratigraphically high position is somewhat surprising, as these rocks would
be expected to have slid first; perhaps two distinct sources from
different parts of the caldera margin were involved. Walk up
Sweetwater Wash through the transition in clast types, to just
within the boundary of Saguaro National Monument, passing
through several sizeable interleaved bodies of ash-flow tuff.
To reach start of described traverse in Sweetwater Wash,
from Sweetwater trailhead (end of gravel road): walk back on
access road about 200 m E of house visible to north; then follow side trail north to its end. Continue counterclockwise
cross-country around house about 100 m to powerline; follow
powerline 100 m north to gravel subdivision road, and continue
north on road about 200 m to wash. Walk up wash, examining
variable lithologies, and looking for tuff matrix. Distances in
wash are approximate, and locations below are only roughly integrated with the generalized geologic map (Figure 7).
A: 150 m upwash from road: cross below powerline.
B: 100 m upwash from powerline: reddish-brown volcaniclastic andesite in the stream bottom. Just upwash is lightbrown quartz-bearing tuff forming a large lens within the brec-
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cia. At fork ahead, follow left (southwest) drainage.
c: 200 m upwash from powerline, tan house on SE side of
wash. We are in large clasts of well bedded volcaniclastic
sedimentary rocks, striking E-W and dipping about 40 0 N. This
is almost conformable with the regional strike of the interleaved tuff lenses, but dips in the sediments are less steep than
in nearby tuff where welded pumice lenses dip 70-BOo.
D: 200 m further upwash: area with abundant tuff matrix
surrounding diverse clasts. The tuff has well developed compaction foliation striking about N60 0 W, and dipping 60BOONE. This is a mappable through-going tuff lens. Large
rounded hill, ahead on southeast side of wash, is an even larger
welded tuff lens.
E: Another 100 m upwash: into top of the thick hillforming tuff lens. Even this tuff contains scattered large blocks
of lava and sedimentary rock. The foliation of the tuff is
somewhat obscure at stream level: about N400 W, 500 NE.
F: Just before boundary with Saguaro National Monument, as marked by fence across wash, bedded sedimentary
rocks are exposed below a tuff lens. The bedding is strikingly
conformable with the tuff contact and internal foliation. This
mass of sedimentary rock is at least 50 m thick and traceable
for several hundred meters along strike. It is structurally coherent and little brecciated, yet upwash is more tuff and more
chaotic rock. Many will wonder whether these sediments may
not represent in-place material deposited between eruptions!
Many large masses of bedded sediment in this part of the
caldera have such semi-conformable orientations; bedding in
other masses is grossly misoriented with respect to fabric and
contacts of the tuff.
G: 100 m upwash from contact with large sedimentary
slab. Drainage forks; bear left (southwest). Lower part of
right fork also has interesting exposures of tuff enclosing
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Figure 7. Generalized geologic map of the Sweetwater
Wash area, at head of Camino del Cerro (Stop 3). Calderarelated igneous rocks of Laramide age: w, welded Cat Mountain Tuff; t, nonwelded to partly welded tuff; intracaldera landslide megabreccia deposits ("Tucson Mountain Chaos") containing dominant megablocks of Cretaceous andesitic volcanics
(a) and sandstone (s); Q, colluvium and fan gravels.
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chaotic andesitic and sedimentary material.
(Possible place to terminate traverse: climb 100 m south to
Sweetwater trail. and return to cars)
Further up left fork of wash, several large blocks of limestone conglomerate (Jr-K Glance Fm?) are conspicuous loose
boulders. We are now entering outer part of the broad
contact-metamorphic halo of the Amole pluton, which is first
exposed about 3 km to the west. As a result, the tuff matrix between blocks becomes increasingly bleached and indurated,
and pyroclastic textures are obscured. Such hornfelsed tuff has
been mapped previously as "Amole Latite" and interpreted as
irregular dike-like intrusions (Brown, 1939; Mayo, 1971a;
Drewes, 1981).
About 200 m upwash (main southern one) is a large mass
of tuff, and at west boundary with it is a large block (20 m) of
chert-bearing limestone (Permian Concha Fm?).
50 m further upward are several smaller blocks of red
sandstone (Jurassic Recreation Redbeds).
Terminate traverse: climb SE to Sweetwater trail. and return to cars
Looking upvalley from trail, all slopes are underlain by
megablocks interleaved with tuff matrix. The tuff generally
holds up the most rugged ridges and makes light patches, especially where most hornfelsed. The breccia makes more subdued tan slopes, reflecting its dominant component of Cretaceous sandstone of the Bisbee Group.
Also look northeast, to appreciate distance (about 3 km)
and thickness of breccia section below base of main upper
welded Cat Mountain Tuff.
Walking out on the trail, it should be obvious that the large
slab of seemingly conformable sediments is sandwiched between two lenses of lithic-poor massive tuff. Could this slab
have been emplaced hoovercraft-style during the course of the
pyroclastic eruption--rafted, cushioned, and lubricated by
erupting tuff within the caldera?
Return to vehicles at trailhead, and retrace route to
Camino del Cerro and 1-10.
End of Tucson Mountain trip.
Alternative route from mile 41.8: continuation to Sweetwater Wash along Camino del Cerro (suitable for ordinary
passenger cars, but parking only available for small number of
vehicles). (0.1)
1.9
Crossing wash. Main gravel road veers to left (west).
Hill on right is good exposure of main densely welded
part of Cat Mountain Tuff, containing strikingly large
and crystal-poor flattened pumices (Table 1, anal. 2).
Road is in andesitic megabreccia, just below contact
with tuff. m (n
42.8
Crossing wash. Road forks; continue left (southwest).
Megablocks of andesitic-dacitic lava are well exposed
both up and down wash. (0.1)
42.9
Cross same wash again; continue ahead. (0.2)
43.1
Road forks; continue ahead to left (southeast), still in
andesitic megabreccia. (0.2)
43.3
Stop in wash at bottom of small steep hill (only room
for about 6 cars in wash area; larger groups should park
at intersection (43.1 mi).
Make foot traverse up Sweetwater Wash, described above.

THE SIERRITA MOUNTAINS CALDERA
An oblique section through Laramide-age upper crust
The Sierrita Mountains, 25 km southwest of Tucson
(Figure 1), are an arid shield-like mass surrounded by a large
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alluvial apron. This range has been studied extensively, largely
because it contains commercial porphyry Cu(Mo) mineralization associated with Laramide-age (Late Cretaceous to early
Tertiary) igneous rocks. Most of these studies have focused on
the geology of specific mineralized areas (cf. TitIey, 1982, and
references therein), the Mesozoic stratigraphy of the range
(Cooper, 1973; Thoms, 1966), or the structural geology, viewed
from either a mine-scale or a province-scale perspective (cf.
TitIey, 1982; Drewes, 1978).
These studies have shown that most of the Sierrita Mountains is composed of Mesozoic to early Tertiary volcanic and
intrusive rocks (Figure 8). The Laramide-age rocks consist of
two volcanic and two intrusive formations. The Demetrie Andesite, the oldest, is a stratovolcanic deposit consisting primarily
of andesitic and dacitic lavas and associated volcaniclastic
sediments. The Red Boy Rhyolite overlies the Demetrie and
consists of rhyolitic to dacitic tuffs and lavas. The Ruby Star
Granodiorite is a batholith that locally intrudes the Red Boy
Rhyolite. The youngest Laramide-age formation is a swarm of
pegmatite-aplite sheet intrusions emplaced across the northern
part of the Ruby Star batholith (Figure 8). These sheet intrusions are designated here as the Pi no Blanco Pegmatites because the best exposures are near an abandoned ranch of that
name on the Twin Buttes quadrangle. Porphyry Cu(Mo) deposits in the Sierrita Mountains are spatially associated with
late-stage quartz monzonite stocks of the Ruby Star Granodiorite. Three mines developed in these deposits are shown in
Figure 8. An additional mine, the San Xavier North deposit, is
located just off the north side of this map, about 5 km northnorthwest of the Mission-Pima mine.
All Laramide-age structures mapped in the Sierrita Mountains are consistent with a tectonic regime in which the maximum compressive stress was oriented northeast-southwest.
These structures include east-north east-trending high-angle
faults, which have both dip-slip and strike-slip offset, and
north-northwest-trending thrust faults. The former are about
equally divided between dextral and sinistral faults in sense,
indicating that this faulting was a matter of local structural accommodation rather than of a regional pattern of strike-slip
tectonism. Vein systems in the porphyry copper deposits are
preferentially aligned east-northeast, indicating a strong structural control on fracture formation during mineralization
(Heidrick and Titley, 1982).
A prominent post-Laramide low-angle fault in the northeastern Sierrita Mountains, known as the San Xavier thrust,
was interpreted by Cooper (1973) as a gravity slide feature
based on its structural geometry and its relationship to the 30
Ma Helmet Peak Fanglomerate, a 3,000 m thick sequence of
fanglomerate and landslide megabreccia. Geologists working
for Asarco and Anaconda interpreted the Mission-Pima and
San Xavier North porphyry copper deposits to be the upper
parts of the Twin Buttes deposit based on matching structures
in the three fault blocks (King, 1982; Einaudi, oral comm.,
1986). Offset of these three segments of the original deposit
along the San Xavier and associated faults is thus about 10 km
between Twin Buttes and Mission-Pima, and about 15 km between Twin Buttes and San Xavier North.
Two more recent reports, both based largely on reinterpretation of published descriptions and maps, cast the geology of
the Sierrita Mountains in a new light. Lipman and Sawyer
(1985) proposed that megabreccias associated with the Red
Boy Rhyolite, and the structural relations of this unit, indicate
that it is the fill of an ash-flow caldera and suggested that the
Red Boy may be the volcanic counterpart to the Ruby Star
Granodiorite and its late-stage mineralizing porphyry stocks.
Seedorf (1983) proposed that the Laramide-age rocks in the
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Sierrita Mountains had undergone approximately 60 0 of
southward tilting due to post-mineral extensional faulting.
This proposal was based largely on reinterpretation of the San
Xavier "thrust" as an originally high-angle normal fault that
formed and was rotated down to a low angle during the same
mid-Tertiary extensional event that formed mylonitic "core
complexes" in nearby mountain ranges (e.g., Santa Catalina,
Rincon and Baboquivari Ranges) in southeastern Arizona.
Taken together, these two proposals constitute a notable
hypothesis, namely, that the surface of the Sierrita Mountains
is an oblique section through several kilometers of the
Laramide-age upper crust. In this section, the intracaldera
Red Boy Rhyolite overlies a possibly sub caldera Ruby Star
batholith, exposures of which should range from a subvolcanic
level, on the south side of the range, to a nearly mid-crustal
level on the north side. The porphyry copper deposits
(Sierrita-Esperanza and Twin Buttes, Figure 8) are, in this
model, developed in and around the roof of the batholith
rather than down along its side, as previous interpreted.

This field trip covers the results of recent field work directed at testing the hypotheses of Lipman, Sawyer, and Seedorf. Based on new field mapping, the thickness of the Red
Boy Rhyolite inside the marginal ring fault of the Sierrita
caldera fragment is estimated to be > 2700 m, rather than 250
m as previously estimated. The caldera fill has a bowl-like
structure cut by radial faults which are progressively buried upsection. The caldera margin fault is a wide zone of tectonic
melange intruded by rhyolitic porphyry and pyroclastic dikes.
This fault is truncated by the Ruby Star Granodiorite, and the
Red Boy Rhyolite is metamorphosed into schist near the
batholith. A section of outflow tuffs west of the caldera margin
is only 180 m thick, whereas the stratigraphically equivalent
section inside the caldera, only 5 to 8 km away, is 900-2100 m
thick. Northwest-trending reverse faulting in the Sierrita
Mountains both predates and postdates formation of the Sierrita caldera. Current structural evidence neither supports nor
conflicts with an interpretation that the Ruby Star batholith is
the subcaldera pluton.
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Figure 8: Simplified geologic map of the Sierrita Mountains, modified from Cooper (1973) and
Cooper and Drewes (1973). PL, pre-Laramide rocks, undivided; KD, Demetrie Andesite; KTRB, Red
Boy Rhyolite; TRS, Ruby Star Granodiorite; THP, Helmet Peak Fanglomerate; TV, Miocene volcanics.
The swarm of linear features across the northern part of the Ruby Star batholith is the Pino Blanco
pegmatites with dip directions indicated. Distribution of these pegmatites was modified from Jacobs
(unpub!. mapping). Field trip stops are indicated by circled numbers.
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The proposed mid-Tertiary tilting of Laramide-age rocks
in the Sierrita Mountains is supported by the new field data, although the magnitude of rotation is probably about 300 on average, rather than 60 0 . If the average tilt is 300 , the exposures
from south to north across the Sierrita Mountains are an
oblique section through 8 km (vertical) of the pre-extension
upper crust. Evidence of southward tilting of the Laramideage rocks in the Sierrita Mountains includes: (1) Miocene volcanic and sedimentary rocks deposited on the Laramide-age
rocks on the south side of the range dip 10-300 to the south;
(2) the youngest Oligocene sediments in the range are everywhere tilted at least 300 to the south; (3) the outflow section of
Red Boy Rhyolite is tilted about 400 to the south as is the underlying Demetrie Andesite; (4) the northern remnants of the
Sierrita caldera resemble a ring complex rather than a caldera,
suggesting a deeper level of exposure (Figure 8); (5) the Pino
Blanco pegmatites, which closely resemble pegmatite sills in
the northern Baboquivari Mountains Gust west of Sierrita: Figure 1), dip 200 to the south, on average, in the northern Sierrita Mountains; and (6) early Mesozoic volcanic and sedimentary rocks in the range are increasingly metamorphosed to the
north (at the south end of the range they are only hydrothermally altered, whereas at the northern outcrop limit they are
schists and adjacent early Jurassic granite is metamorphosed to
gneiss). The apparent change in the magnitude of tilting, from
about 400 on the south side of the range to about 20 0 on the
north side (as noted above in bold type), may be explained by
doming during the latest Basin-and-Range extension, which is
reflected in the current topography.
The interpretation of tilting of the Laramide rocks in the
Sierrita Mountains rests partly on the idea that the San Xavier
fault was originally a moderate-angle fault that has been rotated down to a nearly flat orientation (along with the footwall)
owing to extension postdating the fault. This idea is supported
by the evidence that normal displacement on this fault formed
a basin at least 3,000 m deep (the thickness of the basin-filling
Helmet Peak fanglomerate) and that the scarp on the hanging
wall of this fault, the source area for landslide breccias in the
Helmet Peak, must have been at least as steep as the angle of
repose. An alternative interpretation is that the San Xavier
fault is a listric fault and that the current exposure is of the
lower, low-angle part of the fault. This alternative requires at
least 15 0 of southward tilting of rocks in the southern range
because rocks in the hanging wall of the San Xavier fault that
originally were immediately above those in the footwall were
dropped down at least 3 km and yet are now at a similar elevation as the footwall rocks. Although this alternative requires
less tilting, it is compatible with the magnitude of tilting suggested by the field evidence.
U-Pb dating of the Laramide units in the Sierrita Mountains, by collaborators E. DeWitt and R. Zartman, USGS, is
underway to determine the temporal relations between these
units, especially the Red Boy Rhyolite and the Ruby Star
Granodiorite. In addition, R. Ayuso, USGS, is doing a geochemical study of the Laramide rocks.
Sierrita Field Guide
Mile:
0.0
34.3
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Start in Tucson at intersection of Highways 1-10 and 119. Proceed south on 1-19. (34.3)
Arivaca Rd (Amado) exit; immediately turn right,
right again, and then left onto Arivaca Rd. Proceed
west on Arivaca Rd 8.0 mi to Ranch Rd 36A, marked
on the right side of road by a cattle guard with sign "No
Wood Cutting". Turn right, and proceed north on Ranch
Rd 36A 5.6 mi to fork in road; stay left. (13.6)

47.9
STOP 1: Southern front of the Sierrita Mountains.
Hills in the southwestern Sierrita Mountains (9 to 12 o'clock;
road heads north) are rounded hogbacks held up by the resistant cores of several intracaldera ash-flow units, all dipping
southeast. The hills from 12:00 to 1:30 are composed of the
Early Jurassic Ox Frame Rhyolite and Harris Ranch Quartz
Monzonite. The contact of these rocks with intracaldera tuff is
an arcuate high-angle reverse fault, which may be related to
caldera resurgence. The large apron-like surface sloping south
from the mountain front to the northeast consists of Miocene
volcanic rocks overlain, to the south, by Pliocene gravel.
The Sierrita caldera fragment, as defined by Lipman and
Sawyer (1985), consists of the area in which the intracaldera
Red Boy Rhyolite is exposed. The caldera fragment is
bounded to the west and east by two arcuate faults (Figures 8,
9). If the caldera was originally subequant, the fragment represents the northwestern quadrant of the initial structure. The
northern tip of the caldera is truncated by the Ruby Star
batholith, and the south half concealed beneath younger rocks.
The northeastern part of the caldera is inferred to be in the
southeastern part of the range where the Demetrie Andesite is
deformed into a bowl-like structure south of the Demetrie
Wash fault (Figure 8). Most of the southern Sierrita Mountains are thus interpreted as inside the caldera, and rocks older
than the Red Boy Rhyolite in this area are exposed caldera
floor, within the subsided cauldron block. (1.0)
48.9

Pass through gate and immediately turn right onto a
road that is little more than two dirt tracks. Proceed to
windmill, turn around, and backtrack to where road
crosses small dry streambed. (1.2)

50.1
STOP 2: Champurrado wells. Outcrops are in the
uppermost of the six tuff units (Tuff 6, Figure 10) of the Red
Boy Rhyolite exposed inside the Sierrita caldera. The minimum dip of welding compaction in the tuff is similar to its
basal contact, about 200 to the southeast. Return 0.8 mi to
ranch road, and turn right for 0.9 mi. (1.7)
51.8
STOP 3: Caldera-collape breccia. Knoll on east side
of Champurrado Wash. The outcrop on right side of the road
is a tuff breccia in the upper part of Tuff 5 of the caldera fill.
The hill on the northwest side of the wash is a hogback formed
by the partly welded indurated core of Tuff 5. Clasts in the tuff
breccia at this outcrop include Demetrie Andesite and lower
units of the Red Boy Rhyolite. Walk to the top of the knoll to
see the size of the clasts: some are > 50 m long. The presence
of such large clasts in the Red Boy Rhyolite indicate that this is
intra caldera tuff. Similar caldera-collapse breccias occur in all
six tuff units of the Red Boy Rhyolite inside the Sierrita
caldera fragment. Proceed west, on the main road. (1.9)
53.7
STOP 4: Intracaldera Red Boy Rhyolite. Walk northeast from the concrete watering trough, on the right side of
road, to see dips in the welded tuff exposed on the pediment
surface. Compaction foliation in Tuff 4 at this stop is about
60 0 to the southeast. Dips in the caldera-filling tuff between
here and stop 2 progressively increase toward the caldera margin, about 150 m west of this stop.
The ridge to the northeast is held up by intracaldera Red
Boy Rhyolite which is bounded, inside the caldera-margin ring
fault near the base of the ridge, by a selvage of purplish subcropping Demetrie Andesite caught up in the fault. The Black
Hills, to the northwest, consist of Miocene basalt and rhyolitic
tuff depositionally overlying Red Boy Rhyolite tuffs and Demetrie Andesite. Five of the six tuffs of the intracaldera Red Boy
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Figure 9: Geologic map of the west side of the Sierrita Mountains. PL indicates all pre-Laramide
rocks except the Paleozoic sedimentary rocks (pz); KD, Demetrie Andesite; R, Red Boy Rhyolite units,
undivided; RI, R2, and R3, the lower, middle, and upper thirds of the caldera fill; RB, caldera-collapse
breccia; RTB, tuff breccia; RK, fault breccia at the caldera margin fault; TRS, Ruby Star Granodiorite;
Tv, Miocene volcanics; Q, Pliocene to Holocene alluvium. Lines A-B and C-D indicate the type section
of the intracaldera Red Boy Rhyolite shown in Figure 10.
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Rhyolite are preserved in this 200-m outflow section. For
comparison, the equivalent section (the lower 4 tuffs and the
lower part of the 5th) inside the caldera is 900-2300 m thick
(Figure 10). Return to vans and proceed north. (1.0)
54.7

Fork in road; turn right. Park where mesquite trees
start scratching both sides of the vans. Do not drive into
the wash. (0.5)

55.2
STOP 5: Caldera-margin features. Walk down the
road to where it curves left into a wash. Leave the road on the
right and climb to the first saddle in the ridge on the right. We
are close to the caldera-margin fault, but the fault exposed in
this saddle is one of a prominent east-northeast-trending set
found throughout the Sierrita Mountains, not the caldera margin. These east-northeast faults significantly offset all units
older than the Ruby Star Granodiorite. Note the variety of
rock types in the fault breccia.
Walk up the ridge, to the south. The rocks are a fault
breccia composed of the Demetrie Andesite. Elsewhere along
the caldera margin, this breccia includes minor clasts of older
rocks. Note the pyroclastic Red Boy Rhyolite dikes that cut
the breccia in the ring-fault zone. Uphill to the south, tuffs of
the Red Boy Rhyolite appear to be deposited on this breccia.
Three relations indicate, however, that this breccia is related
instead to the fault zone: (1) the contact between the breccia

and Red Boy tuffs and lavas is discordant to contacts within the
intracaldera Red Boy section; (2) in rare, excellent exposures
in some washes, the breccia is composed of vertically oriented
fault slivers each 1-10 m wide; and (3) the map pattern of the
breccia (Figure 9).
The western thrust belt of the Sierrita Mountains can be
seen to the north from the flank of this ridge. Two opposing
thrust faults on the west side of the range both strike northnorthwest and bound a belt of Mesozoic volcanic rocks which
were overridden by early Jurassic and Precambrian granites
from the west and east (Figure 9). The western of these two
faults is post-Demetrie, but the eastern one apparently predates the Demetrie. The age relations between the western
fault and the caldera are unclear because this reverse fault is
on trend with the southeastern margin of the caldera.
The limestones along the road on way in overlie Demetrie
Andesite on a third fault, possibly a thrust, between the two
main faults in the western thrust belt. Alternatively, this apparent fault might be a remnant of the topographic caldera
wall, and the mass of limestone could be a giant slump block
on that wall rather than the upper plate of a thrust fault.
Return to Amado by the same route. (16.6)
71.8

Take 1-19 for 13 mi north to Duval
(northernmost of three Green Valley exits).
west on Duval Mine Rd. Turn right (north)
Buttes-Mission Rd for 2.8 mi). Then turn
onto McGee Ranch Rd for 4.4 mi. (24.9)

Mine Rd
Go 4.7 mi
onto Twin
left (west)
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STOP 6: Petroglyphs Rock. Pull off road, watching
96.7
for cars while leaving the vans. Cross through barbed wire
fence to examine outcrops of the core phase of the Ruby Star
Granodiorite. Then, continue ahead. (0.5)
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Figure 10. Type section of the intracaldera Red Boy Rhyolite. Lines of section A-B and CoD are shown in Figure 9.
The correspondence between the 9 eruptive units and the map
units of Figure 9 are shown on either side of the section.
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99.9
STOP 7: Western caldera margin. Park on side of the"
road and walk back along the roadcuts for 400 m. Red Boy
Rhyolite tuff, associated rhyolite intrusions, and minor sediments are down thrown here in a 300 m wide block between
two arcuate high-angle faults (Figures 8, 9). The up thrown
rocks are early Jurassic Ox Frame Rhyolite and Harris Ranch
Quartz Monzonite on the west and east sides, respectively.
The western fault is the ring fracture along the western margin
of the Sierrita caldera fragment. The eastern fault may be a
resurgence fault. Note shearing in the units between these two
faults, as well as the pyroclastic nature of many rhyolite dikes
in this zone. Return to McGee Ranch headquarters. (2.7)
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Stop to get gate key at the McGee Ranch headquarters. Proceed 1.0 mi west on McGee Ranch Rd, passing
through gate behind a large water tank on left. Continue west 0.5 mi to fork in road; stay left. At second
fork 0.1 mi further, go left for 0.8 mi. At fork on ridge
crest, turn right for OJ mi. (2.7)

McGee Ranch headquarters. After returning key,
proceed 4.9 mi back east on McGee Ranch Rd. At intersection with Twin Buttes-Mission Rd, turn left; in
passing, note Twin Buttes Mine for the next mile. (9.6)

112.2 STOP 8: Intersection with Helmet Peak Rd. Turn
right and immediately pull off the road and park. The jagged
knob to the north is Helmet Peak, a sliver of steeply dipping
Paleozoic sedimentary rocks, mostly carbonates, between two
northwest-trending thrust faults of early Laramide age. The
waste dumps east of Helmet Peak are from the Mission-Pima
mine, a porphyry copper deposit in Paleozoic and Mesozoic
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sedimentary rocks. The pediment surface to the south (on the
other side of the road) is developed on the Helmet Peak fanglomerate. To the west is a large outcrop area of Demetrie
Andesite, which apparently postdates the Laramide-age thrust
faulting in this area.
All of the above-mentioned units are in a rotated block
above the nearly flat fault called the San Xavier thrust. This
"thrust" is a younger-on-older fault that formed at 30 Ma, at the
same time as the mylonitization exposed in "core complexes" in
the Santa Catalina and Rincon Mountains to the north and
northeast, and in the Baboquivari Mountains to the west and
southwest. Rotation along the San Xavier fault is recorded in
the upward-shallowing dips in the Helmet Peak Fanglomerate
(Figure 8). Turn left onto the Twin Buttes Rd for 3.8 mi, and
return 16 mi to Tucson via 1-19.
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INTRODUCTION
The Harquahala Mountains and adjacent ranges provide nearly
complete outcrop along a transect from SW to NE across the southeastern end of the Whipple extended terrane. Several lines of evidence
suggest that the Harquahala Mountains are a tilted block exposing a
section through the pre-Tertiary crust on the order of ten kilometers
thick (Richard, 1988; Richard and others, in press). The upper part of
this section, exposed in the Granite Wash, Little Harquahala, and
western Harquahala Mountains, consists of complexly interleaved
Proterozoic, Paleozoic and Mesozoic rocks recording several phases of
Mesozoic crustal shortening. Because of structural complexity and
widely varying transport directions, major structures cannot be unambiguously correlated from one range to the next. Undeformed Late
Cretaceous plutons that intrude thrust faults in the Granite Wash and
Harquahala Mountains were involved in a major deformation in the
central Harcuvar and NE Harquahala Mountains. Fabrics produced by
this deformation suggest a major, Late Cretaceous, mid-crustal deformation whose effects died out structurally upward. Significant overprinting by Tertiary plastic deformation is observed at the NE end of
the Harquahala Mountains and in the central and NE Harcuvar Mountains. The most obvious manifestation of this deformation is mylonitic
fabric with a characteristic 040-060 0 lineation trend, developed in topto-the-NE shear zones. The Eagle Eye detachment fault, southeasternmost extension of the Whipple fault system, becomes a transfer fault
along the SE side of the Harquahala Mountains. This fault separates
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two distinct extensional terranes. To the NW a significant component
of the total crustal extension has been accommodated on the Whipple
fault system, whereas to the SE a similar total magnitude of crustal extension is accommodated on a series of smaller normal faults, none of
which has enough slip to denude crustal levels at which Tertiary plastic
deformation has occurred.
GEOLOGIC HISTORY OF THE HARCUVAR COMPLEX
The Harcuvar complex lies at the eastern end of the east-west
trending Maria fold and thrust belt (Reynolds and others, 1986), a zone
of dominantly south-vergent, large-scale folds and thrust faults. South
of the thrust belt is the McCoy Basin, characterized by thick sections of
Jurassic(?) volcanic and volcaniclastic rocks and up to 7 Ian of·Jurassic
or Cretaceous McCoy Mountains Formation (Harding and Coney,
1985). Rocks north of and within the thrust belt include the following:
I) a basement of Precambrian metamorphic and granitic rocks; 2)
cratonic Paleozoic strata 1-1.5 Ian thick, correlated with units of similar
age on the Colorado Plateau; 3) Jurassic granitoids; 4) up to 2 Ian of
intermediate to felsic volcanic rocks of probable Jurassic age; and 5)
less than 3 Ian of Jurassic or Cretaceous clastic rocks, broadly correlative with the McCoy Mountains Formation. Two suites of Late Cretaceous plutons intrude these rocks: a calc-alkaline suite characterized by
hornblende-biotite granodiorite and a generally younger, marginally
peraluminous to peraluminous suite, characterized by two mica-garnet
granitoids (Keith and Wilt, 1986). As a result of major middle Terti-
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Figure I. Regional location map, showing location of stops 1-5 visited on this trip.
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TABLE 1.
LIN.

Characteristics of Tectonic plates in the Harcuvar Complex area
ROCKS

PLATE

LOCATION

Harquahala

Harquahala
Mountains

000

Early Prot. mafic, pelitic and heterogeneous gneiss, intruded by granitoids; Middle Prot. biotite
granitoids; Early or Middle Prot. mUi£ovite granitoid and equigranular biotite granitoid

Centennial

Little Harquahala,
Harquahala Mtns.

000

two Middle Prot. plutonic suites; in Sunset Pass area includes Early Prot. igneous and metamqDhic
rocks; overlain by Paleozoic and Mesozoic strata similar to Yellowbird plate in GWM.

Hercules

Little Harquahala
Mountains
W Harquahala
Mountains
Granite Wash Mts.

030

southern LHM: Jurassic plutonic suite: megacrystic monzogranite intrudes augen gneiss; central LHM:
monzodiorite, monzogranite and lencogranite with amphibolite pendants
Jurassic(?) diorite, granodiorite, and leucogranite suite, to E intrudes Prot. foliated granodicite, augen
gneiss and quartzo-feldspathic and amphbolite gneiss
Jurassic or Prot. granodiorite and leucogranite intruding quartz-feldspar-biotite gneiss;

000
060

Harquar

Little Harquahala
Mountains

'S' Mountain

L. Harquahala.,W
Harquahala Mts.

Jurassic silicic to intermediate volcanic rocks, intruded at base by granite porphyry in the W Harquahal;
Mtns, overlain by MMF in the western Harquahala Mts.

Salome Peak

Granite Wash
Mountains

Prot. granitoid, Cambrian(?) quartzite, overlain ultonformably by Lower Mesozoic clastic rocks; over
lain in imbricate thrust stack by MMF-like clastic rocks of uncertain affinity and Jurassic volcanic rocks
relationship to'S' Mtn. plate uncertain. Part of Yuma mine plate.

Yuma Mine

Granite Wash Mts.

060

Jurassic volcanic and volcaniclastic rocks; relationship to'S' Mtn. plate uncertain.

Yellowbird

Granite Wash
Mountains

060

Paleozoic and Lower Mesozoic strata overlain by Jurassic volcanic rocks, overlain by MMF sandstone,
conglomerate and mudstone.

030

Jurassic volcanic rocks overlain by volcanic lithic sandstone and conglomerate of Harquar fm.; Jurassic
monzodiorite in intrusive or fault contact with Harquar formation

ary extension, west-central Arizona is now significantly wider than it
was at the end of Mesozoic time (Rehrig and Reynolds, 1980; Reynolds
and Spencer, 1985; Wernicke, 1985), and rocks from a variety of
crustal levels are exposed at the surface in adjacent mountain ranges.
Pre-thrusting Mesozoic Deformation
Paleozoic and Proterozoic rocks were affected by several episodes
of uplift before the onset of thrust faulting (Reynolds and others, 1989).
These events are now recorded only by unconformities and coarse
conglomerates. The location and nature of the uplifts may have significantly affected the location and stratigraphic separation of subsequently developed thrust faults, but pre-thrusting faults, if present, are
difficult to recognize due to the complex deformation history.
Mesozoic Thrust Faulting
Reduced to simplest terms, Proterozoic igneous and metamorphic
rocks in the southwestern Harcuvar complex places have been superposed to the Sand SW over Mesozoic volcanic and sedimentary rocks.
The sequence of deformation, stratigraphy of the various thrust plates,
and transport direction on major thrust faults within this thrust complex
vary from range to range. Table I summarizes the stratigraphy and
tectonic stacking and Table 2 summarizes the sequence of deformation
recognized in the ranges visited on this trip.
Major thrust systems
The major structure in the SW Harcuvar complex is the Hercules
thrust system, broadly defined as the group of structures that superposes Proterozoic and Jurassic crystalline rocks above Jurassic and
Cretaceous(?) supracrustal rocks (Reynolds and others, 1980, 1986;
Laubach and others, 1989). Contrasting transport directions and fabric
development characterize major faults of this system in the Granite
Wash, western Harquahala, and Little Harquahala Mountains. This
variability is interpreted to be the result of superposed low-angle
faulting that has rearranged the tectonic stack originally produced by
the SW-vergent Hercules thrust. Thus, faults with the same or correlative upper and lower plate assemblages in adjacent ranges may be of
different ages, but all are grouped in the composite Hercules thrust
system to reduce the nomenclatural confusion.
In the Granite Wash Mountains the Hercules thrust zone consists
of several discrete ductile shear zones with an approximately 200-mwide zone of mylonitic rocks. Mylonitic and phyllonitic fabric associated with the Hercules thrust pervasively overprints earlier structures
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within the thrust zone. Foliation surfaces in the mylonite zone have a
prominent NE-trending stretching lineation. S-C fabrics, porphyroclast-foliation relations, and asymmetry of open intrafolial folds
indicate that transport of the hanging wall of the Hercules thrust zone
was toward 240°, parallel to this lineation (Laubach and others, 1989).
Mineralogic and textural metamorphic grade in domains of thrustrelated foliation increases structurally upward into the Hercules thrust
zone, from no new mineral growth to chlorite-grade and locally biotitegrade assemblages in pelitic rocks, defining an inverted zonation
(Laubach, 1986; Laubach and others, 1989). Displacement across the
Hercules thrust zone was accommodated by movement on individual
discontinuities or ductile faults and by ductile strain within the broad
shear zone. Minimum displacement is I to 3 km based on strain
estimates and the width of klippen of individual thrusts within the
Hercules thrust zone (Laubach and others, 1989). The Hercules thrust
is superimposed on the SW(?) boundary of an early Mesozoic uplift
(Reynolds and others, 1989), the NE boundary of the McCoy basin
(Reynolds and others, 1986), and a probable zone of facies changes in
the Jurassic volcanic section. Bracketing the magnitude of transport on
the Hercules thrust using arguments based on stratigraphic throw or
facies changes is thus extremely difficult .
The Centennial thrust is a major fault in the Little Harquahala and
western Harquahala Mountains (Table I), but its relationship to the
Hercules thrust is obscured by younger structures in this area. Mylonite within the thrust zones of the western Harquahala Mountains is
biotite stable, and quartz and feldspar have been recrystallized to form
a granoblastic texture. North-trending lineation and top-to-the-south
kinematic indicators associated with these thrust zones are characteristic of the Harquahala thrust system. The initial stacking of the plates in
the western Harquahala Mountains is interpreted to be a result of
Hercules-thrust related deformation, but the original Hercules-related
fault contacts have been obliterated by deformation associated with the
Harquahala thrust system, to produce the presently observed fabrics .
Overlap of unlike rocks indicates a minimum of 10 km of transport on
the thrust faults in the western Harquahala and Little Harquahala
Mountains.
The Harquahala thrust system comprises a series of S-vergent
shear zones that interleave Proterozoic and Phanerozoic rocks in the
central and SW Harquahala Mountains. The Harquahala thrust is the
structurally. highest of these faults and emplaces Proterozoic igneous
and metamorphic rocks southward on top of Proterozoic granitoids
overlain depositionally by Paleozoic and Mesozoic sedimentary rocks.
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Table 2 Sequence of deformation recognized in the ranges visited on this trip
Little Harquahala Mtns.

Harquahala Mountains
NW-trending
high-angle faults

NW-trending
high-angle faults

detac hment
faulting

minor low-angle
normal faults

Granite Wash Mts.

Miocene
Oligocene

uplift and erosion

Tertiary
Cretaceous
synplutonic
deformation
Brown's Canyon
granite

Top to the NE
faults 030

lineation

Granite Wash
granodiorite
Faults

W to SW dipping
S2 cleavage

wI 030

0

lineation overprint

thrusts

?

Tank
Pass
Granite

SW-dipping cleavage

south-vergent
folding of Hercules
thrust

emplacement of Harquahala
thrust; Hercules and Centennial
thrusts reworked (000 lineation)
emplacement of Centennial
and Hercules thrust
(hypothetical)
Tilting of section into
S-facing homocline

Jurassic
Triassic

Hercules thrust
(lineation 060)

emplacement of Centennial
and Hercules thrust (no
lineation preserved)
Tilting of section into
S-facing homocline
deposition of coarse
conglomerate

Eruption of Middle Jurassic volcanic rocks

Top to the SE thrusts,
SE-vergent large-scale
folding

?

--------------------------------------------------------- I ~;i:~:~~ ~~~S~~:~f
?

Paleozoic

The thrust is a simple, gently S-dipping, ductile shear zone along the N
side of the range where its footwall is a large, homogeneous
Proterozoic biotite granite. Metamorphic grade in Paleozoic rocks in
the footwall of the thrust increases from low greenschist to amphibolite
facies northeastward. High strain zones associated with thrusts contain
L-S tectonites with foliation oriented sub-parallel to the adjacent fault,
and lineations trending 000°, and top-to-the-south kinematic indicators.
The age of the Harquahala thrust is bracketed between -160 Ma and 69
Ma. Minimum slip on the thrust is 14 km, based on overlap of unlike
rock types and estimates of shear strain in underlying Paleozoic rocks .
As a result of pre-thrust deformation, Paleozoic lithologic units in
the western Harquahala Mountains are disposed in a NE-striking, SEfacing, strike belt, similar to those exposed in adjacent ranges
(Laubach, 1986; Richard, 1982; Spencer and others, 1985). Deformation associated with top-to-the-south shearing along the Harquahala thrust has transposed the steeply dipping Paleozoic section into
a gently dipping shear zone in which the stratigraphic section is
strongly overturned. Superimposed on this shear zone are a series of
sub-horizontal thrust(?) faults with northward separation; the major
fault in this set is the Hat Mountain fault zone.
Reconstruction of the Eagle Eye detachment fault puts the
Harquahala thrust under the Vulture Mountains SW of Wickenburg,
Arizona. Geologic studies in the upper plate of the Eagle Eye detachment fault (Capps and others, 1985; Richard, in press; Stimac and
others, 1987; Grubensky and others, 1987) have failed to locate any
structures that may be upward extensions of the thrust system. Reconstruction of Miocene extensional deformation in the Harquahala
Mountains indicates that the range has been tilted about 25° to the SW.
If this tilt is removed, the Harquahala thrust becomes a NE-dipping,
right-oblique thrust fault.
Late Cretaceous Syn-plutonic Deformation
Late Cretaceous leucocratic granitoids in the Harcuvar complex
cut thrust faults in the Granite Wash and Harquahala Mountains, but
are involved in penetrative deformation on their northeastern side. The
Tank Pass granite cuts the Hercules thrust in the Granite Wash Mountains, but grades into a banded gneiss complex to the NE in the SW
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Salome Peak

Deposition of cratonic carbonate and clastic strata

Harcuvar Mountains (Rehrig and Reynolds, 1980). Fabrics associated
with the Harquahala thrust system in the Harquahala Mountains are
overprinted by a west- to SW-dipping fabric that intensifies in the NE
part of the range, where Proterozoic gneiss has been invaded by Late
Cretaceous(?) granitoids, and both are transposed into a west to SWdipping gneissic fabric very similar in style to that observed in gneissic
rocks of the SW and central Harcuvar Mountains. The two-mica
garnet bearing Brown's Canyon granite (minimum of 72 Ma, 4OAr- 39Ar,
hornblende from an amphibolite inclusion) cuts this gneissic fabric.
These fabrics suggest a major, Late Cretaceous, mid-crustal deformation the effects of which die out upward; prograde metamorphism
associated with this event may have evolved fluids responsible for
extensive alteration of rocks in the southwestern part of the range.
Tertiary Extensional Deformation
Tertiary mylonitic fabric overprints Late Cretaceous fabrics
extensively at the NE end of the Harquahala Mountains and in the
central and NE Harcuvar Mountains. Tertiary mylonitic foliation is
recognized by the presence of deformed Tertiary mafic dikes and characteristic textural features (Richard and others, in press; Reynolds and
others, 1988). Lineation in the mylonite trends 050-060°, and megascopic kinematic indicators mostly indicate top-to-the-NE sense of
shear. The crest of an antiform defined by Tertiary mylonitic foliation
in the central and NE Harcuvar Mountains coincides with the topographic crest of the range. In the Harquahala Mountains a similar antiform exists only at the extreme NE end of the range; the crest of this
antiform lies NW of the topographic crest of the range, but trends
parallel to the range. The geometry of pre-Tertiary foliation between
the limbs of this antiform is not consistent with folding of a once planar
Tertiary shear zone. The antiform is interpreted as an original feature,
with the massive, unfoliated main phase of the Brown's Canyon gran ite
acting as a rigid, low strain lozenge. Minor low-angle normal faults in
the SW Harquahala Mountains and Little Harquahala Mountains dip
NE. Both the detachment fault and these low-angle normal faults are
cut by NW-trending high-angle, right-oblique fau lts.
The NE trend of the Harquahala and Harcuvar Mountains is
interpreted to reflect NE-trending anti forms in the detachment fault
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system. The Eagle Eye detachment fault in the Harquahala Mountains
dips gently to the SE. The fault is interpreted to dip north off the
northern side of the range, under the McMullen Valley, to connect with
the Bullard detachment fault exposed at the NE end of the Harcuvar
Mountains (Figure I). These faults are the southeasternmost segments
of the Whipple-Rawhide-Buckskin detachment system (Lister and
Davis, 1989; Davis and others, 1980; Rehrig and Reynolds, 1980)
(Figure I). The Eagle Eye detachment fault becomes a transfer fault
along the SE side of the Harquahala Mountains. This fault separates
two distinct extensional terranes. On the NW a significant component
uf the total crustal extension has been accommodated by the Whipple
detachment fault system, while on the SE a similar total magnitude of
crustal extension is accommodated by a series of smaller normal faults,
none of which has enough slip to denude crustal levels at which Tertiary plastic defOlmation has occurred (Richard and others, 1988).
DA Y ONE: SOUTHWESTERN HARCUVAR COMPLEX
En Route To Yuma Mine Stop
Drive west from downtown Salome, Arizona on U. S. 60 towards
Quartzsite, Arizona. Late Cretaceous Granite Wash granodiorite is
well exposed in Granite Wash Pass (mile post 52) between the Little
Harquahala Mountains to the south and Granite Wash Mountains to the
north. The Plomosa and New Water Mountains are visible to the west
across the Ranegras plain.
At mile post 49.5 tum right (NW) on Az route 72 toward Bouse
and Parker, and continue through Vicksburg (mile post 46.5). Salome
Peak, the highest point in the Granite Wash Mountains (1216 m)
dominates the skyline NE (right) of the highway , and is composed of
light colored, Late Cretaceous Tank Pass Granite. The dark colored
rocks in the foreground are Mesozoic volcanic and sedimentary rocks
correlative with the regional Jurassic(?) volcanic suite (Tosdal and
others, in press) and overlying McCoy Mountains Formation (Laubach
and others, 1987). Prominent dark ledges in the higher hills in the
middle-ground are pre-tectonic basaltic to andesitic sills that intrude the
McCoy Mountains Formation. The Mesozoic units are overlain along
the Hercules thrust by Proterozoic crystalline rocks that form the top of

the high, pyramidal hill in the middle distance, SW of Salome Peak.
The dark-colored hills SW of the highway are underlain by SW-dipping
Tertiary basalt flows. The dip of volcanic rocks deposited on the SW
edge of the Harcuvar complex increases from 0_10° SW in the southern
Little Harquahala Mountains to 40-60° SW in the hills SW of the
Granite Wash Mountains.
Tum right at McVay Road (mile post 40.4) and begin cumulative
mileage (listed in parentheses below). Cross the railroad track, tum
right (mile 0.15), and continue east along the south side of a jojoba
plantation. Continue straight (mile 0.5) across the Central Arizona
Project aqueduct (mile 1.6). Low hills on the south (right) are slightly
metamorphosed, weakly cleaved McCoy Mountains Formation. Mile
1.S-turn right at the fork, and keep left on the main road. Dark hills
along the road as it enters the range are Jurassic(?) volcaniclastic and
intrusive rocks until mile 3.4, beyond which outcrops low on the hills
north of the road are Triassic(?) Buckskin Formation and upper Paleozoic carbonates. Continue NE as long as the road is passable or to
mile 3.6, where the road enters a basin. Park where convenient.
Stop I. Yuma Mine Area, Granite Wash Mountains
At this stop we will view the tectonic slivering in the Hercules
thrust zone in the Yuma Mine basin, and look at outcrops of stretched
pebble conglomerate in a splay of the Hercules thrust. Alluvium in the
wash along the road covers the structurally disrupted contact between
steeply dipping Paleozoic and lower Mesozoic cratonic sediments north
of the road and stratigraphically overlying Jurassic volcanic rocks to
the south. This steeply dipping contact is truncated by the overlying
Hercules thrust zone (see below) in the vicinity of the Yuma Mine (Fig.
2). Slivers of Paleozoic metasedimentary rocks have been dragged into
the thrust zone south of the Paleozoic strike belts because the slip
direction on the thrust is more southerly (240°) than the strike of the
Paleozoic rocks (approximately 250°).
The Yuma Mine basin exists because a NW-trending culmination
in the Hercules thrust zone has produced a window through McVay
thrust, a shear zone that underlies Paleozoic and Mesozoic strata of the
main Granite Wash section, into non-resistant Mesozoic sedimentary
rocks. A spectacular stretched pebble conglomerate is present along
the McVay thrust in this area. Hike SE along the major tributary wash
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Figure 2. Geologic map of Yuma Mine area. Map units are explained in Figure 3 and symbols in Figure 7. Traverse for stop 1 is indicated.
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Explanation of units for geologic maps
Paleozoic and Mesozoic
supracrustal rocks

Tertiary supracrustal
rocks

~
r-:-i
TS

Quaternary sedimentary rocks

P:::::l

II

Mesozoic intrusive rocks

Jurassic or Proterozoic
Jurassic volcanic rocks

I" p' ~ - : :1Paleozoic and Lower Mesozoic

Cretaceous

~~,-,~:-: sedimentary rocks, undivided

~
~

Granite Wash granodiorite

o

k:ii~

mafic border phase

/.

Tank Pass granite

Jurassic

I.:Jq • :1plutonic rocks, undivided
leucogranite
biotite monzogranite,
commonly porphyritic
: : ~d::

J'W

Jurassic or Cretaceous

~ McCoy Mountains formation

Tertiary sedimentary
~ and volcanic rocks

1

Proterozoic or Mesozoic
igneous and metamorphic
rocks

dioritoid

1 hypabyssal porphyry
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Figure 4, Geologic map of the'S' Mountain area, western Harquahala Mountains, Traverse for stop 2 is indicated.
about 70 m; this conglomerate crops out in the low hills on the NE side
of the wash and along. the base of the ridge to the south,
En Route To'S' Mountain
Retrace your route to Salome, Driving SE on Az, Rt 72, from
Vicksburg (mile post 46.5) to Hope (intersection with U,S. 60) the
southwestern Little Harquahala Mountains from the skyline directly
ahead , In downtown Salome, tum right on Harquahala Mine road Gust
after the post office); start mileage at intersection, Keep left on Buckeye Road, just outside of town (mile 0.2), and continue straight~
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passing Salome High School (home of the Fighting Frogs). Mile
2.6-Pass left tum to La Paz county park. Low hills on the left are
Jurassic(?) porphyritic monzogranite at the western tip of the Harquahala Mountains, This granite grades eastward into a hypabyssal
granitoid porphyry, then into intrusive or extrusive quartz-feldspar porphyry, The quartz-feldspar porphyry forms most of'S' Mountain, the
hill with the landmark letter'S' on its NE side visible from the road,
but the prominent ledge around the summit is strongly deformed quartz
arenite and quartzite-cobble conglomerate of the basal McCoy Mountains Formation, A similar ledge of basal McCoy Mountains Forma-
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tion is present along the type Hercules thrust throughout the western
end of the Harquahala Mountains (Fig. 4). Mile 4.0- tum left on a
faint dirt road Uust before a ranch on the right side of the road), and
drive 0.9 mi NE into the range. Park just before the road crosses a
deep wash.
Stop 2. Hercules Thrust In Western Harquahala Mountains

t

\

\

Hike SE, crossing the deep wash next to the road, to the eastern
fork of the major wash draining this area. Walk NE up this wash
(approximately 0.3 mi.) to an excellent outcrop of the Hercules thrust,
which here superposes Jurassic or Proterozoic leucogranite on basal
McCoy Mountains Formation. Note the SW-dipping cleavage that cuts
the thrust-parallel foliation in calcareous sandstone of the McCoy
Mountains Formation. This fabric is representative of the late, SW- to
west-dipping cleavage that intensify towards the NE in the Harquahala
Mountains (more about this tomorrow). After examining the thrust,
climb the hill on the NW side of the wash. From the top of this hill, the
resistant ledge of basal McCoy Mountains Formation can be traced
around the adjacent hills (Fig. 4). Note the layer of white leucogranite
above the thrust, overlain by the dark-weathering diorite-granodiorite
unit. Continue to NW side of hill to see a second exposure of the thrust

and the underlying rocks, then return down the hill, into the wash and
back to the trucks . Total distance of the hike is approximately .7 mi.
En Route To Hidden Treasure Canyon
Retrace dirt road to Buckeye-Salome road. Tum left (SE, towards

1-10 and Buckeye) on Buckeye-Salome road , start cumulative mileage
to Hidden Treasure Canyon. Mile 1.5: pass low outcrops and road
cuts in Middle Proterozoic Socorro suite biotite granitoid in the Centennial plate of the Little Harquahala Mountains; the low hills to the SW
are underlain by similar rocks. Mile 3.2: cross flood control dam built
on a bedrock ridge of steeply dipping, highly deformed Paleozoic
sediments. To the NE the continuation of this strike ridge in the
western Harquahala Mountains is visible on Socorro Peak. Bedding on
the lower, southwestern part of Socorro Peak is dragged to a more
easterly strike near a major NW-trending high-angle fault; workings
associated with the Socorro Mine are visible on the lower part of the
mountain. This mine and the Bonanza or Harquahala Mine in the
Little Harquahala Mountains were major gold producers in the late
1800's and early part of this century. Mineralization in both mines
occurs in sheared quartz veins near structurally disrupted depositional
contacts between Cambrian Bolsa Quartzite and coarse-grained So-
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Figure 5. Geologic map of the Hidden Treasure Canyon area. Traverse for stop 3 is indicated.
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beneath this intersection, juxtaposes this upright section against
overturned Kaibab Limestone to the SW (Fig. 5). Continue up canyon,
pass track on left that enters wash. Mile 14.3--Park at fork .

Interpretive block diagram of deformation in
Paleozoic strata related to Harquahala
thrust, White Marble Mine area

Stop 3. Defonnation In Paleozoic Rocks, Western Harquahala Mountains.

view to North

A

l

Figure 6a. Schematic block diagram of deformation in Paleozoic rocks
in the Hidden Treasure Canyon area.
Figure 6b. Schematic cross section showing progressive deformtion of
steeply dipping Paleozoic strata. Initial buckling in shortening. field is
followed by extension produced by heterogeneous stram. Upside-down,
transposed lithologic sequences are formed in gently dipping high strain
zones. Arrows indicate tops direction.

Hike along right fork, across wash and along the road up the ridge
in the center of the canyon (total 1.2 mi, 600 ft elevation gain). Kaibab
Limestone adjacent to the parking area occupies the hanging wall of a
NW-dipping, post-Harquahala thrust(?) shear zone that flattens to the
NE. The depositional contact between Kaibab and Coconino formations is covered by alluvium along the road. The Coconino-Supai
contact lies at the break in slope as the road starts climbing steeply up
the ridge. Note the steeply SE-dipping bedding in both the Coconino
quartzite and Supai Formation low on the hill. 50 to 100 feet above the
base of the hill, this is replaced by very gently dipping transposed
bedding in the Supai formation in a high strain zone (Fig. 6); on the
adjacent ridge to the east, the Coconino-Supai depositional contact
becomes a moderately to steeply SE-dipping fault as this transition
progresses. Lineation in the Supai tectonites trends 030°, characteristic
of structures associated with the Hat Mountain fault. A klippe of
Coconino quartzite, in the hanging wall of the Hat Mountain fault, caps
this ridge (second switchback). Continue climbing along the ridge
crest at the end of the road, crossing to the north side to view a large
augen of tan-grey Redwall dolomite in a matrix of tectonized, varicolored upper Redwall limestone in the Hat Mountain fault zone. The
geometry of the augen, and large-scale drag of the Redwall-Supai
contact below this fault indicates top-to-the-south transport, but small
scale folding in the tectoni zed upper Redwall limestone and the stratigraphic separation across the fault require top-to-the-north separation.
Similar relationships throughout Paleozoic rocks in this area indicate
that the original transposition and overturning of the Paleozoic section
is related to southward transport on the Harquahala thrust, and that the
Hat Mountain fault is a younger fault that transported rock sheets NNE.
Return to the trucks, and retrace your trail back to the B uckeyeSalome Road. Tum right to return to Salome for dinner.
DAY TWO: NORTHEASTERN HARQUAHALA MOUNTAINS

corro granite. In the western Harquahala Mountains, mineralization occurred in at least two stages, an early, pre-cleavage stage associated
with abundant sericitic alteration, and a younger (Miocene(?» event
characterized by earthy hematite/limonite veins in gouge zones along
faults. Mile 5.3: cross EI Paso Natural Gas gasline road. Mile 6.6:
graded road on left. The obvious scar at the base of the cliffs on the
SW side of Hidden Treasure Canyon, at about 10 o'clock is a Gypsum
mine in the upper Kaibab Limestone.
Mile 7.7- Turn left on dirt road; mile 9.0-veer left at fork . Mile
11.2- intersection with faint track, continue straight across wash; mile
12.O-fork, take left tracks, cross major wash. Low, red-brown hills to
west of road are K-metasomatized tuff and tuffaceous sedimentary
rocks in the hanging wall of a low-angle normal fault that bounds this
side of the range. Look NE along range front to see the light-colored
Paleozoic carbonates overlain by dark amphibolite gneisses along the
Harquahala thrust. Hidden Treasure Canyon is the major canyon at II
o'clock. Mile 13.1-intersection, continue to left; mile 13.3--road to
workings at Hidden Treasure (now known as the Lucky Helen) Mine,
take left fork . Road curves around and heads south, away from range
front. Mile 13.5-turn right and cross deeply incised wash (4WD
required). (If time permits, walk .2 mi. up wash to see outcrop of the
low-angle normal fault.) Low ridge to left (down stream) is tectoni zed
lower Mesozoic calcareous quartz arenite (Buckskin Formation(?)
(Reynolds and Spencer, 1989» overlain by Kaibab marble. The
southwesternmost outcrops of the Harquahala thrust are on the east side
of this hill. Continue along road, cross main Hidden Treasure wash, a
wide sandy wash, watching carefully to follow road .
Mile 13.9-intersection, tum right and enter Hidden Treasure
canyon. Upright Kaibab Limestone overlies Coconino quartzite on hill
to right (east); the NNW-trending Hidden Treasure fault, directly
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En Route To Blue Tank Canyon
Start cumulative mileage at intersection of Harquahala Mine road
(Buckeye Road) and U.S. 60, at post office in downtown Salome.
Follow yesterday 's route as far as the tum off from the BuckeyeSalome Road (mile 11.7), and continue straight on the paved BuckeyeSalome road. Mile 15.4---1ow hills about I mile distant at 9 o'clock
are the Red Hills, underlain by steeply dipping to vertical Cretaceous(?)
conglomerate, containing cobbles to boulders of unmetamorphosed
Paleozoic strata, and abundant granitoids resembling rock types in the
Harquahala Mountains. After passing the Red Hills, look to NE up
Tiger Wash, which separates the Harquahala and Big Hom Mountains.
The Eagle Eye Detachment fault projects down this wash, very close to
north margin of the deep basin below the Harquahala Plain (Oppenheimer and Sumner, 1980). Mile 18.4---intersection with Ave. 15E,
access to 1-10; continue straight on Buckeye Rd.
Mile 22-tum left (north) on Aguila Road. Mile 25.4---1ow
outcrops of Hot Rock basalt(?) on left (west) of road . Mile 27.6-pass
left tum to two low hills underlain by Kaibab Limestone and Buckskin(?) formation interpreted to lie in the footwall of the Eagle Eye
detachment fault . Mile 29.2-pass left tum to Weldon Hill area. The
easternmost exposures of the Harquahala thrust are found around the
south side of Weldon Hill, the prominent hill about I mi. west of the
road. The thrust trends approximately east-west in this area, dipping
gently northward. Cleavage in an overturned and highly deformed,
south-facing Paleozoic section in the hill just east of the Aguila road at
this point is parallel to cleavage in McCoy Mountains Formation below
the Harquahala thrust on Weldon Hill, suggesting that the Paleozoic
rocks are in the footwall of the thrust as well. The Eagle Eye de-
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tachment fault lies east of the hill underlain by Paleozoic rocks, and
truncates the Harquahala thrust near here.
Mile 30.4-turn left (NW) on dirt road. Mile 31.4-pass intersection with road to Alaska Mine (to left); continue straight, towards
range. Mile 31.6-merge with road from left, continue north toward
the range. Mile 32.1- pass left tum to Snowball Mine. Mile 32.4enter Blue Tank Canyon. Bedrock in this area is equigranular to
slightly porphyritic biotite granodiorite to monzogranite, informally
named the Weldon Hill granite, with abundant pendants of older
amphibole-rich gneiss. Mile 33.3-park along road.
Stop 4. Arrastre Gulch View From Blue Tank Canyon
Cross Blue Tank wash and climb the steep NE wall of the canyon.
Aim for the flat-topped area at the end of the long ridge along the NE
side of the wash. Along the way, you will cross a mylonite zone
interpreted to repre-sent a deformed intrusive contact between the
Weldon Hill granite and older mafic gneiss. Looking NE from the top
of the ridge an excellent view of the Arrastre Gulch window can be
had.
The traverse starts in banded amphibole-rich gneisses interpreted
to be Proterozoic metavolcanic rocks; (Fig. 7) these gneisses characteristically have a NW-trending, moderately NE-dipping compositional
banding in this area. This foliation is progressively overprinted up the
ridge, and recrystallized amphibole, ranging from dark-green hornblende to light green actinolitic hornblende can be observed on foliation surfaces. Amphibole prisms can be observed both oriented parallel
to the DODO-trending lineation in the overlying shear zone, and as spray
oriented clu'sters, suggesting mineral growth during and after evolution
of the shear zone. A 2-7 m thick mylonite zone is found along the
contact with overlying biotite granitoid. Kinematic indicators have not
been found in this mylonite zone. The presence of dikes of biotite
granitoid in the gneiss, and pendants of the gneiss in the granitoid,
interleaving of the two units and irregularities in the planar trace of the
shear zone as it is followed up the ridge suggest that it represents a
highly strained intrusive contact.
At the top of the ridge look NE at the escarpment on the SW face
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of Harquahala Mountain, bounded by a near vertical NW-trending
right-oblique fault, down on the SW. This fault is one of several postdetachment fault, NW-trending faults that cut the Harquahala Mountains. In the escarpment, you will see a light-grey band of Coconino
Quartzite and Kaibab Limestone, strongly attenuated, and structurally
inverted. Below this light-colored band, and in the middle-ground
ridge are dark-weathering, strongly epidotized, calcareous sandstone,
believed to correlate with the Triassic or Jurassic Buckskin Formation
(Reynolds and others, 1987). This area lies in the central part of the
mafic dike swarm, and locally up to 50% of the bedrock is dikes.
Metasomatism of the Buckskin(?) Formation was apparently associated
with dike intrusion.
On the left (NW) side of the window, a second, thinner band of
light-colored Paleozoic carbonate lies above the thick band, separated
by a band of dark mafic gneiss. This thin sheet within the Harquahala
thrust zone thickens to the NE, and includes the basal Cambrian (Bolsa)
quartzite in depositional contact with crystalline rocks lithologically
identical to the upper plate assemblage on Harquahala Mountain.
Above this second carbonate sheet are mixed granitic and metamorphic
rocks of the Harquahala plate. This northwestern boundary of the
Arrastre Gulch window is a composite structure , in which the Harquahala thrust has been overprinted by a west-dipping shear zone and
associated foliation (S,). Fabrics associated with these two shear zones
are sub-parallel along the NW boundary of the window, and there is
little folding. Along the western boundary of the window, barely
visible at the base of the middle-ground ridge from this perspective, the
S, foliation is axial planar to folds in the Harquahala thrust with wavelengths of 10-20 m. The high density of minor high-angle faults and
dikes in this area makes the original geometry nearly impossible to
determine. Along the SW margin of the window a sheet of Proterozoic
porphyritic biotite granitoid, the Harquahala granite, overlies the
Paleozoic rocks. The actual Harquahala thrust is exposed in the low
country SE of the main ridges, and is invisible from this perspective.
The Big Hom Mountains lie to the SE, above the Eagle Eye
detachment fau lt. The prominent ridge of tilted volcanic rocks consists
of a repeated section of interbedded basalt and arkosic sedimentary
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rocks correlated with the Dead Horse basalt (Capps and others, 1985),
The sedimentary rocks comprise sandstone and puddingstone conglomerates deposited in a fluvial environment. The composition and character of these sediments indicates that they were deposited in a major
river system that flowed through this area before the development of
the Eagle Eye detachment fault (Allen, 1985; Richard, in press), The
section is capped at the SW end of this ridge by a massive conglomerate with abundant clasts of unmetamorphosed Paleozoic sedimentary
rocks, recording the unroofing and erosion of the footwall of the
detachment fault.
En Route To Stone Corral Canyon:
Return to the vehicles , and retrace the route back to the Aguila
Road and tum left (NE), Reset cumulative mileage to 0.0, Mile 1.6pass left tum (road to unnamed canyon in SW side of Arrastre Gulch
window), Mile 1.7-pass left tum (road to lower Arrastre Gulch),
Mile 3.O-pass left tum to Sunset Canyon and Arrastre Gulch, The
southwesternmost (and best) exposure of the Eagle Eye detachment
fault is in the deep wash west of this road (drive about ,5 mile NW
from the Aguila road, and look for red rocks on green rocks) , The
upper plate is a sedimentary breccia consisting of unmetamorphosed
Mesozoic sandstone and conglomerate resembling that in the southern
Little Harquahala Mountains and Red Hills, Mile 4.O-crosi> Tiger
Wash , Mile 8.3-Pump Mine well, pass right tum to various points in
Big Hom Mountains, Mile 8.5--cross Tiger Wash, Mile 1l.7-10w
hill on left is brecciated and MnO,altered basalt in hanging wall of
Eagle Eye detachment fault. Dark colored low hills near road for next
mile are similar upper plate rocks , Mile 13.3-turn left (west) towards
Stone Corral Mountain, Mile 13.6-gate in fence, Mile 14.4-pass
right tum, continue straight up canyon, Mile 14.5-park near old stone
corrals,
Stop 5, Stone Corral Canyon
In the Stone Corral Canyon area a S-dipping shear zone is localized in a thin, highly strained band of Proterozoic gneiss, schist and
porphyritic biotite granite, intruded above by the Brown's Canyon
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granite and below by foliated Proterozoic and Mesozoic(?) granitoids
(Fig, 8), NW-trending syn-plutonic foliation in the border zone of the
Brown's Canyon granite is transposed abruptly to parallel this underlying, S-dipping shear zone (Fig,8) , The kinematic significance of this
shear zone is ambiguous; both top-to-the-NE and -SW sense of shear
indicators have been observed in outcrop and in thin section, Mylonitic
foliation dies out rapidly downward below the shear zone and along
strike to the SW,
Walk north from the parking area into the major wash to see
outcrops of foliated gamet-biotite Stone Corral granite, probably related to the Brown's Canyon granite, The Stone Corral granite contains
a weak shape fabric interpreted to be a variably overprinted Late
Cretaceous fabric , Abundant thin, S-dipping mylonite and ultramylonite zones with stretching lineation trending 060 0 cut the
granite, Work up the canyon along the slope south of the wash, The
foliation in the granite becomes more strongly developed and both
foliation and lineation become penetrative structurally upward, A thin
zone containing mylonite and ultramylonite is found at the contact
between the Stone Corral granite and an overlying sheet of schist and
gneiss where the contact is exposed up the mountain to the NW,
Unfortunately, this contact is not exposed in the canyon, but lies very
near where the spring is located in the wash (look for the cottonwood
trees), Within the schist and gneiss above this fault, on the north side
of the wash, is a deformed Miocene(?) mafic dike, Note the lack of
fabric in the dike except at its fine-grained margins, The schist and
gneiss grade into foliated porphyritic biotite granite typical of Middle
Proterozoic granitoids in the range, The granitoid is in contact with a
complex mixed zone in which amphibolite gneiss is invaded by sheets
of texturally variable Brown's Canyon granite, ranging from finegrained granite to pegmatite, Continue walking up the wash, The
Tertiary mylonitic fabric dies out upward away from the mylonite zone,
A weak shape fabric in the granitoid becomes apparent; this fabric is
parallel to the textural banding in the granitoid sheets and trends NW,
dipping moderately SW, The granitoid sheets truncate gneissic banding in the metamorphic rocks they intrude at a low angle, If one
traverses up the canyon far enough, the granitoid sheets coalesce to
become the main phase of the Brown's Canyon granite, and only an ex-
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tremely weak shape fabric can be found in the rocks. Boulders in the
wash provide abundant examples of this rock. Return to the vehicles
when you've seen enough weakly deformed Brown's Canyon granite.
Retrace route to Aguila road, and tum left (north) toward Aguila. Tum
right on Az. 60 in Aguila, and proceed to Phoenix via Wickenburg.
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INTRODUCTION
The Mesozoic and Tertiary magmatic arcs in Arizona and northern
Sonora. Mexico. were constructed in a variety of tectonic environments
(Coney. 1978). Extensional deformation dominated during the Jurassic
and Tertiary arcs. whereas the Late Cretaceous and early Tertiary arc was
accompanied by contraction. Throughout the area. thick intra-arc and
back-arc sedimentary sequences accumulated at various times and in
various locations. as a result of the diverse tectonics (Dickinson. 1981).
Episodes of high-angle faulting. strike-slip faulting. crustal shortening.
and extension occurred at various times during the evolution of the region
(Silver and Anderson. 1974. 1983; Davis. 1981; Drewes. 1981).
In a small region west of Tucson and in adjoining parts of Sonora.
the Mesozoic through middle Tertiary tectonics deviate in several
significant aspects from that in the adjoining parts of Arizona and Sonora
to the north and east. These are: 1) rifting or thinning of the Proterozoic
and Paleozoic craton prior to. or contemporaneous with. the onset of arc
magmatism in the Early Jurassic (Haxel and others. 1988); 2) the
dominance of thrust faulting. regional metamorphism. and peraluminous
granite plutonism in the Late Cretaceous and early Tertiary (Haxel and
others. 1984); and 3) a different direction of extension during the middle
Tertiary (Goodwin and Haxel. in press). This anomalous region. the
Papago terrane of Haxel and others (1984. 1988). is bounded on the
northeast and northwest by an arcuate. southwest-concave boundary zone
of uncertain nature that extends from a point between Santa Ana and
Benjamin Hill to Robles Junction to northern Organ Pipe Cactus National
Monument to a point about 20 krn west-northwest of Sonoyta (Figure 1).
Its southwestern boundary is the trace of the Jurassic Mojave-Sonora
megashear of Silver and Anderson (1974. 1983). This trip across the
northern Papago terrane in south-central Arizona (Figure 1) focuses
primarily on the Late Cretaceous and early Tertiary tectonics of the terrane.
Aspects of the Jurassic and middle Tertiary tectonics along the route are
also examined. The field trip begins in the Organ Pipe Cactus National
Monument along the Arizona-Sonora border. proceeds east across the
Tohono O'odham Reservation. and ends at the Kitt Peak National
Observatory in the northern Baboquivari Mountains. some 36 miles west
of Tucson. Additionally. the tectonics of the terrane in adjoining parts of
north-central Sonora are discussed. but are not visited.
There is one important limitation that field trip participants and any
subsequent users of this guide must understand. Any collecting of rock
samples or geologic investigations in Organ Pipe Cactus National
Monument must have prior approval from the monument supervisor. A
similar restriction applies to the Tohono O'odham Reservation. where
permission must be obtained from the Tribal headquarters.
JURASSIC TO MIDDLE TERTIARY
GEOLOGY OF THE PAPAGO TERRANE
Early Jurassic volcanic and sedimentary rocks are the oldest
autochthonous rocks in the Papago terrane and these rocks form the
exposed basement in the terrane (Anderson and Silver. 1979; Haxel and
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others. 1984; Tosdal and others. 1989). Proterozoic crystalline rocks and
Paleozoic metasedimentary rocks crop out in the terrane. though they are
everywhere allochthonous and occur in the upper plate of Late Cretaceous
or early Tertiary thrust faults. Limited neodymium isotopic data from
Jurassic granitic rocks suggest. however. that Proterozoic continental crust
similar to adjoining parts of southern Arizona does underlie the Early
Jurassic volcanic and sedimentary rocks in the Papago terrane (Farmer and
DePaolo. 1984). Haxel and others (1988) proposed that the removal or
thinning of the pre-middle Mesozoic basement rocks of the Jurassic arc
occurred either during Late Triassic rifting or transform faulting. or during
Late Triassic or Early Jurassic inception of the extensional regime that
accompanied the development of the Jurassic arc.
The earliest products of arc magmatism in the Papago terrane are
widespread. locally thick. predominantly rhyodacitic ash-flow tuffs.
flows. volcaniclastic rocks. and sub-volcanic granite porphyry. These
rocks formed an extensive volcanic field in the Early Jurassic. In the
adjoining regions to the east. andesitic volcanism began in the latest
Triassic (Riggs and others. 1987; Asmerom and others. 1988). prior to the
major episode of explosive volcanism in the Early Jurassic. Volcanic and
sedimentary rocks sections in excess of 7 krn thick (Drewes. 1971; Haxel
and others. 1980). the 5 to 10 m.y. period of time for the eruption and
deposition of thick sections of volcanic and sedimentary rocks (Wright and
others. 1981). and the alkaline chemical affinities of many of the volcanic
rocks (Haxel and others. 1985) imply that the early development of the
magmatic arc occurred largely in an extensional environment (BusbySpera. 1988; Tosdal and others. 1989). In the Middle and Late Jurassic.
calc-alkaline plutons intruded the supracrustal rocks (Anderson and Silver.
1979; Tosdal and others. 1989). Elongate plutons. such as those in the
Baboquivari Mountains (Haxel and others. 1980). suggests that plutonism
may have been localized by deep-seated structures. some of which may
have played a role in the removal or thinning of the basement terrane or
were active during explosive volcanism.
In Middle(?) and Late Jurassic time. alkaline volcano-plutonic
complexes formed throughout the terrane (Haxel and others. 1985; Tosdal
and others. 1989). In northwest Sonora and southwest Arizona. a system
of sinistral strike-slip faults. the Mojave Sonora megashear of Silver and
Anderson (1974. 1983). cut obliquely across the arc. As much as 800 km
or more of aggregate displacement occurred along these faults during
Jurassic time. In northern Sonora. transpressive deformation and regional
metamorphism accompanied movement along the megashear (Anderson
and others. 1984; Connors and others. 1989).
Begilllling in the Late Jurassic and continuing into Cretaceous time.
the style and pattern of tectonism and magmatism and their influences on
sedimentation changed throughout the region. Back-arc rifting and
accompanying normal fault displacements formed a depositional basin for
the marine and non-marine rocks of the Bisbee Group (Bilodeau and
Lindberg. 1983; Dickinson and others. 1986). Within the Papago terrane.
rocks of. or equivalent to. the Bisbee Group are sparse.
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Figure 1. Interpretive tectonic map of southernmost central Arizona. Rocks affected by latest Cretaceous and early Tertiary deformation and regional
metamorphism are emphasized. Hachured line is the northern boundary of the Papago terrane; the location and boundaries of the enti re Papago terrane are
shown on the inset map. Adapted from Haxel and others (1980, 1984). Organ Pipe Cactus National Monument lies in the southwestern part of map area;
most of rest of area is within the Tohono O'odham Reservation.
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In Late Cretaceous and early Tertiary time. arc magmatism swept
eastward across the region (Coney and Reynolds. 1977). At this time
throughout much of Arizona and Sonora. volcanism was accompanied by
the.emplacement of composite subvolcanic calc-alkaline plutons. many of
which have associated porphyry copper deposits (Titley. 1982). Within
the Pal?ago terrane. however. Late Cretaceous and early Tertiary volcanoplu~oruc complexes are remarkably sparse in comparison to adjoining
regIOns. Instead. the terrane underwent an orogenic episode that involved
thrust faulting. regional metamorphism. and intrusion of crustally-derived
peraluminous granite plutons (Haxel and others. 1984). Similar types of
deformation. regional metamorphism. and granite plutonism occurred
outside of the Papago terrane to the northeast of Tucson (Keith and others.
1980; Bykerk-Kauffman and Janecke. 1987). though other contractional
deformation in southern Arizona also included thick-skinned faults and
usually lacked any significant regional metamorphism (Davis. 1979).
Regional quiescence and the cooling of the arc and deformed
terranes occurred in the early Tertiary throughout the region (Shafiqullah
and others. 1980; Tosdal and Miller. 1988). Beginning in the late
Oligocene and continuing into the Miocene. magmatism was reestablished
across the region (Shafiqullah and others. 1980). Extensional deformation
involving the formation of metamorphic core complexes and detachment
faults occurred broadly contemporaneous with volcanism (Davis. 1980).
DAY 1
ORGAN PIPE CACTUS NATIONAL MONUMENT
AND ADJOINING PARTS OF SONORA, MEXICO
Quitobaquito Hills and Puerto Blanco Mountains
The gently south-dipping Quitobaquito thrust (Figures 2 and 3)
places heterogeneous. high-grade Proterozoic gneiss and schist over
lower-grade metamorphosed Jurassic supracrustal and intrusive rocks.
Unlike other thrust faults in south-central Arizona. that have single lower
plates. the Quitobaquito thrust lies in the middle of a stack of some twelve
subparallel structural sheets. each of which is bounded by ductile shear
zones. These twelve structural sheets evidently form a duplex. A single
mylonitic or crystalloblastic metamorphic fabric. with consistently oriented
foliation and lineation. extends continuously from the lower part of the
uppermost thrust sheet down through the entire several-kilometer thickness
of the thrust stack (Figures 3 and 4). This tectonite fabric is most strongly
developed within the ductile shear zones that bound the thrust sheets and
decreases in intensity into their interiors. As the contacts between thrust
sheets are ductile shear zones marked by intensification of the regional
metamorphic fabric. they are also referred to as "tectonic slides." following
the definition of Hutton (1979).
The variably metamorphosed rocks within the duplex beneath the
Quitobaquito thrust are referred to collectively as the rocks of La Abra
(Figure 2). Principal lithologic types within the rocks of La Abra are
rhyolitic metaporphyry with conspicuous relict quartz phenocrysts and
locally with relict volcanic fabric or texture. medium- to coarse-grained
equigranular or porphyritic metagranite. quartzofeldspathic
metasedimentary phyllite and semischist with subordinate marble. and
fine-grained leucocratic granite to metagranite. Intrusive and depositional
contacts between rock units that now occur chiefly in different slide sheets
are preserved locally within sheets. and a few tectonic slides can be traced
laterally into nontectonic contacts. Furthermore. several of the slide sheets
include similar or identical rock types. These relations suggest that most
or all of the rocks of La Abra originally formed parts of a single volcanicplutonic complex. The rocks of this complex are considered to be largely
or. most likely. entirely of Jurassic protolith age because of their close
resemblance to isotopically dated Jurassic rock units in the southern
Tohono O'odham Reservation (Wright and others. 1981) and northern
Sonora (Anderson and Silver. 1978). The most widespread lithologic unit
of the rocks of La Abra (unit Jaq in Figure 2) extends southward into
northernmost Sonora. where an Early or Middle Jurassic U-Pb zircon
isotopic age has been determined by L.T. Silver (reported by Anderson
and Roldan-Quintana. 1979. p. 80). Jurassic granitic rocks below the
lowest tectonic slide in the Quitobaquito Hills and Puerto Blanco
Mountains (Figure 2) appear to be autochthonous.
A tectonic slide above the Quitobaquito thrust places the Late
Cretaceous (see below) granite of Aguajita Spring. which is dissimilar to
any of the structurally lower granite units. over the Proterozoic gneiss unit
(Figure 3). On both sides of this tectonic slide. the granite locally intrudes
the gneiss. indicating that this tectonic slide separates rock units that were
in contact prior to faulting. Likewise. the various lower-plate tectonic
slides separate rocks that are similar. are apparently interrelated. and (or)
were originally in nontectonic contact. In contrast. the Quitobaquito thrust
superposes totally dissimilar and unrelated rock units. It is for this reason
that the tectonic slides. although evidently related to the Quitobaquito
thrust. are considered subsidiary to it.
Another stack of slide sheets like those in the Quitobaquito Hills
occurs in the northern Puerto Blanco Mountains (Figure 2). and several
individual sheets can be correlated between the two areas. The slide sheets
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in the northern Puerto Blanco Mountains pass southward and structurally
upward into a large mass of structurally homogeneous metavolcanic rocks.
largely metamorphosed quartz porphyry. apparently lacking major tectonic
slides.
Farther south. in the Sonoyta Mountains. the fabric in the rocks of
La Abra was reoriented adjacent to a small pluton of peraluminous granite.
of presumed early Tertiary age. In a narrow dynamo-thermal aureole
present only on the southwest and south side of this pluton. the
metaporphyry was pervasively remetamorphosed to quartzofeldspathic
orthoschist. No fault equivalent to the Quitobaquito thrust crops out in the
Puerto Blanco or Sonoyta Mountains as far south as the Sonora border.
the southern limit of our mapping.
Haxel and others (1984) concluded that thrusting in the ranges
occurred in the latest Cretaceous and (or) early Tertiary. This age
assignment was based on the Late Cretaceous U-Pb age of the granite of
Aguajita Spring. determined by L.T. Silver and T.H. Anderson (Anderson
and Roland-Quintana. 1979). the Paleocene K-Ar minimum ages on white
mica and biotite from mylonitic fault rocks in the Quitobaquito thrust and
in several of the mylonitic zones marking the lower-plate tectonic slides.
and the consistent fabric orientation throughout the duplex. As an
alternative interpretation. T.H. Anderson and C.D. Connors argue in the
following paragraphs that deformation and metamorphism in the lower
plate of the Quitobaquito thrust is of Jurassic age.
Tectonics of adjoining parts of northern Sonora, Mexico
In Mexico. south of the Quitobaquito Hills and Sonoyta
Mountains. the Late Cretaceous and early Tertiary orogenic episode
described by Haxel and others (1984) has not been recognized and may
not be strongly manifested. The tectonic sequence in the ranges at the
U.S.-Mexico border locally contains three distinctive stratigraphic
elements. From structurally high to low these three units are Cretaceous
granite. Proterozoic gneiss and Jurassic supracrustal and intrusive rocks.
The fault along which the Cretaceous granite of Aguajita Spring is
emplaced above the Proterozoic gneiss proves the existence of at least
some Late Cretaceous deformation. This relation in conjunction with K-Ar
apparent ages of metamorphic rocks. plutons and fissure veins supports
the interpretation of a Late Cretaceous and Tertiary event in Arizona rather
than a deformation event of some other age.
However. mid-Tertiary fabrics and faults. although not strongly
manifested here. are well developed to the east and north. (and perhaps to
the west at EI Capitan) where the ages of deformation are constrained.
y.'eak. poorly-developed fabric. defined by slightly flattened quartz grains
m Cretaceous plutons. some of which contain two-micas. occurs in rocks
underlying the Cipriano Hills (southeast of Sonoyta). Comparable fabrics
are more strongly developed in some plutonic rocks to the east. From
Sasabe. about 140 km SE of Sonoyta. to Nogales several large ranges are
characterized by ductiley deformed rocks comparable to those described as
"metamorphic core complexes." Lineation in these rocks most commonly
trends NE-SW. Care must be taken to distinguish Tertiary ductile fabrics.
developed in attenuated rocks during regional extension. from Cretaceous
or Jurassic ductile fabrics developed during regional contraction (e. g. at
the bases of thrust and fold nappes).
With knowledge of these matters in mind. we wish to focus
attention upon the footwall rocks and structures of the Quitobaquito thrust.
that Haxel and others (1984. p. 636-637) noted were distinct from other
thrusts in the northern Papago terrane. Jurassic rocks similar to those at
Quitobaquito Hills and Puerto Blanco Mountains have been traced for
about 150 km southeastward into Sonora. In general the style of
deformation described in the Quitobaquito Hills persists although many
exceptions have been observed. especially in stacks of thrust sheets where
primary volcanic textures may be preserved in massive units. The
consistently oriented fabric in rocks in the U. S.• comprised of lineations
that trend generally NE-SW. moderately dipping foliation. and kinks and
crenulations that trend crudely E-W. are not distinguished in Sonora
because. as noted above. mid-Tertiary structural elements especially
lineation may be similarly oriented. Furthermore. the deformational style
appears to be most commonly developed in the Jurassic suite.
The Jurassic volcano-plutonic structural sequence is bounded to
the southwest by the postulated Mojave-Sonora megashear. along which
great left-lateral displacement is inferred to have occurred. probably in late
Jurassic time during and after the Oxfordian (perhaps in the interval 155 to
145 Ma). The Mojave-Sonora megashear has juxtaposed Proterozoic and
other pre-Jurassic rocks against this Jurassic volcano-plutonic complex
(Figure 5). The fault contact crops out in hills SW of Sonoyta and W of
Quitovac (50 km to the SE). Gneissic granite. mylonitic granite. mylonite
and phyllonite record increases in shearing in the Proterozoic rocks.
Shearing in the Jurassic suite varies; many of the rocks are mylonitic
especially near the fault contact. Near Quitovac. most of the foliation in
the Proterozoic and Jurassic units. strikes N-NW and dips steeply to the
SW; lineation commonly parallels the strike of foliation. In places.
lineation is oblique to the trace of the fault and foliation is crumpled.
Where these fabrics have developed. they are interpreted to be the result of
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Figure 2, Generalized geologic map of the Puerto Blanco and Sonoyta Mountains, Quitobaquito Hills, and easternmost Agua Dulce Mountains in Organ Pipe
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Mylontic augen gneiss (Proterozoic?)
Gneiss and schist (Proterozoic?)
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Quitobaquito thrust-dotted where concealed
Tectonic slide-dashed where inferred
Strike and dip of foliation, showing bearing and
plunge of lineation
Field trip stop

Figure 3. Simplified geologic map of the northeastemmost Quitobaquito Hills. Also shown is a simplified structural stratigraphy of the entire thrust stack in
the Quitobaquito Hills, including areas west of that included on the geologic map.
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transpression. as are slivers. approximately 20m wide and 200m long of
highly sheared fine-grained schist. derived fonn Proterozoic basement that
are fault bounded within sheared Jurassic volcaniclastic rocks (Connors
and others. 1989).
Near Sonoyta. the Mojave-Sonora megashear strikes NW and is
exposed as a subvertical mylonite zone hundreds of meters wide. Locally
small klippen of sheared and shattered granitic rocks of unknown age have
been emplaced onto the defonned volcanic sequence.
Regionally. the northeastward protrusions of Proterozoic
basement give the megashear a sinuous trace. perhaps also because of their
emplacement by thrusting onto the Jurassic suite.
At Quitovac. mylonitic fabric between the Proterozoic and Jurassic
rocks is recrystallized where the shear zone is intruded by weakly foliated
to nonfoliated Cretaceous(?) two mica granite and unfoliated Tertiary(?)
diorite. Recrystallization of shear fabrics has been observed at several
localities.
The strong development of shear fabrics in Jurassic rocks. the
relative absence of regionally developed shear fabrics in Proterozoic.
Paleozoic. and Mesozoic rocks SW of the megashear and recrystallization
of fabrics in Jurassic rocks by Cretaceous plutons suggest to us that many
ductile structures in the Jurassic arc sequence are pre-Late Cretaceous and
furthennore may be genetically related to processes accompanying
displacement along the megashear. We believe that the footwall sequence
below the Quitobaquito thrust was probably assembled in Late Jurassic
time. The Proterozoic rocks in the hanging wall were likely emplaced
synchronously with the fonnation of the footwall thrust stack or shortly
after footwall assembly. Reactivation of many of these thrusts may have
accompanied the emplacement of the Cretaceous granite of Aguajita
Spring.
In summary. a perspective from south of the border suggests a
history in the Quitobaquito Hills that includes not only Tertiary and Late
Cretaceous defonnations but Late Jurassic defonnation as well.

N

Figure 4. Lower hemisphere equal-area projection of lineation in
metamorphic tectonites of the Quitobaquito Hills. Puerto Blanco
Mountains. and Sonoyta Mountains. Contoured: regional metamorphic
lineation in the Quitobaquito Hills. including both the lower and upper
plates of the Quitobaquito thrust. and the Puerto Blanco Mountams
(excluding the steeply diping slide sheets in the northwes.tern ~uerto
Blanco Mountains); contour interval is 3%/1 % area. n=116. Filled Clfcles:
lineation in the remetamorphosed schist of the dynamothennal aureole on
the southwest anbd southeast sides of the Senita Basin pluton. and in the
pluton; n=29. Stars : reoriented regional metamorphic lineation north of
the the Senita Basin area.
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Quitobaquito Hills and Puerto Blanco Mountains
At the junction of AZ 85 and the entrance to Organ Pipe
Cactus National Monument headquarters. tum west onto the
Puerto Blanco loop drive and continue until the junction with
the Bates Well road. Along this part of the loop drive. the
various units of the autochthon and structurally-overlying
thrust sheets are crossed. The autochthon of the thrust stack
is the granite of Acuna Wash. consisting primarily of diorite
and granite. Overlying the granite along tectonic slides are
metamorphosed volcanic. volcaniclastic. and sedimentary
rocks which make up the rocks of La Abra. [The slide
contacts are best viewed from the loop drive prior to reaching
the Bates Well road junction.] Miocene volcanic rocks of the
Ajo Volcanic field (Gray and Miller. 1984) unconfonnably
overlie the Jurassic rocks.
About 22 miles from the entrance. tum north (right) onto
the Bates Well Road and drive about 3.5 miles to Pozo Nuevo
Well. To the west. lies the Late Cretaceous granite of Aguajita
Spring. the structurally highest rock unit in the Quitobaquito
Hills. The road crosses Cipriano Pass. which is underlain by
high-angle faults that separate the Quitobaquito Hills on the
west from the Cipriano Hills on the east. Subparallel sheets
of Proterozoic quartzofeldspathic. mafic. and augen gneiss in
the upper plate of the Quitobaquito thrust lie west of the pass.
A partly dissected middle Miocene basaltic shield volcano
crops out in the Cipriano Hills east of the pass.
Park at Cipriano Well. or if unable. at Pozo Nuevo Well
about 1.2 miles farther north (Figures 2 and 3). The vista to
the west is an cross-sectional view of the duplex in the
Quitobaquito Hills. The high mountains in the distance are the
Aqua Dulce Mountains consisting predominantly of Middle(?)
and Late Jurassic granitic rocks of the Ko Vaya super-unit.
The granite and diorite at the easternmost tip of the range are
correlated with the granite of Acuna Wash in the Puerto
Blanco Mountains. Proterozoic megacryst granite occurs as
pendants of all sizes in the Jurassic granitoids. The
Proterozoic and Jurassic granitic units fonn the autochthon to
the duplex and are mylonitically defonned at the base of the
overlying thrust stack. Above the granites are structurally
interleaved rocks of La Abra and granite of Acuna Wash.
which form the subdued hills in the middle ground. The
south-dipping Quitobaquito thrust superposes Proterozoic
gneiss over Jurassic rocks and is located at the color change
between the lighter rocks to the north and the darker rocks to
the south. The upper-plate Proterozoic gneiss fonn the easttrending scarp that extends from the thrust to Cipriano Pass.
The Late Cretaceous granite of Aguajita Spring occurs farther
south.
From Cirpriano Well. hike about 3 kID in a 2800 to 285 0
heading towards the northern tip of the east-facing spur. This
will take you to a thrust sheet consisting of Jurassic granite
porphyry; the underlying tectonic slide lies buried a short
distance north of the spur tip. The hike then proceeds
southward up structural section across the Quitobaquito
thrust. into the Proterozoic gneisses. and to the granite of
Aguajita Spring. before returning to the vehicles (Figure 3).
Total walking time is several hours and covers about 8 kID.
Several inselbergs are crossed on the pediment along the
way to the thrust sheets. These inselbergs consist of
conglomerate and sandstone of probable Tertiary age that are
intruded by Miocene Childs Latite. a widespread volcanic and
hypabyssal unit consisting of distinctive megaporphyritic
latite. Clasts within the Tertiary(?) conglomerate include most
of the Proterozoic and Mesozoic rocks found in the adjoining
Quitobaquito Hills and reddish quartzite that is similar to the
Cambrian Bolsa Quartzite. and bluish grey. fossiliferous
limestone that is similar to the Mississippian Escabrosa
Limestone. These latter two formations are part of the
Paleozoic cratonal stratigraphy of southern Arizona. and their
nearest exposure occurs near Bates Well. some 25 kID to the
northeast.
Stop 1.1: Lower plate thrust sheets
The thrust sheet at the toe of the spur consists of the Jurassic
granite ofPozo Nuevo and lies approximately in the middle of
duplex (Figure 3). Beneath this thrust sheet and above the
underlying autochthonous rocks are three major and several
minor thrust sheets that consist of different units within the
rocks of La Abra. the Jurassic granite of Acuna Wash. and
Proterozoic megacryst granite.
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Figure 5. Generalized geologic map of Sonoyta-Quitovac region, north-central Sonora.

The granite of Pozo Nuevo consists of two phases, a finegrained quartz-two feldspar granite porphyry and a less
common and finer grained feldspar porphyry. Both phases
crop out at this stop and together might be the subvolcanic
equivalent of the quartz porphyry tuffs that characterize much
o~ the rocks of La Abra. The granite is crossed again along
this traverse.
Walking southward along the ridge, the granite of Pozo
Nuevo becomes progressively mylonitically deformed toward
its planar upper contact with a thrust sheet of light-grayweathering quartz blastophenocrystic mylonite, inferred to
have been derived from myolitic tuff. The lithologic contact is
mapped as the tectonic slide surface, though the zone of
penetrative mylonitic deformation extends outward from it.
Structurally above the metatuff lies a thin, laterally persistent
thrust sheet consisting of greenschist, thought to have been
derived from andesitic or dacitic volcanic or volcaniclastic
protoliths. Farther west, this thrust sheet cuts down structural
section and overlies the granite of Pozo Nuevo. Continuing
southward and up structural section lies another thrust sheet
containing the granite of Pozo Nuevo. Above the granite lies
a metasedimentary rock unit consisting of sericitic phyllite and
schist, metaconglomerate, purplish-brown or green semi-
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schist, and calc-silicate rocks. Lithologic layering in the unit
is transposed into parallelism with the planar fabrics. These
rocks do not crop out well along this traverse, but are best
examined in the fault slivers immediately west. The
metasedimentary rocks form the footwall to the Quitobaquito
thrust.
Stop 1.2: Quitobaquito thrust
The Quitobaquito thrust superposes an upper plate of
Proterozoic gneiss over the rocks of La Abra. The
pronounced color change between the light-weathering
Jurassic metasedimentary rocks and the dark Proterozoic
gneiss in the center of the ductile shear zone is the thrust
surface. At this particular location, a mylonitic augen gneiss
is the dominant rock type in the upper plate, though
heterogeneous quartzofeldspathic and mafic gneiss occur at
the thrust surface along strike to the west. The rocks
adjoining the thrust surface are ultramylonite, with
surrounding mylonite, gneiss, and schist. Biotite and white
mica are the phyllosilicate minerals in the fault rocks,
indicating that metamorphism occurred under greenschist
facies metamorphic conditions. The ductile fabrics are locally
folded by late stage kinks. Gouge and breccia along parts of
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the thrust indicate that the structure was reactivated locally
subsequent to thrusting, perhaps contemporaneously with
movement on the northwest-trending high angle faults.
In and adjacent to the Quitobaquito thrust, sparse
kinematic indicators, primarily asymmetric folds, a few of
which contain a new axial-plane-parallel cleavage, were noted
during the mapping in 1980. For the most part, these indicate
a northward direction of thrusting, though the data are not
unique and need further documentation using various
microstructural criteria (Simpson and Schmid, 1983) that have
been developed since our mapping in 1980.
Stop 1.3: Upper-plate Proterozoic gneiss
Continue south across the upper-plate Proterozoic gneiss
crossing along the way several lithologic types; there is no
official stop locality. The thrust sheet consists of interlayered
biotite-hornblende gneiss and schist, biotite quartzofeldspathic
gneiss, amphibolite, and grey granitic gneiss. Deformed
pegmatite and aplite intruded the gneiss. Augen gneiss forms
a distinct thrust sheet within the larger gneiss package.
Generally, the gneiss are segregated into mafic-rich and
quartzofeldspathic-rich lithologic packages that lie subparallel
to the Quitobaquito thrust. The quartzofeldspathic gneisses
tend to be mylonitic, particularly at contacts with other rock
types.
The mafic gneisses and schists contain a
crystalloblastic fabric. Within the mafic gneiss, hornblende is
locally retrograded to chlorite. The internal structure of the
gneiss is poorly understood.
Stop 1.4: Late Cretaceous granite
of Aguajita Spring
Two different contact relations between the granite of Aguajita
Spring and the Proterozoic gneisses are examined at this stop.
A) In the wash, granite and associated aplite intrude the
gneiss. A single fabric crosses the contact obliquely and dips
more shallowly southward. The fabric in the gneiss is
crystalloblastic, whereas in the granite it is protomylonitic to
mylonitic. This fabric is essentially co-planar and co-linear to
that found throughout the duplex including the base of the
granite of Aguajita Spring. The gneiss a few meters away
from the contact locally is almost without any fabric. B)
Climb out of the wash toward the west onto the adjoining
terrace. About ten meters to the west lies a small hill
consisting of mylonitic granite gneiss derived from the granite
of Aguajita Spring. The granite gneiss structurally overlies
Proterozoic gneiss along a tectonic slide. The upper contact of
the granite gneiss does not crop out, so its character is not
known for certain. Similar contact relationships between a
thin sheet of the granite of Aguajita Spring and the gneiss are
noted in at least one other locality in the Quitobaquito Hills.
These relations led Haxel and others (1984) to conclude
that the granite intruded the gneiss, perhaps developing a
thermal aureole, and that the entire sequence was then
deformed during thrusting. As an alternative, T.H. Anderson
and C.D. Connors have suggest above that the thrust stack
was assembled prior to intrusion of the granite of Aguajita
Spring, and that its deformation and some reactivation of the
thrust stack accompanied its emplacement in the Late
Cretaceous.
Return to the vehicles via three possible routes. One route
follows the wash to the north through a prominent saddle
formed by three small northwest-trending faults. Once on the
pediment, tum east and retrace the original route to the
vehicles. Along this route, another sliver of granite of
Aguajita Spring inside the gneiss package is crossed. A
second and more direct route follows the right fork of the
wash to the northeast and cuts obliquely across the
Proterozoic gneisses. A third and more circuitous route
proceeds east approximately following the contact between the
granite of Aguajita Spring and the Proterozoic gneiss until the
Bates Well road is encountered.
27.9

Stop 2: Quitohaquito Springs
Drive south from Cipriano Well, intersecting the loop drive
and continue to the junction with the road to Quitobaquito
Springs. Tum west (right) and park in the parking lot, about
0.4 miles from the junction.
Around the springs undeformed phases of the granite of
Aguajita Spring are easily examined. At this location and in
stark contrast to the north where the granite was involved in
the thrusting, the granite here is largely undeformed, though
locally there is a weak dimensional alinement of biotite. In
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addition, two phases of the granite crop out around the
springs.
30.7

36.6

Stop 3
Stop along the side of the road close to the small isolated hill
along the border with Sonora. Mexico Route 2 lies just across
the fence. On this hill, a klippe of the granite of Pozo Nuevo
structurally overlies metamorphosed quartz porphyry rllyolite.
The tectonic slide separating the two rock types crops out on
the hill. Furthermore, on the other side of the international
boundary, which crosses the hill, the metarhyolite was dated
at about 178±5 Ma, using U-Pb geochronologic methods
(L.T. Silver, in Anderson and Roldan-Quintana, 1979).
Return to vehicles and continue east along the loop drive.
Tum north (left) at the junction of the loop drive and the
Senita Basin road and drive north about 4.5 miles to the
parking area in Senita Basin. Parle and prepare for a traverse
of slightly more than one hour and 1.5 km round trip.
The senita (Cerus schottii) found in this area is
widespread in Sonora. In the United States, the natural
distribution of this cactus is restricted to less than one hundred
individuals in an area of several square kilometers in and
around Senita Basin. In comparison to the much more
common organ pipe cactus, the senita is a lighter, more
yellowish green and its columns have fewer circumferential
pleats or flutes. Also characteristic are the grizzled clusters of
spines atop older senita. Another distinctive Sonoran plant
locally found in the Senita Basin-Sonoyta Mountains area is
the elephant tree, readily recognized by its stout trunks,
papery outer barle, and strongly aromatic leaves.

The Senita Basin Pluton and its Dynarnothermal Aureole
The granite of Senita Basin is a small pluton, about 3 by 6 km in
exposed area, of peraluminous leucogranite (Figures 2 and 6) of
presumable of early Tertiary age. This pluton intrudes regionally
metamorphosed Jurassic igneous and sedimentary rocks that are generally
similar to those examined in the Quitobaquito Hills (Stop 1) and at the hill
on the Arizona-Sonora border (Stop 3).
The granite of Senita Basin (and most of the other peraluminous
leucogranites in south-central Arizona) comprises two types of intrusive
phases (Table l). The older phases are leucocratic reddish-weathering
biotite granite in which muscovite and garnet are sparse or absent. The
younger phases are highly leucocratic whitish-weathering muscovite
granite and pegmatite, with or without biotite and (or) gamet. In the Senita
Basin pluton, older-phase granite makes up the main, central part.
Younger-phase granite and pegmatite are concentrated near the margins of
the pluton: in the outer part of the pluton, in the country rocks adjacent to
the pluton, and in mixed-rock areas consisting of schist with abundant
dikes of granite or granite with numerous inclusions of schist (Figure 6).
The Senita Basin pluton is notable for its range of intrusive styles.
Along the north and northeast sides of the pluton, the granite is unfoliated,
and its country rocks commonly are iron-oxide stained, hornfelsic, and
locally are cut by quartz-sericite veins. The country rocks contain only the
regional metamorphic fabric, which has been reoriented (Figures 4 and 6).
In most of the Quitobaquito Hills-Puerto Blanco Mountains area, regional
metamorphic foliation dips south-southwest and lineation plunges
southwest. Along the north side of the Senita Basin pluton, the rotated
regional metamorphic foliation dips northward and the lineation plunges
northeast.
On its southwest and southeast sides, the Senita Basin pluton is
foliated and surrounded by a dynamothermal aureole within which the
country rocks are pervasively remetamorphosed to quartzofeldspathic
schist. Fabric relations involving the schist and the two intrusive phases
of the pluton indicate that the dynamothermal aureole formed during
intrusion. Within the dynamothermal aureole, including the mixed-rock
areas, some dikes of older-phase granite crosscut the foliation of the
schist, but most older-phase dikes have foliation and lineation parallel to
those in the schist that they intrude. Younger-phase granite and pegmatite
dikes consistently are undeformed and sharply.crosscutting. Lineation in
the pluton and its dynamothermal aureole generally trend northwestsoutheast, subparallel to the longer axis of the pluton in plan view (Figures
4 and 6).
Foliation and lineation within the Senita Basin pluton and its
dynamothermal aureole, and rotation of the regional fabric north of the
pluton, evidently reflect local strain during late-tectonic intrusion of the
pluton rather than the regional strain pattern during Late Cretaceous-early
Tertiary orogenesis. Two factors may explain why the synintrusion fabric
is restricted to the southwestern and southern part of the pluton. First,
map patterns and relations of contacts to topography suggest that the
southern part is near the roof of the pluton (Figure 6). Although low relief
around Senita Basin renders the attitude of contacts there uncertain, the
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northern contact of the pluton may be its wall or side. Second, late
granite, pegmatite, and aplite dikes are considerably more common in and
adjacent to the the southern ' part of the pluton area than elsewhere.
Apparently, concentration oflate intrusions and fluids (and heat?) in the
roof of the pluton facilitated penetrative deformation there. The less
heavily intruded rocks along the side(?) of the pluton were only passively
deformed.

Stop 4.3: Dynamothermal aureole
of the granite of Senita Basin
Park at the west edge of the low hills. Prepare for a severalhour traverse of 4-5 km round trip. Walk north-northwest 0.5
km to a large, south-draining arroyo. Follow this arroyo
generally north, then northeast, then north-northeast for about
1.2 km, into the southwestern Sonoyta Mountains. Stop
where the arroyo splits into two major tributaries. This takes
you to the southwest side of the granite of Senita Basin where
it intrudes quartzofeldspathic schist produced by
remetamorphism of the metamorphosed quartz porphyry unit.
The schist forms a mappable unit that grades back into the
metamorphosed quartz porphyry to the northwest and
southeast (Figure 6).
This schist unit is exposed here and in the immediately
surrounding hills or low mountains. The somewhat higher
mountain approximately 0.8 km to the northeast is underlain
by mixed schist, granite, and pegmatite. Along the southwest
side of this mountain, between the schist and mixed-rock
units, is a band of granite with few inclusions of schist.
The foliation and lineation that characterize the schist in
the dynamothermal aureole are also present in the granite of
Senita Basin in and around the southern end of the pluton. In
this area, much of the main body of granite is foliated and
lineated. Furthermore, many of the dikes of granite intruding
the schist share the same fabric of the schist. In general,
many of the older-phase granite dikes are foliated whereas
younger-phase granite and pegmatite dikes are unfoliated .
Lineation in the granite and its dynamothermal aureole differ
in orientation from the regional metamorphic fabric (Figure 4).
The best place to examine schist intruded by both
synkinematic older-phase dikes and postkinematic youngerphase dikes is on the northern of the three spurs that extend
westward from the main ridge in the area. This area is about
0.8 km north-northeast of the fork in the arroyo.
Afterwards, return to the road and continue for about 4
miles east to Lukeville. Tum north (left) onto AZ 85 and
proceed about 22 miles to the junction of AZ 85 and AZ 86 at
Why; Ajo is to the west (left) about 10 miles. Along the drive,
the Ajo Range lies to the east and to the west are the Bates
Mountains. Both ranges consist of gently east-dipping early
to middle Miocene silicic and less common basaltic volcanic
rocks of the Ajo Volcanic field (Tosdal and others, 1986;
Gray and Miller, 1984.

43.3

Stop 4.1 : The granite of Sen ita Basin
From the parking area, walk northwest, across low hills of the
granite of Senita Basin. The interior of the Senita Basin
pluton typically consists of fairly homogeneous unfoliated ,
coarse-grained biotite granite. Muscovite seams, several
millimeters thick, are common along joints in some areas. In
general, thin aplite dikes and quartz veins are sparse. Dikes of
muscovite granite and pegmatite-the younger intrusive
phases of the pluton (see above)-are rare in the central part
of the pluton but common along the margins.
After walking approximately O.S km from the parking
area,look for contacts between the granite of Senita Basin and
reddish-brown rocks of the metamorphosed quartz porphyry
unit. Much of the the contact is covered by discontinuous
patches of Quaternary gravel. However, good outcrops of the
rocks within the contact zone can be found in the small hills
rising above the alluvial terraces and in arroyos.
Stop 4.2: The northern margin of the
Senita Basin pluton: intrusion without
dynamothermal metamorphism
The contact zone between the granite of Senita Basin and the
metamorphosed quartz porphyry unit is gradational, in that
between the two units is a mixed zone consisting of
metamorphosed quartz porphyry intruded by granitic dikes
and granite with inclusions of metamorphosed quartz
porphyry. Here, this mixed zone is -100 m wide.
Along the north side of the Senita Basin pluton, the
metamorphosed quartz porphyry unit (Figure 6) has the same
re~ional metamorphic fabric that it does in the Quitobaquito
Hills and Puerto Blanco, though in most places this fabric has
been passively reoriented by intrusion of the pluton. No new
fabric is developed adjacent to the pluton nor within its
margin. Rather, the country rocks of the pluton are thermally
metamorphosed. The hornfelses grade northward into
regionally metamorphosed quartz porphyry.
Return to the Senita Basin parking area . Drive back to
the loop drive and tum east (left) at the junction with the loop
drive.
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DAY 2
TOHONO O'ODHAM RESERVATION
AND KITT PEAK AREA
Leave Ajo and drive east on AZ 86 through Why and enter the
Tohono O'odham Reservation
Gunsight Hills
of A~ 86, . about 5 to 15 miles east of Why, are the
Gunslght Hills (FIgure 1) where Late Cretaceous granite, Late
Cretaceous(?) and early Tertiary gneiss, and late Oligocene
and Miocene volcanic and plutonic rocks crop out on a
partially exhumed pediment. Here, a latest Cretaceous
porphyritic hornblende-biotite granodiorite and granite, dated
at about 67 Ma (V-Pb on zircons), are defonned in a steeplydipping ductile shear zone which has an exposed structural
thickness of approximately 4 km (Haxel and others, 1984;
Tosdal and others, 1986). The highest strain and
metamorphic grades in the shear zone lie in the southeasternmost Gunsight Hills, where a 59 Ma K-Ar age on
hornblende places a minimum age on the defonnation (Haxel
and others, 1984).
The ductile shear zone is interpreted to have been steeply
tilted (Haxel and others, 1984; Tosdal and others. 1986).
probably above a middle Tertiary detachment fault. This
implies that the shear zone originally was gently dipping. The
late Oligocene to early Miocene granite of Schuchuli intruded
the Late Cretaceous granitoids at the northwestern end of the
Gunsight Hills. This composite middle Tertiary pluton also is
tilted. based on textural variations within the granite (Tosdal
and others. 1986). K-Ar ages on biotite of 23±0.7 Ma and
22 .9±0.7 from two different phases of the granite of
Schuchuli (Tosdal and others, 1986. R.M. Tosdal.
unpublished data) place a maximum age on the tilting. Tilting
in the area pre-dated eruption of subhorizontal early Miocene
rhyodacitic tuffs rocks. the oldest of which has a K-Ar age on
biotite of 22.4±0.7 Ma. This tilting chronology is similar to
that documented in the Ajo area by Hagstrum and others
(1987).
Sou~

Stop 5: Overview of Sierra Blanca
About 28 miles east of Why. pull off the road where there is a
clear view of Sierra Blanca. the light-colored range to the
northeast (Figure 1). This range contains a well preserved
record of Late Cretaceous to early Tertiary thrust faulting.
regional metamorphism. and granitic plutonism. comparable
to that examined in the Quitobaquito Hills and Sonoyta
Mountains (Stops 1-5) and to be overviewed from Kitt Peak
(Stop 6.4).
The essential structural elements of Sierra Blanca are.
from high to low structural levels: a crystalline upper plate of
Proterozoic orthogneiss. the Late Cretaceous to early Tertiary
Window Mountain Well thrust. a lower plate of Late
Cretaceous to early Tertiary schist and metaconglomerate
derived from Lower Jurassic strata. and an early Tertiary
syntectonic peraluminous leucogranite. The upper-plate
orthogneiss fonns the lower. darker hills at the north end of
the Sierra Blanca. The lower-plate metamorphic rocks.
intruded by numerous pegmatite and granite dikes. crop out in
the northern one-third of the higher part of the range. The
southern two-thirds of the range is leucogranite containing
numerous inclusions of schist and metaconglomerate.
Fabric relations in Sierra Blanca indicate that thrust
faulting. regional metamorphism. and granitic plutonism were
closely related in space and time. and together constituted a
single protracted orogenic episode (Haxel and others, 1984).
For the next eight miles. the road crosses bedrock in a highly
faulted divide between the Sierra Blanca and Brownell
Mountains to the north and the Quijotoa Mountains to the
south. Units exposed in or near the roadcuts include: (1)
Reddish-weathering. strongly altered Late Jurassic granite and
subordinate granodiorite of the Ko Vaya super-unit of Tosdal
and others (1989). (2) Red to brown to maroon rhyodacitic
intrusive porphyry that is related to the granite. The granite
and porphyry are cut locally by veins containing specularite
and (or) magnetite. epidote. tounnaline. and quartz. (3)
Jurassic trachyandesitic lavas. argillite. sandstone. and
conglomerate. (4) Dikes and small irregular intrusions of
middle Tertiary(?). and possibly also Jurassic dioritic rocks.
(5) Middle Tertiary red conglomerate and sandstone.
The Jurassic granite and porphyry units extend northward
and southward to make up most of the Brownell and Quiiotoa
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Mountains. respectively (Figure 1). These two ranges are in
the upper plate of the Window Mountain Well thrust (Stop 5).
47

Quijotoa Trading Post; junction with the Tohono O'odham
Reservation highway 15. north to Casa Grande. Bear south at
junction, toward Sells and Tucson.
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Tum south (right) on to AZ 386 towards the Kitt Peak
National Observatory.

Kitt Peak Area
This leg of the field trip has four principal purposes: (1) A regional
tectonic overview of Late Cretaceous to early Tertiary thrust faulting and
plutonism in south-central Arizona (Stop 6.4). This overview
complements the geology seen in the Quitobaquito Hills and Sonoyta
Mountains. (2) An overview of the middle Tertiary extensional tectonics
of south-central Arizona (Stop 6.4). (3) Examination of one of the two
suites of Jurassic granitoids that are widespread in southern Arizona and
southeastern California (Stops 6.1. 6.3). Incidental stops on Kitt Peak
include a brief overview of the Jurassic rocks of the central Baboquivari
Mountains (Stop 6.2) and a visit to the Kitt Peak National Observatory
(Stop 6.5). (4) An overview. from AZ 86. of a small but infonnative
middle Tertiary metamorphic core complex in the northern Coyote
Mountains (Stop 7).
Mileages for Stops 6.1-6.5 are measured from Kitt Peak junction
(Figure 7). The road to Kitt Peak National Observatory and the visitor
facilities at the Observatory are open to the public only between 10 AM and
4 PM. The elevation at the top of Kin Peak is 6900 feet (2100 m). strong
winds are common. and temperatures are typically ~20°F (~IO°C) cooler
than on the desert below.
00.0

08.1

09.6

10.6

Kin Peak junction. Tum south on AZ 386. the road to Kin
Peak National Observatory, located at the northern tip of the
Baboquivari Mountains. This part of the Baboquivari
Mountains is underlain by Middle and Late Jurassic calcalkaline granitoids, the granodiorite of Kitt Peak and the
granite of Pavo Kug Wash (Haxel and others. 1980). The
granite intrudes the granodiorite along a northwest-trending
contact that extends across the southwestern flank of Kin Peak
where it is intersected twice by the highway (Figure 7). These
Jurassic granitoids belong to the Kitt Peak-Trigo Peaks superunit of Tosdal and others (1989).
Most of the first 8 miles of the ascent of Kin Peak is in the
granodiorite of Kin Peak (to be examined at Stop 6.3). On the
north flank of the mountain. the granodiorite is cut locally by
dikes of gamet-bearing aplite. that probably are related to the
early Tertiary granite in the Coyote Mountains to the east (see
Stops 6.4 and 8). Dark dikes and small irregular intrusions
visible in a few road cuts between the foot of the mountain and
Stop 6.1 are middle Tertiary microdiorite and lamprophyre.
Stop 6.1: Granite of Pavo Kug Wash
This biotite syenogranite and monzogranite is leucocratic.
coarse- to fine-grained. texturally heterogeneous. and
characterized by large. ovoid grains of greasy-gray quartz. In
general. hornblende, garnet and primary muscovite are absent.
J.E. Wright has detennined a concordant V-Pb zircon age of
160 Ma for the granite from this location. The isotopic
samples of this unit analyzed by Farmer and DePaolo (1984)
and Solomon (1989) were all collected from this outcrop.
Stop 6.2: Overview of the
central Baboquivari Mountains
~aboquivari Peak. the prominent peak some 20 km due south.
IS composed of red-weathering Late Jurassic perthite granite
and quartz perthite syenite. Most of the main crestline of the
Baboquivari Mountains between Kin Peak and Baboquivari
Peak is underlain by the granite ofPavo Kug Wash or by an
Lower Jurassic intrusive rhyodacite porphyry (Haxel and
others, 1980). The western slopes and foothills of the range
are underlain chiefly by Lower Jurassic volcanic. sedimentary
and hypabyssal rocks, that together fonn a stratigraphic
section approximately 8 km thick (Tosdal and others, 1989).
The yellowish dikes and bosses around and west of
Baboquivari Peak are 24-Ma intrusive rhyolite.
Stop 6.3: Granodiorite of Kitt Peak
unit compri.ses medium- to coarse-grained hornblendebIOtite granodlOnte and monzogranite. Wedge-shaped, darkhoney-colored sphene crystals 1-3 mm across are
characteristic. Most of the unit is porphyritic. with K-feldspar
phenocrysts 2-4 cm lonl(. Biotite-rich Quartz monzodioritic
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Figure 7. Simplified geologic map of the Kitt Peak area and Coyote Mountains. Map is adapted from Wright and Haxel (1982). Encircled numbers mark
field trip stops. The stippled patterns in the central Coyote Mountains represent areas of abundant pegmatite dikes.
enclaves are sparse to common. J.E. Wright has detennined a
concordant U-Pb zircon age of 165 Ma for the granodiorite
from this location. The isotopic samples of this unit analyzed
by Fanner and DePaolo (1984) and Solomon (1989) were all
collected from this outcrop. In this outcrop, though not in
most other areas, the granodiorite is cut by sparse veins
containing tounnaline, epidote, and (or) sulfide minerals.
Though typical granodiorite of Kitt Peak and typical
granite of Pavo Kug Wash are distinct in appearance and
composition (Table I), the more leucocratic varieties of the
granodiorite unit locally resemble those varieties of the granite
unit that have relatively high color index. However, the
granodiorite unit has hornblende, sphene, and mafic enclaves
whereas the granite unit does not, and only the granite unit has
greasy-gray quartz.
11.4

Take note of but drive past a wide turnout on the north side of
the road; this will be Stop 6.4. As a left turn is not permitted
here, proceed to the parking lot at the visitor center at the top
of the mountain (another 0.4 miles), tum around, and return
to this turnout.
Stop 6.4A: Late Cretaceous to
early Tertiary contractional tectonics
In the Baboquivari Mountains region, the counterpart of the
Quitobaquito thrust (seen in the Quitobaquito Hills) is the
Baboquivari thrust (Figure 1). Although the structural style
and tectonic relations of these two thrusts are similar, their
exact structural relation is uncertain, chiefly because most of
the area between the Quitobaquito Hills and the Baboquivari
Mountains is covered by late Cenowic volcanic rocks and
gravels. There is one hint: a distinctive granite, very similar to
the granite of Aguajita Spring in the upper plate of the
Quitobaquito thrust, crops out in the Alvarez Mountains, an
isolated range southwest of Kitt Peak (Figure 1). The
simplest interpretation would be that the Quitobaquito and
Baboquivari thrusts are the same fault. If not, the
Quitobaquito thrust is probably structurally higher than the
Baboquivari thrust.
The Baboquivari Mountains chain, which extends from
the Kitt Peak-Coyote Mountains area southward some 60 km
into northernmost Sonora, is a fenster in the Baboquivari
thrust sheet (Figure 1; Haxel and others, 1984). The
Baboquivari thrust crops out in two places: along the
southwest flank of the Baboquivari Mountains (not visible
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from here) and in the eastern Comobabi Mountains,
approximately 20 km northwest of here.
The South and North Comobabi Mountains (bearing 285°
and 315°, respectively), consisting of a Middle(?) and Late
Jurassic volcano-plutonic complex, are in the upper plate of
the Baboquivari thrust. The lighter colored Haivana Nakya
Hills (bearing 305°), east of the main Comobabi Mountains,
are a small fenster into the lower plate, which consists of
Lower Jurassic metasedimentary and metavolcanic rocks. The
Haivana Nakya Hills are geologically similar to the
northwestern end of the Baboquivari Mountains, and
constitute a northwestward extension of the Baboquivari
Mountains fenster (Figure 1). The lightest colored area at the
southern end of the Haivana Nakya Hills is a small body of
syntectonic peraluminous leucogranite.
A larger syntectonic peraluminous leucogranite pluton, the
58-Ma Pan Tak Granite, makes up the northern two-thirds of
the rugged Coyote Mountains, east-northeast of Kitt Peak
(Wright and Haxel, 1982). The southern part of the Coyote
Mountains consists of foliated granodiorite of Kitt Peak and
granite ofPavo Kug Wash. In the central Coyote Mountains,
the Pan Tak Granite, much of it pegmatitic, and its
metamorphosed Jurassic granitoid country rocks are
intennixed. This complex intrusive zone is prominently
displayed in the central part of the steep western face of the
Coyote Mountains. In outcrop, intrusive contacts are
consistently sharp; the Pan Tak Granite is not migmatitic.
Stop 6.48: Overview of
middle Tertiary extensional tectonics
The Coyote Mountains form the northern end of the
Baboquivari Mountains chain (Figure 1). The northern slope
of the Coyote Mountains is a small metamorphic core
complex, recording top-to-the-north tectonic transport (Figure
2; Stop 7). A larger metamorphic core complex at the
southern end of the Baboquivari Mountains chain records
southward transport (Goodwin and Haxel, in press). The
central three-fourths of the range, between these two
metamorphic core complexes, is unaffected by middle Tertiary
ductile defonnation.
The Coyote Mountains metamorphic core complex (not
visible from here) comprises a mylonitic shear zone overlain
by a detachment fault, both moderately north-dipping. The
detachment fault is displaced downward (its trace displaced
southward) by a high-angle fault on the west side of the
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Coyote Mountains, and crops out discontinuously along the
northern edge of the Kitt Peak block (Figure 7). No zone of
penetrative mylonitization is present beneath the detachment
fault here. Either the structural level is above that of
penetrative ductile deformation or any thin mylonite zone
originally present beneath the detachment fault was excised
when the detachment fault was partially reactivated and
modified by a steeper brittle fault (see Stop 7).
Middle Tertiary crustal extension at a high structural level
is also visible in the Comobabi and Artesa Mountains, the
ranges west-southwest to northwest of Kitt Peak. The Artesa
Mountains (bearing 250°), the South and North Comobabi
Mountains (285°, 315°), and the Sil Nakya Hills (325°) are
horsts. Between these four horsts are three grabens or half
grabens, that are filled with middle Tertiary conglomerate and
subordinate volcanic rocks (Figure 1). The best exposed of
these grabens (305°) lies between the South and North
Comobabi Mountains. A down-structure projection of the
geologic map (Haxel and others, 1978) of this graben and the
flanking horsts suggests that extension is thin-skinned, being
structurally bounded at its base by a middle Tertiary
detachment fault that was partially or largely localized along
the Late Cretaceous to early Tertiary Baboquivari thrust.
The direction of crustal extension indicated by mylonitic
lineation in the northern Coyote Mountains and the horst-andgraben pattern of the Comobabi and Artesa Mountains and Sil
Nakya Hills is approximately 015°. In contrast, middle
Tertiary extension directions in most of southern Arizona and
northern Sonora are consistently 060-065°. This deviation
from the regional trend is one of several anomalous
characteristics of the Papago terrane (see Introduction;
Goodwin and Haxel, in press).
From Stop 6.4, tum left onto the highway and drive to the
parking lot at the visitor center.
Stop 6.5: Kitt Peak National Observatory
Visitor facilities are open from 10 AM to 4 PM. The small
three-needle pine trees on Kitt Peak are Mexican piflon (Pinus
cembroides), a species not common in the United States.
From the visitors center return to Kitt Peak junction and reset
mileage. Tum east (right) on Arizona Highway 86, toward
Tucson.

Table 1. Representative analyses of the Jurassic granodiorite of Kitt Peak,
the Jurassic granite of Pavo Kug Wash, and the older and younger phases
of the early Tertiary granite of Senita Basin 1. [Major element oxides in
weight percent, trace elements in Ilg/g]
Granite of Senita Basin
Granite of
Granodiorite
Younger phase
Pavo Kug Wash Older phase
of Kit! Peak
OP157
OPI68
BD15
BD9
76.4
75.0
63 .3
76.4
Si02
13.6
13.1
16.6
13.0
AI203
0.08
0.66
1.97
0.30
F9203
0.17
0.71
FeO
2.86
0.31
0.40
<0.10
MgO
1.78
0.27
0.18
0.52
4.19
0.83
Cao
4.54
3.32
3.52
3.03
Na~
5.32
4.05
3.49
5.29
K20
0.20
<0.02
0.61
0.13
Ti02
<0.05
0.05
0.22
<0.05
P20S
<0.02
0.20
0.11
<0.02
M'O
0.27
0.76
0.42
0.33
H~+C02
0.02
0.06
0.10
0.03
F+CI
99.7
99 .5
100.1
99.7
Total
1.08
1.12
2ASI
0.96
1.06
400
Rb
110
245
120
<20
Sr
380
77
86
<20
Ba
1100
240
540
2
La
43
34
60
14
Y
24
15
68
110
Zr
210
33
56
1Analysts: A. Bartel, J. Budahn, B. King, J. Taggart, B. Vaughn.
2Alumina saturation index = molar AI20:Y(CaO+Na~+K20).
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Stop 7: Arizona's smallest
metamorphic core complex
Stop at the rest area on the south side of the road. The
northern slope of the Coyote Mountains contains most of the
essential features of a middle Tertiary metamorphic core
complex (for example, Reynolds and others, 1988) in an area
only 3 by 5 km (Figure 7; Davis and others, 1987). The
principal crystalline protolith for the metamorphic core is the
58-Ma Pan Tak Granite (see Stop 6.4). Early Tertiary
generation and intrusion of the granite and middle Tertiary
fonnation of the metamorphic core complex were not
genetically related (Wright and Haxel, 1982).
Approximately one-quarter of the way up the northwest
side of the main peak of the Coyote Mountains there is a
change from rugged, slabby outcrops, controlled by westdipping joints within the Pan Tak pluton, to more subdued
outcrops, controlled by north-dipping mylonitic foliation.
This change marks the gradational lower contact of the middle
Tertiary mylonite zone, which has a structural thickness less
than one kilometer. Mylonitic lineation plunges northward.
Overlying this mylonite zone is a composite fault consisting of
a gently or moderately north-dipping detachment fault that has
been partially reactivated and modified by a younger northdipping fault. The trace of composite fault is marked by the
pronounced break in slope at the foot of the range.
The Coyote Mountains are notable as one of the places in
southern Arizona where Late Cretaceous to early Tertiary
regional metamorphic fabrics and middle Tertiary
metamorphic core complex ductile fabrics are most clearly
distinguishable: here the two fabrics contrast in distribution,
age, style, and orientation.
Boulders of the granodiorite of Kitt Peak, granite of Pavo
Kug Wash, and garnet- and muscovite-bearing Pan Tak
Granite border the rest stop along its south side.
End of field trip. To return to Tucson, continue east on
AZ86.
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The Early to Middle Jurassic Magmatic Arc
in Southern Arizona: Plutons to Sand Dunes

Nancy R. Riggs
Department of Geological Sciences
University of California
Santa Barbara, California 93106

INTRODUCTION

The unusual association of eolian quartz arenites and intermediate to silicic volcanic rocks is found within the remnants of the
Early to Middle Jurassic magmatic arc (Tosdal and others, 1989) in
southeastern California, southern Arizona, and northern Sonora.
This field trip focuses on the region southwest and south of Tucson,
Arizona (Figure 1), where eolian dune deposits are interstratified
with volcanic rocks that represent two contrasting eruptive styles-a
possible caldera and a multi-vent complex. This region also
presents a unique cross-section through the upper crustal levels of
the Early to Middle Jurassic arc.
This field trip examines Early and Middle Jurassic granitic
rocks, hypabyssal to subvolcanic plutonic rocks; and related
andesitic to rhyolitic lavas, ignimbrites, and coeval eolian dune
deposits. The first one-half day of the trip, in the Las Guijas
Mountains, will be devoted to the intrusive rocks (Stops lA, B), an
introduction to the supracrustal rocks (Stop 1C), and an overview of
the Arivaca region (Stop 1C). The second day, in the Cobre Ridge
area, will be spent examining deposits related to a probable caldera
complex, including outflow(?) ignimbrites (Stops 2A, B, C); dune
deposits interstratified with the ignimbrites (Stops 2B, C); and
overlying, slightly younger non-eolian sedimentary strata (Stop 2D).
The third day will be spent in the Santa Rita Mountains examining
the Mount Wrightson Formation, which contains an intermediate to
silicic multi-vent volcanic complex (Stop 3A), and the best-preserved
and best-exposed Jurassic eolian deposits in southern Arizona (Stop
3B).
REGIONAL GEOLOGIC SETTING, ARIVACA REGION

The "Arivaca region" as described in this field trip guide lies
between the Santa Cruz River valley and the Altar Valley north of
the Sonoran border and south of the Sierrita Mountains (Figures 1
and 2). It is the area of the Arivaca, Tubac, Oro Blanco, and Ruby
15' quadrangles. Geologic mapping of the Arivaca region, at scales
of1 :24,000 and 1:50,000, by Haxel, Riggs, and S.J. Seaman began in
1987 and will be completed in the early 1990s. Parts of the region
were mapped previously by Knight (1970), Keith and Theodore
(1975), and Riggs (1985). Most other earlier studies are of small
areas within mining districts (see Schnabel and others, 1986). This
section presents the first systematic outline of the overall geologic
framework of the Arivaca region.
Preliminary U-Pb geochronologic data for Early or Middle
Jurassic rocks of the Arivaca region are introduced here; no other UPb ages have yet been determined. Some aspects of the geology and
geochronology of the Arivaca region can be clarified by comparison
or correlation with better known areas: the Santa Rita Mountains
to the east (Drewes, 1971a, b, 1976; Riggs and others, 1986;
Asmerom, 1988) and the Baboquivari Mountains to the west (Haxel
and others, 1980, 1981; Wright and others, 1981).

The Papago Terrane
The Papago terrane is a 20,000 km 2 region of south-central
Arizona and adjacent north-central Sonora whose Mesozoic through
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middle Tertiary geologic history differs subtly but significantly from
the rest of southern Arizona (Haxel and others, 1988; Goodwin and
Haxel, in press). Nd, Sr, and U-Pb zircon isotopic evidence shows
that the crust beneath the Papago terrane is Early to Middle
Proterozoic in age, as in the rest of southern Arizona (Farmer and
DePaolo, 1984; Wright and Haxel, 1982). Within the Papago terrane, however, Proterozoic and Paleozoic rocks are sparsely exposed
and where present are allochthonous (Haxel and others, 1980,
1984). The oldest autochthonous, regionally extensive unit in the
Papago terrane comprises Early Jurassic supracrustal rocks, whose
substrate is not exposed. The Papago terrane is characterized by
extensive areas of Jurassic volcanic and granitoid rocks, which are
more abundant in the Papago terrane than in surrounding areas.
These rocks are fundamentally part of the Jurassic magmatic arc
that extended across southwestern North America (Tosdal and
others, 1989). Late Cretaceous calcalkaline granitoids and volcanic
rocks are less common and early Tertiary peraluminous leucogranites more common within the Papago terrane than in areas to the
north and east.
The arcuate, gradational northeastern boundary of the Papago
terrane passes through the northeastern part of the Arivaca region
(Figure 1).

Early to Middle Jurassic Supracrustal and Intrusive Rocks
The oldest units widely exposed in the Arivaca region are Early
and (or) Middle Jurassic volcanic, hypabyssal, and sedimentary
rocks. The volcanic rocks are chiefly rhyolitic and rhyodacitic
ignimbrites and related pyroclastic rocks; lava flows are less
common. Interbedded with these volcanic rocks are eolian quartz
arenites and derivative fluvial arenites. The Early to Middle
Jurassic volcanic rocks also are interbedded with and gradationally
overlain by diverse sedimentary rocks ranging from siltstone to
cobble conglomerate . The substrate upon which these Early to
Middle Jurassic supracrustal rocks were deposited is not exposed.
Well-preserved sections of unmetamorphosed Early to Middle
Jurassic volcanic, hypabyssal, and sedimentary rocks are exposed in
Cobre Ridge and vicinity (Knight, 1970; Bilodeau and Keith, 1986;
Stops 2A and B; Figures 4-6), the Pajarito Mountains (Riggs, 1985),
the southern Las Guijas Mountains (Stop lC; Figure 3), and in a
small area southwest of the Cerro Colorado Mountains (Figure 2). A
distinctive, widespread crystal-rich rhyodacite, the tuff of Pajarito
(Stops 1 C, 2A), may be correlative in all of these sections.
Rhyolitic or hypabyssal granitic plutons related to the Early to
Middle Jurassic volcanic rocks underlie Fraguita Peak and other
parts of Cobre Ridge, the Pajarito Mountains, the area east of
Jalisco Ridge, and several smaller areas (Figure 2). The largest of
these hypabyssal plutons makes up most of the Las Guijas
Mountains. The hypabyssal intrusions consist of two intergradational rock types: granite porphyry (the granite porphyry of Las
Guijas, unit Jpg; Stop IB) and rhyolite porphyry (unit Jpr). The
granite porphyry in the Las Guijas Mountains is accompanied by
two bodies ofthe equigranular, medium- to coarse-grained granite of
Durazno (unit Jg; Stop lA). Similar and probably related granite
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basalts, but such rocks are apparently absent from the Arivaca
region.
In the southern San Luis Mountains (Figure 2), where the Early
to Middle Jurassic rocks are incipiently to strongly metamorphosed
(see below), relatively fine-grained volcanic and hypabyssal rhyolite
or rhyolite porphyry can not be consistently distinguished and are
mapped as a single unit, which may locally include metamorphosed
granite porphyry. A separate unit of metamorphosed primary pyroclastic, reworked pyroclastic, and epiclastic rocks is mappable
because it is characterized by relict pebble- to cobble-size fragments.
In the western San Luis Mountains, metamorphosed granite
porphyry is mapped separately (Figure 2).
The characteristic or most common upper crustal crystalline
rock type of the Arivaca region is the Early to Middle Jurassic granite porphyry of Las Guijas. This unit consistently appears in the
lowest exposed structural and stratigraphic positions: intruding the
base of the Early to Middle Jurassic sections, and unconformably
beneath Late Jurassic and Cretaceous supracrustal rocks.

Middle or Late Jurassic Granitic Rocks
Granite and granodiorite at the northern end of the Tumacacori
Mountains (Drewes, 1981, p. 79-80; Reynolds and others, 1986, p.
111) probably belong to the Late Jurassic Ko Vaya superunit of
Tosdal and others (1989). Small granite bodies in Cobre Ridge
intrude Early to Middle Jurassic supracrustal rocks, contributed
clasts to Late Jurassic conglomerate (Knight, 1970), and probably
are Middle or Late Jurassic. Middle and Late Jurassic granitoids
crop out over large areas in the ranges surrounding the Arivaca
region: the Baboquivari, Santa Rita, and Sierrita Mountains, and
Sierra Cibuta (Figure 1).
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Figure 1. Geographic map of part of south-central Arizona, showing
roads driven on field trip (dashed), general area of each field trip
Stop (filled triangles), and part of the gradational northern
boundary Chachured line) ofthe Papago terrane (see text).
crops out southwest of the Cerro Colorado Mountains. These are the
only granites of probable Early or early Middle Jurassic age in
south·central Arizona.
The Early and (or) Middle Jurassic age assigned to volcanic and
sedimentary rocks in the Arivaca region is based upon correlation
with strata in the Baboquivari Mountains for which Early Jurassic
U-Pb zircon ages of 190±10 Ma have been determined (Wright and
others, 1981), and upon preliminary interpretation of U-Pb ages
from the Arivaca region (see below). In particular, the rhyolitic
ignimbrites and interbedded arenites in the Arivaca region have
strong lithologic and stratigraphic affinities with the rocks of the
lower Ali Molina Formation in the Baboquivari Mountains (Tosdal
and others, 1989). The overlying Early to Middle Jurassic siltstone,
sandstone, and conglomerate in the Arivaca region appear to correlate with the upper Ali Molina Formation and the Pitoikam
Formation, also Early Jurassic in age, of the Baboquivari
Mountains.
Few geochemical data are available for Early to Middle Jurassic
rocks in the Arivaca region (Kerr, 1946; Riggs, 1985). The composition of the rhyolitic rocks and the granite porphyry of Las Guijas can
be estimated from analyses of their respective counterparts in the
Baboquivari Mountains: the Ali Molina Formation and the intrusive porphyry of Tinaja Spring (Table 1). The alkali- and alkali
earth-element systematics of Early to Middle Jurassic volcanic and
hypabyssal rocks in south-central Arizona generally have been
strongly perturbed by multiple episodes of alteration (Drewes,
1971c; Riggs, 1985; Krebs and Ruiz, 1987; Haxel, unpub. data,
1983). Relatively immobile major and trace elements indicate that
the tuff of Pajarito, Ali Molina Formation, and porphyry of Tinaja
Spring include both rhyolite and dacite; these units can be generally
called "rhyodacitic." The granite of Durazno, though probably
related to the rhyodacitic rocks, is slightly different in composition
(Table 1, Stop lA). The Early Jurassic section in the Baboquivari
Mountains includes comendites and minor within-plate alkaline
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Late Jurassic and Cretaceous Sedimentary Rocks
The northern San Luis Mountains and the strip of low country
extending about 10 km southeast from Arivaca (Figure 2) are underlain by conglomerate, sandstone, and siltstone that we provisionally
correlate with the Late Jurassic Glance Conglomerate and the Early
Cretaceous Bisbee Group (Bilodeau and others, 1987).
Alternatively, some of the finer-grained strata could correlate with
the Late Cretaceous Fort Crittenden Formation (Hayes, 1987).
Over most of its outcrop area, the overall stratigraphic sequence
of the Late Jurassic and Cretaceous unit is obscured by Late
Cretaceous to early Tertiary regional metamorphism and deformation and by extensive middle Tertiary faulting. The most straightforward section ofunmetamorphosed and less-faulted strata forms a
moderately south-dipping, south-facing homo cline in the low hills
northeast of Fraguita Peak (Figure 2). In this area, a substrate of
the Early to Middle Jurassic granite porphyry of Las Guijas is overlain by a basal unit of sedimentary breccia, which grades upward
into conglomerate that in turn grades upward into interbedded
conglomerate, sandstone, and siltstone. The basal breccia and overlying conglomerate closely resemble and probably are correlative
with the Glance Conglomerate of southeastern Arizona.
Late Jurassic or Late Cretaceous
Intermediate Volcanic Rocks
Two low-lying areas-the area between Arivaca and the Cerro
Colorado Mountains, and the hills eas~ of Jalisco Ridge (Figure 2)are largely nonresistant, highly altered, generally grayish and
purplish lava flows, flow breccias, and volcaniclastic breccias of
intermediate composition. Intercalated conglomerate and sandstone
are subordinate but widespread. Rhyolitic volcanic rocks crop out in
one small ridge. A few lensoidal bodies of limestone or quartzite,
0.1-1 km long, may be slide blocks of Paleozoic strata (S.J. Reynolds,
personal commun., 1989).
In the area east of Jalisco Ridge, the intermediate volcanic
sequence rests unconformably on the Early to Middle Jurassic granite porphyry of Las Guijas. The basal unit is a layer of limestone
several meters thick; its depositional contact with the granite porphyry is locally well exposed. The limestone is overlain by polylithologic conglomerate, which in turn gives way upward to the volcanic
rocks.
The intermediate volcanic unit is moderately brittlely deformed:
moderate to steep dips are common, the unit is cut or bounded by
several large faults and cut by innumerable small faults, and in one
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Figure 2. Geologic map of part ofthe Arivaca region, south-central
Arizona, Widespread dioritic and lamprophyric dikes in the San
Luis Mountains, related to the diorite of Sulfrido (unit Td), are
not shown. Labeled enclosures indicate locations of larger scale
geologic maps shown in Figures 3, 4, 5, and 6. Sources of
geologic mapping: San Luis Mountains-Las Guijas Mountainssouthwest Cerro Colorado Mountains area and the area east of
J alisco Ridge: Haxel, unpub., 1987-1989; Pajarito Mountains:
Riggs (1985); Cobre Ridge area: Knight (1970), Riggs, unpub"
1988-1989.
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EXPLANATION
QTg

Gravel. conglomerate. sand. sandstone (Quaternary and late
Tertiary)

Tvs

Intermediate to silicic volcanic and hypabyssal rocks. conglomerate.
sandstone (middle to late Tertiary)

Tc

Conglomerate; minor sandstone. intermediate to silicic volcanic
rocks (middle Tertiary)

Tr

Rhyolite. latite. and dacite dikes (middle Tertiary)

Td

Diorite of Sulfrido: diorite. quartz monzonite; minor gabbro.
hornblendite (middle Tertiary)

Tg

Granite of Presumido Peak (early Tertiary)

TKd

Intrusive dacite. dacite porphyry; subordinate granodiorite or diorite
(Late Cretaceous. early Tertiary and/or middle Tertiary)

KJs

Conglomerate. sandstone. siltstone (Late Jurassic and Cretaceous)

KJv

Intermediate-composition volcanic flows. breccias. intrusions;
subordinate conglomerate. sandstone; minor silicic volcanic rocks
(Late Jurassic or Late Cretaceous)

Jgd
Jg

Granite and granodiorite (Middle or Late Jurassic)
Granite of Durazno (Early or Middle Jurassic)

Jpg

Granite porphyry of Las Guijas (Early or Middle Jurassic)

Jpr

Rhyolite porphyry. chiefly hypabyssal (Early or Middle Jurassic)

Js

Sandstone. siltstone. conglomerate; subordinate volcanic and
hypabyssal rhyolite (Early or Middle Jurassic)

Jb

Volcanic breccia and conglomerate. commonly rhyolitic (Early or
Middle Jurassic)

Ja

Arenitic sandstone (Early or Middle Jurassic)

Jr

Rhyolite. chiefly volcanic. in part hypabyssal; subordinate
sandstone. siltstone. conglomerate (Early or Middle Jurassic)

J ql Tg .

J p 9 ~ T9
~

Metamorphosed rocks of units Jr and Jpg strongly intruded by dikes
and
irregular bodies of granite. unit Tg
Metamorphosed unit: converted to phyllite. semischist. schist. and
(or) metaconglomerate; or metaporphyry
Contact; dotted where concealed
Gradational contact
Fault; dotted where concealed
Rhyolite. latite. and (or) dacite dike; unit Tr

11111111111111 Textural metamorphic gradient; arrows point toward higher grade
rocks
..... Atascosa

place it is folded into a macroscopic syncline. The unit lies entirely
northeast of the area affected by Late Cretaceous to early Tertiary
regional metamorphism.
The intermediate volcanic unit is younger than the Early to
Middle Jurassic granite porphyry of Las Guijas and older than
middle Tertiary dikes and volcanic rocks. All contacts with the Late
Jurassic and Early Cretaceous strata are faults. Regional comparison suggests that the intermediate volcanic unit is either Late
Jurassic (compare with the "Artesa sequence" ofTosdal and others,
1989) or Late Cretaceous (compare with the Salero Formation;
Drewes, 1971c, 1981).
In the northwestern part of the Cerro Colorado district, the
intermediate volcanic unit is intruded by two small, heterogeneous,
composite stocks of dacitic porphyry and subordinate granodiorite or
diorite. These stocks do not resemble any of the Jurassic intrusive
units of south-central Arizona, and could be either Late Cretaceous
or middle Tertiary.
Late Cretaceous to Early Tertiary
Regional Metamorphism and Plutonism
In most of the central and southern San Luis Mountains,
Jurassic and Cretaceous rocks are incipiently to strongly metamorphosed. Some rocks have only a subtle cleavage (see Optional Stop),
others are converted to phyllite or schist. In the southern San Luis
Mountains, schists and phyllites are intruded by peraluminous
granite essentially continuous with the early Tertiary granite of
Presumido Peak in the southern Baboquivari Mountains (Haxel and
others, 1981; Goodwin and Haxel, in press). This metamorphic and
plutonic episode in the Arivaca region represents the eastern limit of
the Late Cretaceous to early Tertiary orogenic episode in south-central Arizona (Haxel and others, 1984). The approximate outer limit
of regional metamorphism extends southeastward along the fault on
the southwestern side of the Las Guijas Mountains, south and
southeast from Arivaca near the eastern edge of Cobre Ridge, and
thence southwestward somewhere between Cobre Ridge and Tres
Bellotas Wash (Figure 2).
Middle Tertiary Dikes and Stock
Two types of middle Tertiary dikes are sparse to abundant in
the Arivaca region (Knight, 1970; Riggs, 1985; Figure 2). Rhyolitic,
dacitic, and latitic dikes, not necessarily all related, are common in
the San Luis Mountains, Cobre Ridge, and Pajarito Mountains.
Some of these dikes are more-or-Iess isolated, but most of them form
swarms that strike northwest-southeast. Nonresistant, dark-colored
microdiorite and lamprophyre dikes and small irregular intrusions
are widely scattered in the northwestern Las Guijas Mountains, San
Luis Mountains, Cobre Ridge, and Pajarito Mountains. The mafic
dikes and some of the silicic dikes of the Arivaca region are southeastward extensions of more voluminous dike swarms in the
Baboquivari Mountains (Goodwin and Haxel, in press; Haxel and
others, 1990). A composite stock in the central San Luis Mountains
(Figure 2), here named the diorite of Sulfrido, is composed of diorite
and quartz monzonite with minor gabbro and hornblendite. The
diorite of Sulfrido evidently is related to the middle Tertiary microdiorite and lamprophyre dikes .
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Middle Tertiary Crustal Extension
and Late Tertiary Faulting
Much of the structural framework of the Arivaca region has
been blocked out by the middle Tertiary episode of crustal extension
that affected most of southern Arizona and much of northern Sonora
(Reynolds and others, 1988; Anderson and others, 1980; Nourse,
1988). The middle Tertiary extension direction in the Arivaca
region was approximately northeast-southwest, intermediate
between the NNE-SSW extension direction characteristic of most of
the Papago terrane and the ENE-WSW (060-240°) direction in the
remainder of southern Arizona (Goodwin and Haxel, in press).
Evidence or manifestations of NE-SW middle Tertiary crustal
extension within the Arivaca region include: normal faults and fault
zones, horsts, and half-grabens (Figure 2); dike swarms; the diorite
of Sulfrido stock; and detachment-like faults underlain by pervasively iron-oxide stained crystalline rocks and overlain by steeply
dipping to vertical reddish conglomerates. The detachment-like
faults occur in the southern San Luis Mountains, which form the
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Table 1. Representative analyses of Early to Middle Jurassic volcanic and intrusive rocks, Arivaca region, Baboquivari Mountains, and
Santa Rita Mountains, southern Arizona. [Major-element oxides in weight percent, Zr in J.lg!g.l
1
2
3
4
5
6
7
Number a
Range
Baboquivari
Pajarito
Baboquivari
Las Guijas
Santa Rita
Santa Rita
Santa Rita
Unit
Ali Molina
Tuff of
Porphyry of
Granite of
Lower member, Middle member, Piper Gulch
Formation
Pajarito
Tinaja Spring Durazno
MWFb
MWFb
Monzonite
Monzonite
Rhyodacite
Rock type
Rhyodacite
Rhyodacite
Rhyodacite
Perthite granite Andesite
779
65D794
Sample
PR210
225-1
BG52
(G)
630179
55.4
71.6
Si02
73.3
74.9
71.4
75.18
55.2
18.2
15.0
14.0
13.0
14.1
13.48
15.1
Al203
4.2
1.2
1.30
2.08c
1.56
0.87
5.1
Fe203
3.0
0.26
FeO
0.73
1.02
0.21
4.0
3.1
0.1
MgO
0.37
0.39
0.66
0.06
3.7
0.42
5.0
CaO
0.46
0.17
0.95
0.08
4.7
3.8
2.6
Na20
5.02
1.99
3.72
4.08
3.3
4.3
7.6
K20
3.50
5.41
5.00
5.21
3.1
0.97
0.17
Ti02
0.36
0.24
0.32
0.21
1.4
0.57
0.02
P205
<0.05
0.05
0.10
0.02
0.75
0.14
0.21
MnO
<0.02
0.04
0.15
0.18
0.91
0.53
0.35
H2 0 ++ C0 2+ F
1.54d
0.66
0.38
2.76
100.0
99.9
Total e
99.6
99.8
99.8
99.8
99.5
200
200
&
~
~
00
~
aSources: 1, 3: Haxel, unpub., 1983; 2: Riggs (1985); 4: Kerr (1946); 5, 6: Drewes (1971); 7: Drewes (1976).
bMWF: Mount Wrightson Formation.
CTotal Fe as Fe203.
dLoss on ignition.
eIncludes H20- and BaO, not tabulated.
fNot representative; typical Zr abundance in Ali Molina Formation samples is 230 ppm.
northeastern part of the Pozo Verde metamorphic core complex
(Goodwin and Haxel, in press).
In a several places in the Arivaca region, faults striking approximately N-S are younger than the approximately NW-SE striking
faults related to middle Tertiary extension (Figure 2). The N-S
faults presumably are related to late Tertiary basin-and-range
faulting, although the NW-SE and N-S episodes offaulting probably
overlapped in time. The peculiar arrays or networks of curvilinear,
intersecting faults in the San Luis Mountains may reflect interaction ofthe two episodes.
Middle Tertiary Volcanic Rocks
The Atascosa, Tumacacori, and Cerro Colorado Mountains,
Jalisco and Coches Ridges, and several smaller areas are underlain
by middle Tertiary volcanic rocks, which comprise two regional
units. The lower unit is andesitic and dacitic lava flows, flow breccias, and tuff; in some places with interbedded siltstone, sandstone,
and conglomerate (Knight, 1970; Riggs, 1985). The upper unit is
intermediate to silicic ash-flow and fallout tuff, lava flows, and mudflow breccia. In the Atascosa Mountains, this upper unit is zoned
from high-silica rhyolite at the base to andesite, containing clots of
clinopyroxene and calcic plagioclase, at the top. This sequence suggests eruption of a zoned magma chamber (Seaman and Foss, 1990).
The upper volcanic unit of the Arivaca region may be part of a
middle Tertiary volcanic field that originally extended from the
southern Santa Rita Mountains west to the western Baboquivari
Mountains (Seaman and Foss, 1990). The silicic to intermediate
dikes swarms in the Arivaca region and the Baboquivari Mountains
probably are related to the volcanic rocks. K-Ar and U-Pb zircon
ages from volcanic and dike rocks in these two areas indicate an age
of approximately 24-27 Ma for at least part of the middle Tertiary
magmatism (Drewes, 1972; Shafiqullah and others, 1978; R.M.
Tosdal, written commun., 1982; J .E. Wright, written commun.,
1981).
REGIONAL GEOLOGIC SETTING,

SANTA RITA MOUNTAINS
The Santa Rita Mountains lie south-southeast of Tucson,
between the Santa Cruz River valley on the west and Sonoita Creek
on the east (Figure 1). The geology of the Santa Rita Mountains has
been described in detail by Drewes (1968; 1971a,b,c; 1972; 1976);
only a brief summary is given here.
The Santa Rita Mountains contain rocks ranging in age from
Early Proterozoic to late Tertiary. The Proterozoic rocks and overlying cratonic Paleozoic strata represent units and facies that are
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widespread in southeastern Arizona. Late Triassic through middle
Tertiary magmatic episodes and accompanying or intervening sedimentation are recorded in a stratigraphic column as much as 8 km
thick.
The Santa Rita Mountains are divided into two structural and
stratigraphic domains by the Sawmill Canyon fault zone, a
northwest-trending discontinuity in the northern part of the range.
North of the Sawmill Canyon fault zone, the Santa Rita Mountains
are dominated by Proterozoic and Paleozoic rocks and Early
Cretaceous volcaniclastic and sedimentary strata. The domain
south of the fault zone comprises Jurassic and Late Cretaceous to
early Tertiary volcanic, subvolcanic, and sedimentary rocks; and
voluminous Jurassic and Late Cretaceous plutons. Fault blocks on
the west side of the range in the southern domain contain probably
allochthonous Precambrian, Paleozoic, and Lower Jurassic rocks.
The Mount Wrightson Formation crops out south of the Sawmill
Canyon fault zone, in the central part of the Santa Rita Mountains.
U-PB GEOCHRONOLOGY

Santa Rita Mountains
U-Pb geochronologic data from the Santa Rita Mountains have
been reported by Riggs and others (1986), Asmerom (1988), and
Asmerom and others (1988). Asmerom reported that the lower
member of the Mount Wrightson Formation yielded a concordant
zircon fraction with an age of 212±3 Ma. Riggs and J .M. Mattinson
(personal commun., 1988) believe that this age is approximately
correct, but that the stated error estimate is too small. Asmerom
(1988) and Asmerom and others (1988) also reported a minimum age
of 184±2 Ma for the middle member of the Mount Wrightson
Formation , apparently based on the statistical average of
206Pb*/238U dates obtained on six zircon fractions (Pb* denotes
radiogenic Pb).
Our U-Pb data for the middle and upper members of the Mount
Wrightson Formation (Riggs and others, 1986; Riggs, unpub., 1988)
suggest that the middle member is 206±9 Ma, and that the upper
member is 181 Ma or older. These data allow the interpretation
that the Mount Wrightson Formation accumulated over a period of
30 m.y. (212-181 Ma). The contact between the middle and upper
members is gradational, however, and we infer that the entire
Mount Wrightson Formation spans no more than -10 m.y. (Riggs
and Busby-Spera, in press). Our age for the middle member and
Asmerom's age for the lower member suggest that the lower and
middle members are approximately the same age, probably in the
range 200-210 Ma.
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Arivaca Region
Preliminary interpretation of U-Pb zircon data (Riggs, unpub.,
1989) from two samples of the tuff of Pajarito suggests that ignimbrites ~nd inter stratified quartz arenites in the Arivaca region are
approxImately 175 Ma. Step-wise dissolution (compare with
Mattinson, 1984) on six fractions apparently removed damaged
domains in the zircons, yielding nearly concordant 206Pb*j238U and
207Pb*/235U ages between 171 and 179 Ma. The fractions do not
plot on a single discordia trajectory, but if an inheritance age of 1600
or 1700 Ma is assumed, the lower intercepts of best fit discordia trajectories intersect concordia at 174-176 Ma. Low 206Pb/ 204 Pb
values, however, contribute to a large uncertainty in the
207Pb*j206Pb* ages, and it remains possible that the ignimbrites are
as old as 200 Ma.
In view of the strong lithologic and stratigraphic similarities
between the tuff of Pajarito and the Ali Molina Formation, we are
uncertain whether data from the Baboquivari Mountains (see below)
should be reinterpreted, further work on the tuff of Pajarito will
yield data that indicate an older age for the unit, or correlation of
the tuff of Pajarito with the Ali Molina Formation is incorrect.
Riggs believes that the Early and (or) Middle Jurassic rhyolitic rocks
in the Arivaca region could be somewhat younger than the Ali
Molina Formation. Haxel believes that the two regional units are
largely or entirely correlative.
Baboquivari Mountains
Three zircon fractions from rhyolite of the Ali Molina Formation
define a discordia with an upper intercept of 194 Ma (Wright and
others,1981). Five zircon fractions from two other rhyolitic volcanic
units stratigraphically related to the Ali Molina Formation have too
limited a range of Pb*/U ages to define independent discordia, but
lie precisely upon the Ali Molina discordia. All eight zircon fractions
have a very restricted range of 207Pb*/206Pb* ages: 187-192 Ma,
requiring a recent lead loss. From these zircon systematics, Wright
and others (1981) concluded that the age of the Ali Molina and
related Formations is approximately 190-195 Ma.
DAY 1: EARLY JURASSIC GRANITE, HYPABYSSAL AND
EXTRUSIVE RHYOLITE, AND SANDSTONE; AND
A REGIONAL OVERVIEW, LAS GUIJAS MOUNTAINS

0.0

2.0

13.4
14.2

17.6
20.4

Road Log, Amado to Arivaca
Exit 48, 1-19 (approximately 30 miles (48 km) south of
Tucson). Take exit 48, turn right on underpass road, turn
right on frontage road, drive 0.1 miles north into small business district, tum right (west) on Arivaca road.
To the south: northern Tumacacori Mountains- middle
Tertiary silicic volcanic rocks. North: Sierrita Mountains.
West (ahead), foreground, to left: Cerro Colorado- iron-oxide
stained Early to Middle Jurassic quartz arenite; to right:
Cerro Colorado Mountains- middle Tertiary silicic volcanic
rocks. West, background: Baboquivari Peak: Late Jurassic
perthite granite.
North of road: Cerro Colorado- vertical beds of silicified, ironoxide stained Early to Middle Jurassic quartz arenite, with
Early to Middle Jurassic granite porphyry in the east flank.
On both sides of the road: Cerro Colorado district- oxidized,
supergene-enriched epithermal quartz veins containing basemetal sulfide minerals, including Ag-bearing galena. This district is notable as an Hg anomaly (Keith, 1974) and an aeromagnetic anomaly (Sauck and Sumner, 1970). The veins are
probably middle Tertiary, though a Late Cretaceous to early
Tertiary age can not be disproven.
To the west: Las Guijas Mountains- Early to Middle Jurassic
granitic and supracrustal rocks (Stop 1).
Tum left onto Universal Ranch road; tum around; see driving
directions for Stop 1.

Geology of the Las Guijas Mountains
The Las Guijas Mountains form a northwest-southeast trending
elongate horst, about 12 km long and 4 km wide, bounded by middle
to late Tertiary high-angle faults (Figures 2 and 3). The horst is
surrounded by Late Jurassic, Cretaceous, al).d middle to late
Cenozoic units. Internally, the range is a coherent block of Early to
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Middle Jurassic volcanic, sedimentary, hypabyssal, and plutonic
rocks. The structurally high supracrustal rocks crop out on the
southwest side and at the southeast end, and the structurally low
plutonic rocks crop out on the northeast side and at the northwest
end. Several faults within the range disrupt but do not obscure this
simple pattern. Thus, the Las Guijas Mountains provide a cross
section through the Early to Middle Jurassic upper crust of the
Arivaca region.
The supracrustal rocks of the Las Guijas Mountains are rhyolitic
ignimbrites with interbedded quartz arenite. These unmetamorphosed strata generally dip 20-80° southwestward, but are locally
vertical or slightly overturned; cross-bedding in the arenites consistently faces southwestward. Most of the area of the Las Guijas
Mountains is underlain by a single homogeneous unit, the granite
porphyry of Las Guijas (unit Jpg, Figures 2, 3; Stop IB). This porphyry intrudes the quartz arenite and the ignimbrite. The porphyry
unit is in turn intruded by a distinctive leucocratic perthite granite,
the granite of Durazno (unit Jg).
The rhyolitic ignimbrite and the granite porphyry of Las Guijas
closely resemble one another. Analogous and probably correlative
units in the Baboquivari Mountains (see above) are chemically similar to one another and to the tuff of Pajarito (Table 1). Throughout
the Arivaca region, the ignimbrite and granite porphyry units
commonly crop out together or in close proximity (Figure 2). The
granite of Durazno crops out only in the northern Las Guijas
Mountains, structurally below the granite porphyry, at the lowest
exposed crustal level among the Early to Middle Jurassic units. We
interpret these three igneous units of the Las Guijas Mountainsthe rhyolitic ignimbrite, the granite porphyry of Las Guijas, and the
granite of Durazno-as related components of an Early to Middle
Jurassic volcanic to epizonal plutonic complex. If this interpretation
is correct, the granite of Durazno represents the lowest crustal level
of the Early to Middle Jurassic arc exposed in south-central Arizona.
. The granite of Durazno is a highly leucocratic perthite granite,
WIth very low contents of CaO and MgO (Table 1). Both the granite
porphyry of Las Guijas and the granite of Durazno evidently were
volatile-poor intrusions, as pegmatite and aplite dikes are virtually
absent.
Wolframite-bearing quartz veins in the northwestern Las Guijas
Mountains cut the Early to Middle Jurassic granite porphyry and
granite units, but the veins must be middle or late Tertiary, as they
postdate middle Tertiary lamprophyric dikes (Sheikh, 1966, 1970;
Goodwin and Haxel, in press). Quartz and calcite veins, some of
them sulfide-bearing, elsewhere in the Las Guijas Mountains probably also are Tertiary, and related to the veins of the Cerro Colorado
a few kilometers to the northeast.
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Stop 1: Las Guijas Mountains
Optional topographic maps for this Stop are the Arivaca
15' or, preferably, Arivaca 7.5' quadrangles.
Junction of Arivaca Road and Universal Ranch Road. Reset
odometer. Turn around and drive north on the Arivaca Road
(the highway).
"EAT HONEY" sign. Bee keeping is a major enterprise
around Arivaca; there are hundreds of apiaries in the area.
Left turn onto dirt road.
Keep left; road to right goes to Caviglia Tank.
Amigo Wash.
Bear right at road junction.
Apiary on west side of road.
Road leaves arroyo (return here for Stop IB).
Continue straight at road junction.
Stop 1A: Granite of Durazno (unit Jg, Figures 2 and 3).
Walk -100 m northwestward, to examine outcrops of mediumto coarse·grained alaskitic perthite granite. In a thin section
from this outcrop, the granite is composed of subequal proportions of quartz and alkali feldspar. The character of the
feldspar is obscured by strong alteration to calcite and sericite
but it must originally have been perthitic (Table 1; Sheikh:
1966, 1970).
This body of granite forms a narrow northwest-southeasttrending strip bounded on the northeast by a high-angle fault
and on the southwest by an intrusive contact with the granite
porphyry of Las Guijas (Stop IB).
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Turn around; drive back 0.6 miles to arroyo, park in
arroyo.
Stop 1B: Granite porphyry of Las Guijas (unit Jpg,
Figures 2 and 3). Walk upstream -5 m to outcrops of granite
porphyry. This rock comprises subequal. proportions of
quartz, plagioclase (An22-37), and K-feldspar phenocrysts in
an allotriomorphic-granular groundmass. Accessories are an
opaque mineral and highly altered biotite. This outcrop of the
granite porphyry is typical of most of the Las Guijas
Mountains, except that in many places the unit is more
strongly altered.
Return to highway.
Turn right (south) on Arivaca Road.
Junction with Universal Ranch Road, on left; continue south
on highway.
Arivaca Mercantile, "downtown" Arivaca.
At Y-junction, bear right, toward Sasabe.
Turn right onto the dirt road that ascends a small hill, across
the street from a church (don't take the more apparent nearby
road in an arroyo). Drive north, across low area underlain by
sandstone and siltstone of the Bisbee Group.
Amigo Wash; outcrops of rhyolite porphyry (unit Jpr)
Bear left at junction.
Turn left onto small dirt road.
Bear left into arroyo; park Clook for rusty iron band hanging in
mesquite tree).

Stop IC: Ignimbrite and quartz arenite; regional
overview. Walk along the spur trending northwest from
here, up to the main ridge of the southeastern Las Guijas
Mountains.
The spur and much ofthe main ridge are underlain by the
tuff ofPajarito, the single most widespread Early to Middle
Jurassic extrusive unit in the Arivaca region; we shall see this
unit again at Stop 2A. The tuff of Pajarito, named for exposures in the Pajarito Mountains, is a crystal-rich rhyodacitic
ignimbrite that crops out in the Pajarito Mountains, Cobre
Ridge, Las Guijas Mountains, San Luis Mountains, and in
northernmost Sonora (Figures 1 and 2). In the Pajarito
Mountains, the tuff of Pajarito is as much as 3 km thick, may
be in part hypabyssal, and may be an intra-caldera facie s
(Riggs, 1987). In the other ranges, the tuff of Pajarito is a
minimum of 100 m thick.
From the junction of the spur and the main ridge, walk
southward along the ridge about 100 m, to the contact between
the tuff of Pajarito and quartz arenite. This contact is fairly
well exposed in a few outcrops (PLEASE DO NOT
HAMMER!) . The contact is characterized by large volcanic
quartz phenocrysts in the basal few centimeters of the quartz
arenite and small well-rounded quartz grains in the upper
centiI?eters of the ignimbrite. Wind-ripple laminae, indicative
of eohan deposition, are locally visible in the quartz arenite on
the north end of the knob-like outcrop.
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Sandstone beds intercalated with volcanic deposits in
southern Arizona are generally called quartz arenite for simplicity (Riggs and Busby-Spera, in press). The quartz arenites
in the Arivaca region are lithic arkose and feldspathic
litharenite (classification, of Folk, 1968); very few of the beds
contain >95% quartz grains.
Walk southwest along the ridge to peak 4104. Along the
ridge, small Tertiary high-angle faults juxtapose blocks in
which quartz arenite layers are offset as much as 100 m.
Fallout tuff marking the contact between two flow units is
well-exposed approximately 100 m to the east off the main
saddle north of peak 4104.
Regional panorama from peak 4104, clockwise from north:
025°
Sierrita Mountains: chiefly various Mesozoic rock
units.
030°
Cerro Colorado Mountains: middle Tertiary silicic
volcanic rocks.
050°
Santa Catalina and Rincon Mountains, near
Tucson.
080°
Mount Wrightson, highest peak of the Santa Rita
Mountains (Day 3). The smaller peak is Mount
Hopkins, with the Multiple Mirror Telescope.
110°
Tumacacori Mountains: middle Tertiary silicic
volcanic rocks.
135°
Atascosa Mountains: middle Tertiary silicic volcanic rocks.
150°
Montana Peak: middle Tertiary intermediate and
silicic volcanic yocks. Behind Montana Peak are
the Pajarito Mountains (see above). The low ridge
in front of Montana Peak is the location of Stop 2C.
165°
Cobre Ridge (actually a small mountain range):
Early to Middle Jurassic ignimbrites, volcaniclastic
sediments, arenites, and hypabyssal intrusions.
180°
Fraguita (Sp., forge) Peak, the highest point of
Cobre Ridge : Early to Middle Jurassic intrusive
rhyolite porphyry (unit Jpr).
200°
Southern San Luis Mountains: metamorphosed
Early to Middle Jurassic volcanic, sedimentary,
and hypabyssal rocks.
230°-280° Northern San Luis Mountains: unmetamorphosed
to strongly metamorphosed conglomerate, sandstone, and siltstone, correlated with the Late
Jurassic Glance Formation and Early Cretaceous
.
Bisbee Group (see also Optional Stop).
310°
Baboquivari Peak : Late Jurassic quartz syenite
and perthite granite. The yellowish bodies to the
right (north) of the peak are middle Tertiary rhyolitic dikes, closely related to those in the Arivaca
region .
310°-350° Nearby hills of the Las Guijas Mountains: Early
to Middle Jurassic rhyolite and quartz arenite
(units Jrv and Ja, Figures 2 and 3).
330°
Dark colored area around peak 4319, Las Guijas
Mountains: altered, iron-oxide-stained granite
porphyry of Las Guijas (unit Jpg).
355°
Main ridge of the Las Guijas Mountains: granite
porphyry of Las Guijas.
Return to vehicles; return to the highway (bear right at 9.6
and 10.0). Turn left (east) onto the Arivaca road (at 11.4);
r eturn to Amado. Take 1-19 north to Green Valley. End of
Dayl.
DAY 2: EARLY JURASSIC IGNIMBRITE AND
EOLIAN QUARTZ ARENITE, COBRE RIDGE AREA

0.0
0.6

Road Log, Arivaca to Stop 2
The roadlog for Day 2 begins at the junction of the Arivaca
and Ruby roads in Arivaca (see Day 1). Optional topographic
maps for this Stop are the Arivaca and Oro Blanco 15' quadrangles or, preferably, the Arivaca, Bartlett Mountain, and
Ruby 7.5' quadrangles.
Junction of Arivaca road (paved) and Ruby-Nogales road
(graded), in Arivaca. Reset odometer. Turn left (south) onto
the Ruby-Nogales road.
Bear left (USFS 39), toward Ruby and Nogales, at the junction
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3.6

with the Tres Bellotas road (USFS 216).
The prominent peak at 3 o'clock is Fraguita Peak: Early to
Middle Jurassic intrusive rhyolite porphyry (unit Jpr).

Optional Stop: Late Cretaceous-Early Tertiary Cleavage
in Essentially Unmetamorphosed Cretaceous Strata.
3.6 Turn right onto Yellow Jacket road.
4.3 Turn right onto a secondary dirt road.
4.4 Turn left and drive down the arroyo.
4.5 Park at the fence; walk about 100 m downstream and around
a bend to a 15-m-high outcrop.
These subhorizontal, upright beds of sandstone and siltstone are assigned to the Early Cretaceous Bisbee Group. The
finer-grained beds have a weak cleavage that dips steeply to
the west-southwest. This orientation is typical of the Late
Cretaceous-early Tertiary regional metamorphic fabric that is
widely developed in the San Luis Mountains, 2-20 km west of
here, and in the Baboquivari Mountains, 35 km northwest of
here (Haxel and others, 1984; Goodwin and Haxel, in press).
In the northwestern San Luis Mountains (Figure 1), Bisbee
Group rocks have been thoroughly metamorphosed to schist.
This outcrop of cleaved Bisbee strata marks the approximate
eastern limit of visible effects of Late Cretaceous-early
Tertiary regional metamorphism in south-central Arizona.
Road Log, Continued
Return to the Ruby-Nogales road; turn right; continue
south.
5.9 Left turnoff to Arivaca Lake; continue south on main road.
7.7 Cattleguard; enter Coronado National Forest. The sharp peak
at 2:30 o'clock is Black Peak: granite porphyry of Las Guijas
(unit Jpg).
9.3 Warsaw Canyon road; continue on the main road.
10.6 Turn right on USFS 217, toward California Gulch.
12.8 Turn right onto secondary dirt road.
12.9 Turn left; drive down into the canyon; park.
Geology of Cobre Ridge
Most of the Cobre Ridge area was mapped by Knight (1970),
whose dissertation described the rock types, structures, and economic geology of the Oro Blanco mining district. Riggs's work in
this area has concentrated on facies analysis of the Early to Middle
Jurassic volcanic and sedimentary strata and hypabyssal intrusions.
The Cobre Ridge area comprises several fault blocks (Figure 4) that
contain various proportions of volcanic and sedimentary rocks. The
volcanic rocks are nearly all rhyolitic to rhyodacitic in composition,
and comprise ignimbrite, hypabyssal intrusions, and lava (units Ji,
Jpr, and Jpg). We preliminarily interpret the strata ofCobre Ridge
as outflow of a caldera caused by the eruption ofthe tuff of Pajarito.
Some of the rocks mapped as hypabyssal intrusions, however, (for
example Jrp, Figure 5) may be densely welded and/or rheomorphic
tuff of Pajarito, in which primary pyroclastic textures have been
destroyed (compare with the Fish Canyon Tuff: Ellwood, 1982;
Whitney and Stormer, 1985). If so, these units and the overlying
ignimbrite sequence probably represent part of the fill of a caldera
as much as 30 km in diameter, from the Pajarito Mountains to
northwestern Cobre Ridge.
The sedimentary rocks range from volcanic breccia and conglomerate to sandstone and siltstone (units Js and Jb). Facing indicators in the sedimentary rocks show that the strata generally
young to the south and west. The ratio of volcanic to sedimentary
rocks generally decreases to the north and west (Figure 4). This
northwestward increase in the proportion of sedimentary rocks may
indicate that the volcanic center(s) lay to the east or south, perhaps
in the area ofthe Pajarito Mountains, and the sedimentary rocks to
the north and west are flanking sedimentary accumulations and/or
that the sedimentary rocks are post-volcanic deposits that covered
the volcanic centers. Alternatively, the thick sedimentary section
traversed in Stop 2D may represent intra-caldera alluvial moat
deposits derived from th e caldera walls.
The traverses will highlight examples of unmetamorphosed
dominantly volcanic (Stops 2A-2C) (Figures 4 and 5) and dominantly
sedimentary (Stop 2D) (Figure 6) sections, in two different fault
blocks.
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Figure 5. Geologic map of the area of Stops 2A, 2B, and 2C. For
explanation, see Figure 3.

Stop 2: Cobre Ridge
Stop 2A: Tuff of PeJarito. Walk approximately 0.5 km west,
to exposures of the tuff of Pajarito. This outflow(?) facies of the tuff
is similar to the intracaldera(?) facies in the Pajarito Mountains;
differences include a higher percentage oflithic fragments-as much
as 10% in the outflow facies, 1-2% in the intracaldera facies-and
crystal conten~45% in the intracaldera facies, ~35% in the outflow facies. Lithic fragments in the Pajarito Mountains exposures
are up to 35 cm in diameter, whereas those in the outflow facies are
commonly 2-10 cm. The tuff of Pajarito in the Cobre Ridge area has
consistently larger phenocrysts than that in the Pajarito Mountains:
as much as 5 mm in the Cobre Ridge facies compared with 2-3 mm
in the Pajarito Mountains facies. The fault zone visible in this
canyon is locally mineralized with gold, silver, lead, and zinc (Old
Glory workings; Knight, 1970).
Return to the vehicles; return to the junction of the secondary
dirt road and USFS 217.
14.2 Tum right on USFS 217.
14.5 Old Glory Canyon. At the Old Glory ruins, make a sharp
(hairpin) left tum.
15.5 Bear left at the road junction; Old Glory workings on right.
15.8 Park along the road.
Stop 2B: Quartz arenite. Examine outcrops of quartz arenite
here and on next knob to the west and uphill. This bed of quartz
arenite appears to be overlain and underlain by the tuff of Pajarito
(Figure 5). Hydrothermal alteration, and possibly incipient metamorphism, have destroyed most diagnostic sedimentary textures
and structures in the arenite. Locally along the upper contact of the
arenite with ignimbrite, delicate intermixing of the unconsolidated
sand with pyroclastic material is evident. Petrologically, these
arenites are identical to those in the southwestern Las Guijas
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Mountains (Stop lC). Arenites in the Arivaca region contain much
more volcanic detritus, both lithic grains and volcanogenic crystals,
than quartz arenites in the Mount Wrightson Formation. In the
absence of diagnostic eolian textures, the arenites exposed here
could be either eolian or fluvial.
Drive 0.5 miles further west on the road along the ridge top.
16.3 Park along the road.
Stop 2C: Ignimbrites and eolianites. We will make a ~2
hour traverse through the best-exposed section in Cobre Ridge of
ignimbrites and interflow eolian deposits. The volcanic rocks of
Cobre Ridge comprise numerous ash flow tuffs, lithic lapilli tuffs,
and lesser volcanic breccias and lava. The ignimbrites are in general moderately to densely welded. Few of the ignimbrites are
regionally extensive, and the presence of the tuff of Pajarito in
ranges from Sierra Esmerelda (Figure 1) to the Las Guijas
Mountains suggests that this sheet is the result of an extremely
large, possibly caldera-forming eruption. Ignimbrites that underlie
the tuff of Pajarito are commonly not continuous on greater than the
scale of single fault blocks, and may have been erupted onto a
somewhat dissected terrain. Structures that may have been associated with. the caldera resulting from the eruption of the tuff of
Pajarito have probably been overprinted by mid-Tertiary faulting.
The high-angle normal fault that bounds the Pajarito Mountains on
the northeast (Figure 2), for example, may be a reactivated calderabounding structure.
Although the route of our traverse, along the arroyo that flows
southwest from the parking area, is subparallel to strike, outcrops
in the arroyo provide the best views of the ignimbrites and interbedded sedimentary rocks. These strata overlie the tuff of Pajarito, and
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may represent either an outflow facies or the filling of the caldera
associated with the eruption of the tuff of Pajarito. The high ridge
to the south of the traverse (Figure 5) is underlain by rhyolitic lava.
Ignimbrites range from 5 to 50 m thick in this area, and are generally separated by coarse- and fine-grained fallout deposits. The
eolian strata are generally up to 1.5 m thick, and are mixtures of
quartz sand grains, volcanogenic quartz and feldspar crystals, and
ash. Wind-ripple laminations and low-angle cross bedding are
common.
Return to vehicles; continue west along the ridge-top road.
16.7 Turn right (north) at the junction, onto the Warsaw Canyon
road.
19.1 Turn left onto the Ruby-Nogales road.
23.6 Turn right, onto the Arivaca Lake road.
26.9 Montana Ranch road on left; continue on main road.
24.6 Turn right onto road in wash.
27.1 Tonkin Well on right.
28.5 Park cars, off roadway, for Stop 2D.
Stop 2D: Sedimentary facies of Cobre Ridge. This traverse
is through Early to Middle Jurassic sedimentary and subordinate
volcanic rocks that overlie and (or) are a distal equivalent of the
Cobre Ridge volcanic section. The sedimentary and volcanic strata
lie within a north-north west-trending structural block (Figure 6)
that is bounded by fault and depositional contacts with Late
Jurassic to Early Cretaceous sedimentary rocks and middle Tertiary
volcanic rocks (Figure 2). Generally northeast-trending faults divide
this block into numerous smaller domains. These faults juxtapose
disparate Early to Middle Jurassic sedimentary facies (Figure 6),
and the amount of offset is uncertain. The two fault domains at the
northwest end of the block are made up of a thick ignimbrite unit
that probably faces southwest, as it is depositionally overlain to the
southwest by Early Cretaceous strata. Our traverse is through the
two domains southeast of this thick ignimbrite unit (Figure 6).
From northwest to southeast, these domains comprise sandstone
and conglomerate with lesser volcanic flows, and eolian(?) sandstone
and ignimbrite. In contrast to other strata in and around Cobre
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Ridge, strata in these two fault blocks face northwestward. Rotation
may be related to thrust(?) movement along the fault that separates
these rocks from the Early Cretaceous strata on the west flank of
the ridge.
We will traverse down-section, from an eolian sandstone bed
-25 m thick through laterally discontinuous sandstone and conglomerate beds that make up a unit as much as 100 m thick. The
tuff of Pajarito is a common clast type in the conglomerate horizons,
and ignimbrites are locally present in discontinuous lenses. We
interpret these sedimentary facies as proximal alluvial fan deposits,
derived and possibly extending from the northern or northwestern
edges of the caldera complex. The ignimbrite lenses may have filled
channels on the alluvial fan.
The return route of the traverse is through a unit comprising
quartz arenite and ignimbrite. Beds within this unit are more
laterally extensive than those in the alluvial fan unit, and may have
been deposited on a broad plateau or in a nonaqueous basin. These
two units are separated by a northeast-trending fault that is clearly
exposed in the saddle between the units (Figure 6). The age relation
between the ignimbrite-arenite unit and the tuff of Pajarito is
uncertain.
Return to Green Valley. End of Day 2.
DAY 3: EARLY JURASSIC MULTI-VENT VOLCANIC COMPLEX
AND ASSOCIATED EOLIAN DEPOSITS,
MOUNT WRIGHTSON FORMATION, SANTA RITA MOUNTAINS

A description of the geology along the routes from Green Valley
to Gardner Canyon via Box Canyon and from Nogales to Gardner
Canyon via Patagonia can be found in Dickinson and others (1987).
Our road log begins at Amado Note that the signs along Interstate
19 between Tucson and Nogales give distances in kilometers.
Road Log, Green Valley to Gardner Canyon
Junction 1-19 and Arivaca Rd. Starting point for Day 1
roadlog.
Tubac exit. To the west: Tumacacori Mountains, middle
Exit 34
Tertiary silicic volcanic rocks. The ridge to the southeast is the San Cayetano Mountains, consisting of
Cretaceous and Tertiary volcanic and plutonic rocks
(Reynolds, 1988).
Exit 8
Approximately 0.5 miles north of exit 8: 2 o'clock:
Pajarito Mountains, Early to Middle Jurassic silicic
ignimbrites and hypabyssal intrusions (Riggs, 1985,
1987), possibly including the intra-caldera facies of the
tuff of Pajarito (Stops 1C, 2A). 4 o'clock: Atascosa
Mountains, middle Tertiary silicic volcanic rocks.
Exit 8
Take left exit 8 into Nogales, Arizona; follow signs
towards Patagonia and Sonoita. Nogales, Arizona is
underlain chiefly by middle and late Tertiary volcanic
and sedimentary strata. Late Jurassic granite is
exposed across the border in Nogales, Sonora.
0.0 Junction of Arizona Highways 89 and 82. Reset odometer.
Turn north on Highway 82 toward Patagonia.
1.9 Ahead on skyline: Patagonia Mountains (Simons, 1972).
4.3 Cross Santa Cruz River.
5.8 Santa Rita Mountains on skyline: Mt. Hopkins (with synthesized-aperture Multiple Mirror Telescope) on left, Mt.
Wrightson on right. The low hills in the foreground are chiefly
Late Cretaceous volcanic and sedimentary rocks (Drewes,
1971c). 1·4 o'clock: Patagonia Mountains.
13.7 Sonoita Creek; altered Late Cretaceous Salero Formation
(Drewes, 1971c).
14.5 The peak at 1 o'clock (with radio tower) is Red Mountain.
Mineral exploration has not found a major ore body in this
strongly altered range.
17.8 Enter Patagonia. Reset odometer, at the General Mercantile
and Ovens of Patagonia bakery.
0.0 Ovens of Patagonia.
0.1 Cross Sonoita Creek.
0.3 First Avenue. This road leads to Temporal Creek, and the
area of exposure of the lower member of the Mount Wrightson
Formation. The lower member comprises a thick andesite and
dacite effusive complex built on a volumetrically smaller
reworked pyroclastic and pyroclastic sequence (Riggs and
Exit 48
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Busby-Spera, 1989, in press). The contact between the lower
and middle members, which records the transition to explosive
silicic volcanism in the Mount Wrightson multi-vent complex,
is exposed in the Temporal Canyon area. This transition did
not mark the end of effusive activity, but rather the beginning
of predominantly pyroclastic activity, after which andesitic
and dacitic magmas crystallized chiefly as hypabyssal intrusions.
Arizona Highway 83 . 11 o'clock: Whetstone Mountains; 12
o'clock: Mustang Mountains; 2 o'clock: Huachuca Mountains; 4
o'clock: Canelo Hills. Turn left (north).
1 o'clock: Rincon Mountains.
Turn left (west) onto the Gardner Canyon Road (marked by a
small sign).
Junction, continue straight on Gardner Canyon road.
Stop along the road.

Stop 3: Mount Wrightson Formation, Santa Rita Mountains
We will spend Day 3 examining the Mount Wrightson
Formation. Our first Stop will demonstrate the combined affects of
erosion and subsidence on stratigraphy, as well as illustrating the
difficulty of volcanic facies analysis in areas where both these processes have been active. Our second Stop will be in the best-preserved of the Early to Middle Jurassic eolian sequences in southern
Arizona. We will consider the ramifications of this ~300-m-thick
eolian sequence : must volcanism have ceased in order to allow
accumulation of this thickness of sedimentary rocks? The upper
contact of the Mount Wrightson Formation is a fault, the Sawmill
Canyon fault zone, between eolian quartz arenite and Late Jurassic
to Cretaceous strata. Although we infer that the considerable
thickness of eolian strata is indicative of waning volcanism (Riggs
and Busby-Spera, 1987, 1989, in press), we cannot rule out the possibility that a sequence of slightly younger volcanic rocks in the
Mount Wrightson Formation has been hidden by faulting.
The topographic map for these Stops, the Mount Wrightson 7.5'
quadrangle, is essential for finding traverse routes.

Stop 3A: Geologic overview of the northeastern Santa
Rita Mountains. The Mount Wrightson Formation makes up
nearly all of the Santa Rita Mountains visible from here. The formation generally dips z35° northeastward (toward us). From this
view point the lower member is not visible, the higher parts of the
range are underlain by the middle member, and the orangishweathering outcrops in the middle ground are eolian quartz arenites
of the upper member (Stop 3C). The crest of the range is underlain
by three lithologic associations: hypabyssal intrusions, around
Mount Wrightson and along most of the ridge to the south of the
peak; ignimbrites and sedimentary rocks, just to the north of the
peak; and lava flow and dome complexes, near the north end of the
ridge.
Riggs and Busby-Spera (1989, in press) have interpreted the
Mount Wrightson Formation as an intermediate to silicic multi-vent
volcanic complex that evolved within a subsiding basin. The evolution of the complex comprises an initial intermediate effusive phase,
preserved in the lower member, followed, probably after a short
hiatus, by a transition to predominantly explosive silicic volcanism
and eolian sedimentation, recorded by the middle member. Many of
the ignimbrites in the middle member may have been derived from
outside the multi-vent complex. Waning volcanism is represented
by the upper member, which contains abundant eolian quartz arenite, and lesser ignimbrite deposits. Effusive activity continued
within the complex during middle and upper member time, but the
repeated burial of effusive vents by pyroclastic material caused
many of the ascending magma bodies to crystallize as hypabyssal
intrusions.
20.0 Bear right, following signs to Gardner Canyon.
20.7 McLeod Arabian Horse Ranch.
21.4 Gardner Canyon, Gardner Canyon Formation.
21.8 Junction of three roads: Aliso Springs to right, Cave Creek
straight ahead, Gardner Canyon to left. Turn left. The last
1.5 miles or so of the Gardner Canyon road require four wheel
drive.
26.2 Park at the end of the Gardner Canyon road.

EXPLANATION

I TKa I Andesite intrusion, Cretaceous or Tertiary(?)
~ Cretaceous rocks undifferentiated
MOUNT WRIGHTSON FORMATION
Early Jurassic

Ku

UPPER MEMBER
Dacite or rhyolite intrusion
Quartz arenite, subdivided into
Juqa 1 and Juqa 2
Unwelded to densely welded
dacitic to rhyolitic ignimbrite

MIDDLE MEMBER

~

Andesite or latite intrusion

IJmqal Quartz
arenite, subdivided into
Jmqa and Jmqa2
IJmiv I Andesite
lava, flow, breccia, and
minor intrusive rocks: debris
1

flow deposits and sandstone

IJmrp I Reworked pyroclastic unit
IJmig I Partially
to densely welded and
vapor phase altered ignimbrite

---

~
....- - ..

~

/

fault
depositional contact
strike and dip of primary
compacted pumice foliation

0.5
I

strike and dip of bedding

Figure 7. Geologic map of the Stop 3B area, middle member Mount Wrightson Formation, in the Gardner Canyon area, Santa Rita
Mountains.
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Stop 3B: Mount Wrightson Formation multi-vent volcanic
complex. At this Stop, we will examine how the combined effects of
subsidence and erosion in a multi-vent complex complicate
stratigraphic analysis. We will look at a mixture of andesitic volcanic and volcaniclastic rocks that represent a proximal andesitic
vent, and silicic ignimbrites derived from a more distant source.
This traverse is through only the top part of the sequence
described here, and shown in Figures 7 and 8. The starting point of
the traverse (the parking area) is approximately at the final "r" in
"Gardner" (Figure 7). On the ridge to the south, a sequence of nonwelded to densely welded ignimbrites is interstratified with eolian
sandstone. Eolian dune deposits (unit Jmqal, Figures 7 and 8) may
have formed a topographic barrier to the flow of a stream or streams
that reworked pyroclastic material (unit Jmrp, Figures 7 and 8).
Following deposition of the reworked pyroclastic unit and overlying
eolian deposit, a valley was carved into this sequence; the north or
northeast side of this valley is not presently exposed. Unit Jmiv
(Figures 7 and 8), in which we will begin our traverse, is an
andesitic vent complex, consisting of volcaniclastic sandstone,
volcanic conglomerate and breccia, flow breccia, lava flows, and
intrusive andesite. These strata are onlapped by ignimbrites of unit
Juig and eolian arenite of unit Juqa. We interpret these relationships as indicating that a small andesitic vent deposited in a valley
or canyon was inundated by pyroclastic flow during the growth of
the vent. The andesitic complex continued to grow although the
valley in which the complex grew was probably subject to continuing
subsidence, as evinced by the continued deposition of ignimbrites.
This traverse follows the small drainage that enters Gardner
Canyon from the north, the first drainage west of the parking area.
Welded ignimbrites overlie various facies of the vent complex as

outlined above in thed{ainage and on the slope to the east. Bear to
the right where small drainages enter from the north and northwest, and climb up out of the drainage into the saddle south of peak
6752. At this point rocks of the andesitic complex extend nearly to
the top of Juig. Proceed down the ridge to the south, observing
changes in the degree of welding in the ignimbrites. Quartz arenite
horizons interstratified in Juig commonly contain a small amount of
volcanic debris, but in general lie within the subarkose and sublitharenite fields of Folk (1968). Unit Juqa2, seen on the Gardner
Canyon road at the contact with Cretaceous strata, contains abundant volcanic debris that may have been derived from the andesite
complex.
Return to the road, drive back along the Gardner road to the 3way junction, and turn left off the Gardner Canyon road onto the
Cave Creek road. This portion does not require four wheel drive.
After 1.5 miles, turn right off the Cave Creek road at the entrance to
the private property at Sweetwater Spring. Turn sharp right; don't
drive down the private road. Park.
Stop 3C: Eolian quartz arenite. Cross Cave Creek on the
private road, and walk up the ridge along the words "Sweetwater
Spring" on the Mt. Wrightson 7.5' quadrangle. Examples of windripple laminations are common in the arenites along this ridge.
Grainflow cross-strata are less common. For discussions of the
recognition and importance of small-scale eolian structures, see
Hunter (1977), Kocurek and Dott (1981), and Rubin and Hunter
(1987).
Wind-ripple laminae represent the plinth or apron portion of the
sand dune, where secondary winds oblique to the primary direction
caused the formation of small sand ripples. Wind ripples coarsen
upward, in contrast to water ripples, which fine upward. The thick-
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Figure 8. Schematic reconstruction of the stratigraphic evolution of the middle member of the Mount Wrightson Formation in the Gardner
Canyon area, in cross-sectional view. Letter symbols refer to Figure 7 explanation, without 'J'. (a) Reworked pyroclastic debris is
funnelled by ephemeral streams between sand dunes. (b) Following deposition of more eolian deposits, a valley is eroded into the eolian
and reworked pyroclastic deposits; a small andesitic vent complex forms within the valley, (c) Ignimbrites fill the valley and partially
cover the vent complex.
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ness of wind-ripple laminations (that is, the thickness of the plinth)
in these sandstones indicates that the dune was transverse in form,
with slightly oblique winds (G. Kocurek, personal commun., 1989).
Grainflow cross-strata form when grains saltating over the crest
of a dune exceed the angle ofrepose and avalanche down the lee face
of the dune. Grainflow strata commonly interfinger with wind ripple laminae at the base of the lee slope. In contrast to wind ripple
laminae, which are commonly formed by oblique wind patterns,
grainflow cross-strata can be useful in determining the paleowind
direction, assuming that the lee face of the dune was approximately
perpendicular to the primary wind direction. Grainflow cross-strata
in these deposits indicate wind directions from the north and northeast, in agreement with directions documented by Bilodeau and
Keith (1986).
G. Kocurek (unpub. data) has established an approximate
equivalency of about 1:10 between thickness of grainflow crossstrata deposits in centimeters and dune face height in meters.
Grainflow cross-strata in the Mount Wrightson eolian deposits are
1.0-2.5 cm thick, suggesting a dune thickness of 10-25 m.
Approximately 1.5 km to the west, the lee face trough of a crescentic dune h as been exhumed. Grainflow cross-strata in this area
are 1.5-2.0 cm thick, in agreement with the approximate height of
the dune face as inferred from the radius of the exhumed lee face (G.
Kocurek, personal commun., 1989).
Return to the road; drive east to Arizona Highway 82; turn
north and return to Tucson via 1-10. End of the field trip.
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INTRODUCTION

Location and Accessibility

Purpose of Trip

The Whetstone Mountains are in southeastern Arizona
along the boundary between Cochise and Pima Counties, about 42
mi (70 km) southeast of Tucson (Figure 1). Benson, 15 rni (25
km) to the northeast, and Sierra Vista, about the same distance to
the south, are the nearest towns. Most of the Whetstone
Mountains, including the Dry Canyon area, are in Coronado

The Whetstone Mountains, together with the Mustang
Mountains to the southwest, constitute a southwest-tilted fault
block in the Basin and Range Province (Figure 1). The mountain
block is structurally simple and has remarkably continuous sequences of unmetamorphosed Paleozoic sedimentary rocks, broken
only by a few minor faults. All Paleozoic formations, Cambrian to
Permian in age, that are widely distributed in southeastern Arizona
are present, but it is the unusually complete succession of
Pennsylvanian and Permian rocks that particularly distinguishes the
Whetstone stratigraphic section. Formations of these ages were
defined by Gilluly and others (1954) from exposures at numerous
localities in central Cochise County, but in the Whetstone
Mountains they are well displayed in a single, nearly unbroken sequence. The Dry Canyon area offers a complete and superbly exposed succession of Paleozoic rocks (Figures 2 and 3), which is so
conveniently accessible that it provides an ideal reference section
for the Paleozoic strata of southeastern Arizona. This field trip will
concentrate on the stratigraphy of the Mississippian,
Pennsylvanian, and Permian sections in the Dry Canyon area and
nearby ridges and slopes.

1Portions of this field trip guide are taken directly from the
Geological Society of America Centennial Field Guide-Cordilleran
Section article by Wrucke and Armstrong (1987) and reprinted here
with minor revisions with permission of the Geological Society of
America and the authors, and from an article by Schreiber and Scott
(1987), which appeared in the field trip guidebook of the
Geological Society of America, l00th Annual Meeting, Phoenix,
Arizona, October, 1987.
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Figure 1. Index map showing location of the Whetstone
Mountains and the Dry Canyon area of Figure 2 (from Wrucke and
Armstrong, 1987).
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Figure 2. Geologic map of the Dry Canyon area showing location of measured stratigraphic
sections (from Wrucke and Annstrong, 1987).

National Forest. Dry Canyon, on the lower southeast flank of the
mountains, is in the Benson 15-minute Quadrangle and the Apache
Peak and McGrew Spring 7-1/2-minute Quadrangles. Along the
canyon, and particularly on the ridge on its south side, a thick
sequence of Paleozoic rocks is exposed, which is the focus of this
field trip.
The Dry Canyon area (Figure 2) is reached via Arizona 90,
which trends south toward Fort Huachuca and Sierra Vista from its
junction with 1-10, about 2.7 mi (4.5 km) west of Benson. At a
point 12.6 rni (21.2 km) south of 1-10, a dirt road, marked by a
simple ranch gate, leads westward a few mi (km) across public
land into Dry Canyon. This road is best traveled using a fourwheel-drive vehicle, but in good weather it is passable with
difficulty for passenger cars.

discontinuous thrust faults that probably resulted from minor structural adjustments during Laramide tectonism and by a few nonnal
faults resulting from Laramide and late Cenozoic movements.
Paleozoic strata at the range crest and on the west flank are overlain
unconformably by Cretaceous sedimentary rocks of the Bisbee
Group, which was deposited on a locally rugged surface carved
deeply into rocks of Early and Late Permian age. The distribution
of the stratigraphic units and the structural relationships reported
here are taken mainly from the ge'ologic map of the Benson
Quadrangle (Creasey, 1967). Additional information on the
general geology of the Whetstone Mountains and a petrographic
and facies analysis of the Paleozoic rocks were reported by Wrucke
and Annstrong (1984,1987).

Geologic Setting

Supplement Volume

Paleozoic rocks of the Dry Canyon area range in age from
Middle Cambrian to Late Permian. Basal Cambrian strata rest on a
surface of gentle relief developed on the Early Proterozoic Pinal
Schist and crop out on the south side of French Joe Canyon in the
northeastern part of the area. Rocks higher in the Cambrian section
are exposed on the north side of Dry Canyon. The overlying westdipping section of Devonian, Mississippian, Pennsylvanian, and
Permian rocks extends to the crest of the range and is cut by a few

This guidebook article is by necessity short. Because the
trip leaders recognize the importance of bringing together some of
the pertinent literature on the upper Paleozoic rocks of southeastern
Arizona, and the Whetstone Mountains in particular, a supplement
volume to this guidebook article will be distributed to participants.
The volume will include summaries of research recently completed,
discussions of problems addressed later in the text, and reprints of
key articles.
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Figure 3. Idealized and diagrammatic columnar section of Proterozoic, Paleozoic, and Cretaceous rocks in
the Whetstone Mountains (from Wrucke and Armstrong, 1987).
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UPPER PALEOZOIC STRATIGRAPHY BACKGROUND
Previous Studies
The stratigraphy of the Whetstone Mountains was not
known in any detail until the rnid-1950s. D.L. Bryant (1955) was
the first person to measure and describe the Permian strata and to
make an extensive study of the abundant invertebrate fossils. His
work was followed closely by W.W. Tyrrell, Jr.'s (1957) monumental geologic mapping, which placed particular emphasis on the
stratigraphy. Both studies were doctoral dissertations, and both
authors were quick to point out the great thicknesses of the upper
Paleozoic rocks in the Whetstones - in excess of 5350 ft (1630 m)
in or nearby Dry Canyon. Tyrrell's dissertation, which became
readily available through University Microfilms, Inc. in 1964,
served as the prime reference for other investigators in the
Whetstones, and continues to be required reading.
Fred T. Graybeal (1962) studied in detail the gypsum
occurrences in the Epitaph Formation in this field trip area. Ross
and Tyrrell (1965) described the fusulinids from the Black Prince,
Earp, and Concha limestones. This study, along with the studies
by Sabins and Ross (1963) and Ross and Sabins (1965), greatly
enhanced the correlation of Pennsylvanian-Permian strata in southeastern Arizona. S.C. Creasey's U.S.G.S. Miscellaneous
Geologic Investigations Map 1-470 -- Geologic Map of the Benson
Quadrangle, Cochise and Pima Counties, Arizona - was published in 1967, although the geology was actually mapped in
1960-64. This map was accompanied by 12 stratigraphic sections
measured on both the west and east flanks of the Whetstones.
P.T. Hayes and R.R. Raup followed in 1968 with a geologic map of the Huachuca and Mustang Mountains located south
of the Whetstones. Their map included the ridges located west of
Sands Ranch, south of the Mescal Spring fault, and north of
Arizona 82. These ridges are regarded as part of the Whetstone
Mountains by most geologists who have worked in southeastern
Arizona. The ridges are also the location of excellent outcrops of
Horquilla through Concha strata, but road access is poor except
near the Sands Ranch headquarters. W.C. Butler (1971) expanded
on his M.S. thesis study of the upper Paleozoic rocks in the Empire
Mountains, located just west of the Whetstones, to describe the
Permian sedimentary environments in southeastern Arizona. This
paper is recommended reading for any future investigations.
A.K. Armstrong, who was later joined by B.L. Mamet, has
studied the Mississipppian rocks of southwestern New Mexico and
southeastern Arizona since the late 1950s. Selected references
include Armstrong (1962) and Armstrong and Mamet (1978,
1988). Armstrong then teamed with C.T. Wrucke to prepare the
geologic map and the Geological Society of America Centennial
Field Guide article that directly concern the Whetstone Mountains
and the Dry Canyon area (Wrucke and Armstrong, 1984, 1987).
These last two publications have served as building blocks for this
field trip. Figures 1, 2, and 3 are taken directly from Wrucke and
Armstrong (1987).
The Armstrong and Mamet (1978) article appeared in the
New Mexico Geolol:ical Society Guidebook. 29th Field
Conference. Land of Cochise volume. It was accompanied by
c.A. Ross's article titled "Pennsylvanian and Early Permian
Depositional Framework, Southeastern Arizona." This article was
an update of Ross's earlier paper with essentially the same title
from the American Association of Petroleum Geologists Bulletin
(Ross, 1973). Southeastern Arizona was also included in the Ross
and Ross (1986) article in the American Association of Petroleum
Geologists Memoir 41.
Paleogeographic Setting
The Whetstone Mountains lie on the shelf adjacent to the
Pedregosa basin. Not all authors agree on what to name this shelf
area or even where to place the northwest edge of the basin. The
more current researchers in southeastern Arizona, who address this
problem (Ross, 1973, 1978; Greenwood and others, 1977; Ross
and Ross, 1986; Armin, 1987; Armstrong and Mamet, 1988;
Lyons, 1988), show the Pedregosa basin to be a northwest-southeast trending basin that just enters the southeast corner of Arizona,

Schreiber and others

cuts through the southwest corner of New Mexico, and continues
southeastward into Mexico. Kluth (1986) has most recently discussed the plate tectonic setting of the Ancestral Rocky Mountains
and including the Pedregosa basin.
Ross (1973) first used the name "Central Arizona Shelf,"
but later placed the Whetstones on the northeast edge of his Papago
Inner Shelf and immediately adjacent to his San Pedro Outer Shelf
(Ross, 1978). The Central Arizona Shelf name was used again in
Ross and Ross (1986). Armin (1987) simply refers to the shelf
region in Arizona north and west of the Pedregosa basin as the
Pedregosa Shelf. This approach is used later in this article. The
Armin (1987) article is reprinted in the supplement volume to this
guidebook article. T.W. Lyons presents a thorough review of the
Pedregosa basin development in the supplement volume.
GEOLOGIC HIGHLIGHTS - TUCSON
TO DRY CANYON
The drive from Tucson to Dry Canyon takes about 90
minutes. En route to the Whetstones we are passing through Basin
and Range country, which contains not only some classic geology
but also its own unique scenery. The geologic highlights and
prominent geographic features will be pointed out by vehicle
drivers. Several geologic highlights are also described in later
paragraphs. It seems appropriate to describe first the Basin and
Range general topographic and geologic setting. Much of this
description is taken from the recent and excellent book chapter by
Damon and others (1984).
The trip route lies in the Southern Basin and Range
Province and almost entirely in the Eastern Mountain subprovince
of southeastern Arizona. Only Tucson is in the Sonoran Desert
subprovince. The Eastern Mountain region is characterized by
valleys that are much narrower than the adjacent mountain ranges
and valley-floor elevations of more than 2625 ft (800 m) (Damon
and others, 1984). Indeed the mountains seem to rise abruptly
from the desert basins. The earliest attempts to explain this physical feature relied upon "basin subsidence along faults to form series
of horsts and grabens" (Damon and others, 1984, p. 179). Today
the basin and mountain topography is explained by listric normal
faults that "have steep dips at the surface but flatten out at depth"
(Damon and others, 1984, p. 180). R.E. Anderson (1971) first
recognized the role of these shallow dipping and curved faults,
which he termed "listric normal faults." The steep dips seen in
some mountain ranges may be explained by having originally horizontal strata rotate to steeper dips by movement along the curved
fault planes (Anderson, 1971; Proffett, 1977). This model has
been applied very successfully to southeastern Arizona geology.
The modern landscape is chiefly the product of vertical
movements without much rotation and basin filling in the past 12 to
15 m.y. (Damon and others, 1984, p. 182-190). These authors
also recognized an earlier mid-Tertiary orogeny that developed a
rugged landscape, led to thick, rapidly deposited basin fills, and
even produced rotation of some of the basin-fill sediments. In.,.
order to arrive at the 12 to 15 Ma date they used the ages of the
youngest tilted volcanic flows and the oldest flat-lying volcanic
flows in various places to establish the close of rotational tectonics.
We will be heading southeast when we enter 1-10 at the
Kino Parkway ramp (Exit 263). The Santa Rita Mountains are to
the southeast and to the north and east-northeast are the Santa
Catalina and Rincon Mountains, respectively. About 20 mi (32.2
km) east of Tucson and beginning at Milepost 284, or just before
the bridge over Davidson Canyon, the roadcuts expose chiefly the
eastward-dipping beds of the Pantano Formation. The Pantano
outcrops continue for several miles and expose alluvial-fan
deposits, lake beds, and volcanic rocks. An andesite flow separates the alluvial fan and lake beds at several locations. Plagioclase
from the andesite has been dated (K-Ar) at 24.93 m.y. A rhyolite
tuff with a K-Ar radiometric date of 36.7±1.l m.y. disconformably
underlies the Pantano. These dates indicate that deposition
occurred during Oligocene to early Miocene time (Balcer, 1984).
The total thickness of the Pantano Formation is 4100 ft (1250 m),
but the thickness exposed along 1-10 is much greater because parts
of the section are repeated by faulting.
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The trip route takes a right turn (south) at Exit 302 onto
Arizona 90, which follows the west side of the San Pedro Valley
and parallels the Whetstone Mountains. Arizona 90 leads to Fort
Huachuca and Sierra Vista before trending southeastward toward
Bisbee. Numerous roadcuts for the next 4 mi (6.4 km) are in a late
Pleistocene coarse alluvium. Gray (1967) called this alluvium
"granite wash" since it consists chiefly of coarse granitic debris
derived from the Precambrian rocks located at the north end of the
Whetstone Mountains; Cambrian quartzite clasts are also abundant.
The St. David Formation underlies this alluvium and crops
out in badland topography on both sides of the San Pedro River in
the valley to the east. Fine-grained fluvial sediments and smaller
quantities of sand, gravel, pyroclastic units, and paleosols make up
most of the formation (Gray, 1967). A few freshwater limestone
and clay layers contain algae, ostracods, and mollusks and suggest
deposition in small lakes and ponds. Sediments exposed on the
surface total 600 ft (183 m), but deep water wells in the valley
suggest a total thickness of more than 1600 ft (490 m). The age of
the St. David Formation is late Pliocene-middle Pleistocene based
upon a well-studied vertebrate fauna (Lindsay and Tessman, 1974;
Lindsay, 1978); recognition of magnetic polarity zones (Johnson
and others, 1975); and dates on ash beds of 2.01 m.y. (mean of
several K-Ar ages) and 3.1±0.7 m.y. (fission track-zircon) at the
Post Ranch and California Wash localities, respectively (Izett,
1981).
The Whetstone Mountains contain some of the most complete sections of relatively undisturbed Paleozoic rocks in southern
Arizona. French Joe Canyon road, located 10.2 mi (16.4 km)
south of 1-10, provides access to a well-exposed lower Paleozoic
section. The large butte on the north side of the canyon is capped
by the Bolsa Quartzite (Cambrian). Other formations, including the
Abrigo Formation (Cambrian) and the Martin Limestone
(Devonian), are difficult to see from Arizona 90, but are well
exposed in the lower slopes behind the butte. The higher cliffs are
chiefly limestone of Mississippian and Pennsylvanian age. The
Mississippian Escabrosa Limestone, Black Prince Limestone
(Morrowan), and the Pennsylvanian-Permian Naco Group rocks
are more accessible in Dry Canyon, which is the next large canyon
about 2 mi (3.2 km) to the south. Included in the Naco Group are
the Horquilla Limestone (Pennsylvanian), Earp Formation
(Pennsylvanian-Permian), Colina Limestone (Wolfcampian-early
Leonardian), Epitaph Formation, Scherrer Formation, Concha
Limestone (Leonardian-early Guadalupian), and the Rainvalley
Formation (Guadalupian).
The Mustang Mountains (see Figure 1), located immediately south of the Whetstones, contain similar sections of the Naco
Group. In addition, the higher peaks to the south of Arizona 82 are
capped by Triassic and Jurassic volcanic and sedimentary rocks
(Hayes and Raup, 1968).
Arizona 90 continues south and crosses Arizona 82 at
Whetstone Junction. Straight ahead in the distance are the
Huachuca Mountains. To the east or left are Tombstone and the
Tombstone Hills. Arizona 90 turns east at Sierra Vista and crosses
the San Pedro Valley before joining U.S. 80 13.2 mi (21.2 km)
northwest of downtown Bisbee.

Formation begins. Stop 2, in the p.m., will be spent on the eastfacing slope in Earp beds.
Stops 3 and 4 will be visited on day two. Stop 3 begins in
the Colina limestone beds at the top of the ridge where the Earp
section of stop 2 ended the previous day; the Colina beds continue
down slope. The Epitaph Formation, stop 4, crops out on the
lower slope of this ridge and on the east-facing slope of the high
ridge immediately westward. There should be ample time to visit
the Scherrer Formation and perhaps Concha Limestone outcrops on
nearby ridges. We have easy access to these more westerly ridges
via the Sands Ranch road to the south and Mine Canyon road,
which lies just west of stop 4.
STOP 1. HORQUILLA LIMESTONE: CARBONATE
CYCLES AND CHAETETES BIOSTROMES
This stop provides an opportunity to examine in detail the
carbonate cycles that characterize the Horquilla Limestone and to
view two Chaetetes biostromes that crop out near the middle of the
formation. A spectacular section is exposed on the south wall of
Dry Canyon. Here, over 1000 ft (305 m) of Middle and Late
Pennsylvanian carbonate strata can be examined in a continuous
sequence, broken by only a few minor faults. This section was
measured by Tyrrell (1957) in a pioneering study. Ross and
Tyrrell (1965), Creasey (1967), and Wrucke and Armstrong
(1984, 1987) subsequently remeasured and/or reinterpreted
Tyrrell's section. Reported thicknesses range from 1012-1231 ft
(308-375 km), informally subdivided into upper and lower
members. The formation is late Atokan-early Virgilian in age
(Ross and Tyrrell, 1965) and, as is characteristic of southeastern
Arizona, placement of the Desmoinesian-Missourian boundary is
problematic.
Geologists working in southeastern Arizona have long
noted the pronounced ledge and slope topography and cyclic nature
of the Horquilla Limestone. These carbonate cycles are temporally
equivalent, exhibit similar periodicities, and presumably are correlative with the classic "cyclothems" recognized in the midcontinent. The Horquilla cycles, and similar cycles recognized in the
Great Basin (e.g., St. Aubin-Hietpas, 1983), appear to represent
the most marine end-member in a continuum. Kansas- and Illinoistype cyclothems would therefore be intermediate between the
Horquilla-type cycles and the predominantly non-marine
Appalachian-type cyclothems described by Busch and Rollins
(1984) and Klein and Willard (1989). The cyclic deposition of
carbonate strata on a broad shallow marine platform (Pedregosa
meters
TOP OF CYCLE INDICATORS

Massive,
thick- bedded
wackestones,
packstones,
& grainstones
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ITINERARY
Once vehicles have entered Dry Canyon they may park near
the base of the ridge on the south side. Follow the existing roads
to reach a favorable location on the north side of the steep-sided
draw. If the road leading across the steep-sided draw is in good
repair, vehicles may approach the base even closer and actually
maneuver to the south side of the ridge. Measured section B,
which is shown in Figure 2, begins at the east end of the longest
ridge and then trends westward across two other ridges. Bedding
dips westward so that the route is always headed up section stratigraphically.
Stops 1 and 2 will be made on day one. Stop 1 will include
the Martin Formation at the very base of the ridge and then proceed
up slope through the Escabrosa Limestone and Black Prince
Limestone to the thicker Horquilla Limestone, which crops out in
the slightly undulating topography of the ridge top. The traverse
then leads down slope into a saddle at which point the Earp
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Figure 4. Typical carbonate cycle idealized from Desmoinesian
strata exposed in Dry Canyon. See discussion in text (Stop 1).
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shelf) presents an ideal setting to resolve eustatic changes in base
level (signal), minimizing the input of autogenic and regional allogenic agents (noise). The effects of tectonism and concomitant
clastic influx are not significant during Middle Pennsylvanian time,
but become progressively more important during the Late
Pennsylvanian. Thus, the Horquilla Limestone represents an important reference section for evaluating and refining the first generation of late Paleozoic sea level curves presented by Heckel
(1986) and Ross and Ross (1987,1988).
Carbonate cycles in the Horquilla Limestone are well developed in Desmoinesian strata. A typical cycle consists of three
members: (1) a basal covered interval, (2) thin wavy bedded,
often nodular limestone, and (3) massive thick-bedded limestone
(Figure 4). The slope-forming strata are only rarely exposed but
may contain thin (6-18 in [15-46 cm]) beds of limestone. Reported
lithologies range from calcareous siltstone and shale to marl. Only
marl has been observed near the contact with the middle member.
There, it contains a stenohaline fauna. The thin-bedded limestone
member typically consists of mudstone and wackestone and is
usually both darker in color and less resistant than the overlying
member. Crinoid ossicles and productids are common. The upper
member generally consists of wackestone, packstone, and grainstone that shoal upward. Encrinites and coated grainstone are
common. This ledge-forming member is generally lighter in color
and less argillaceous than the underlying member.
Numerous features indicating shallow depths, maximum
regression, or subaerial exposure occur in the upper member.
Most are stratigraphically restricted to the uppermost 18 in (46 cm)
of the cycles. They include: (1) mottled bedding suggestive of
mixing zone or meteoric diagenesis (Solomon, 1989);
(2) cryptalgal fabrics(?) suggesting peritidal environments; (3) a
variety of intraclastic horizons that may reflect in situ desiccation
and subsequent erosion, peritidal reworking, or diagenetic products
associated with the development of paleosols and caliche;
(4) oncolites suggesting shallow conditions with moderate ambient
energy; (5) penecontemporaneous dolomite(?) in a sabkha setting;
(6) fenestroid fabrics suggesting desiccation; (7) oolitic and coated
grains tones, locally cross-bedded; and (8) Chaetetes biostromes.
Many of these features frequently co-occur (Connolly and Stanton,
1989). A better understanding of their genetic significance will aid
cycle recognition and correlation in carbonate strata.
Two chaetetid biostromes occur in the uppermost cycles of
the lower member of the Horquilla Limestone. They are of special
interest for three reasons. First, Chaetetes was the principal framebuilding organism during the Middle Carboniferous, a time of
diminished reef-building activity (West, 1988). Second, Chaetetes
in abundance or forming biostromes is an important paleobathymetric indicator, typically reflecting extreme shallowness,
approaching intertidal depths (Connolly and others, 1989). Lastly,
chaetetid buildups form important hydrocarbon reservoirs in the
subsurface.
STOP 2. EARP FORMATION, WITH EMPHASIS ON THE
CHERT-CLAST CONGLOMERATE INTERVAL
Introduction
The Earp Formation (Late Pennsylvanian-Early Permian) is
a unit of interbedded siliciclastic and carbonate rocks locally over
1480 ft (450 m) thick that is exposed in southeastern Arizona,
southwestern New Mexico, and northern Mexico. Most of these
rocks are shallow- and marginal-marine deposits of the northern
Pedregosa basin and adjacent shelf. In many localities the Earp
Formation also contains an incongruous thin interval of braidedstream deposits composed of red chert-clast conglomerate and
shale. This fluvial interval records regional emergence that interrupted marine deposition during middle Wolfcampian time.
Transgressive shallow- and marginal-marine deposits overlie the
fluvial deposits. Armin (1986) measured an Earp thickness of
1086 ft (331 m) in Dry Canyon.
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Lower Earp Formation
(Shallow-/Marginal-Marine Facies)
The lower part of the Earp Formation (base of formation up
to the red chert-clast conglomerate interval (RCC)) consists of
approximately 60% shale, siltstone, and fine-grained sandstone
and 40% carbonate rocks. Siliciclastics increase upsection.
Sedimentary structures in siltstone and sandstone beds include
common ripple-drift and climbing-ripple cross-laminated sets, and
rare small-scale hummocky(?) crossbeds. Bioturbation is locally
pervasive (common Planolites, Thalassinoides, Pelecypodichnus).
Interbedded limestone consists primarily of wackestone and packstone, with rare to common brachiopods, pelecypods(?), crinoids,
gastropods, rugose corals, fusulinids, and phylloid algae.
Thalassinoides burrows are common. Algallarninite (with bird'seyes) and flat-pebble rudstone occur rarely.
Sedimentary structures, trace fossils, and lithology of the
siliciclastics suggest estuarine to shallow-marine depositional settings. Interbedded limestone intervals were deposited primarily in
slightly restricted to normal shallow-marine settings. Minor algal
laminite and thin rudstone beds record less common intertidal/supratidal deposition.
RCC Interval (Fluvial Facies)
A single interval of red chert-clast conglomeratic beds
(RCC interval) is present near the middle of the section in the Earp
Formation in the Whetstone Mountains (Figure 5). The RCC interval, ranging from a few feet to 36 ft «1 to about 11 m) thick, is
demonstrably continuous in the Whetstone Mountains where it is
exposed along the entire outcrop belt of the Earp Formation
(approximately 9.3 mi [15 km] in length). At Dry Canyon, the
RCC interval consists of clast-supported, amalgamated conglomerate beds, and intercalated pebbly sandstone and sandstone. The
disorganized.to crudely upward-fining conglomerate beds are composed of poorly sorted chert granules and pebbles, and fewer
limestone clasts. Tabular-planar and wedge-planar crossbed sets
up to 6 in (15 cm) thick are present. Intercalated lenses of chertrich sandstone and pebbly sandstone are typically planar laminated
and planar crossbedded.
The RCC interval is interpreted as a braided-stream deposit,
based on sedimentary structures and lithologies present. Regional
paleocurrent data indicate that the RCC interval was deposited by
generally southward-flowing streams (Armin, 1987), although a
dominant northeast paleocurrent direction was measured in the
Whetstone Mountains (Figure 5).
Discussion
The Earp Formation in the Whetstone Mountains records
Late Pennsylvanian-Early Permian evolution of a part of the
Pedregosa shelf. This region began to receive siliciclastic material
from the north during Virgilian time, after previously accumulating
primarily carbonate sediments of the Horquilla Limestone.
Episodic delivery and transport of siliciclastic detritus caused
interbedding of siltstone, shale, and carbonate rocks of the lower
Earp Formation. Shallow-shelf deposition in the Pedregosa shelf
was terminated in middle Wolfcampian time by fluvial deposition
of the RCC interval. Shallow- and marginal-marine deposits of the
upper Earp Formation transgressed over the RCC interval during
middle!late(?) Wolfcampian time.
The middle Wolfcampian erosional event accompanying
deposition of the RCC interval was probably related to regional
tectonics, perhaps amplified by a eustatic sea-level drop. The evidence to support this conclusion is synchronous timing of tectonically induced unconformities and related synorogenic conglomerate
deposition throughout a wide area in the Ouachita foreland region.
Armin (1987) speculated that the RCC interval is the sedimentary
record of forebulge tectonics peripheral to the Pedregosa foreland
basin in northern Mexico.
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and shale beds as well as significant covered intervals are quite
rare. Bioclasts of the "fossil hash" limestone are not readily identifiable; however, abundant echinoid spines and interambulacral
plates, gastropods, and brachiopods are identifIable. The excellent
silicifIcation of much of the fossil material has resulted in a high
degree of preservation. Gilluly (1956, p. 49-53) presents a faunal
list, but Wilt's (1969, p. 51-54) summary of fossil distribution
takes in a larger geographic area. The Colina was fust assigned an
age of Wolfcampian and Leonardian(?) by Gilluly and others
(1954). Fusulinids have been collected from Colina beds in the
Guadalupe Canyon area in the extreme southeastern corner of
Cochise County (Dirks, 1966). Only the genus Parafusulina was
known at that time, but newer collections were made in which were
found Parajusulina, several species of Schwagerina, Endothyra
sp., Staffella spp., Nankinella(?) sp ., and other staffellid genera
(Ross, written commun., 1983). A probable early Leonard age is
suggested.
Dry Canyon Section
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Figure 5. Stratigraphic sections of the RCC interval of the Earp
Formation in the Whetstone Mountains. Heavy vertical bars show
stratigraphic limit of the RCC intervaL Rose diagram summarizes
paleocurrent data for the RCC interval in the Whetstone
Mountains.
STOP 3. COLINA LIMESTONE
Introduction
The Colina Limestone was fIrst defIned and described by
Gilluly and others (1954) from the excellent exposures on Colina
Ridge in the nearby Tombstone Hills. Colina beds are easily
recognized in the fIeld because of the dark gray to black color on
fresh surfaces and the prominent fetid (H2S) odor produced by
breaking the rock or the application of dilute hydrochloric acid.
Weathered surfaces are usually a lighter gray in color, but some
weathered surfaces may be darker gray to black. Lithologically,
the Colina is dominated by lime mudstone and "fossil hash" limestone (wackestone and packstone). Exposed sandstone, siltstone,
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In the Whetstone Mountains and the central Cochise County
area the Colina varies in thickness from 180 ft (55 m) to 700 ft
(213 m) (Tyrrell, 1957; Creasey, 1967; Wilt, 1969; Lyons, 1988).
The thickness at stop 3 is 493 ft (150 m). Lime mudstone and
wackestone make up 58% of the section. The lime mudstone beds
contain echinoid fragments and other bioclastic materials of uncertain affinity; they may also be dolomite. The wackestone beds
contain echinoid spines, peloids, ooids, and crinoid stems; they
may also be dolomitic and contain chert nodules. A dolomitic
oolitic packstone or grainstone 26.7 ft (8.1 m) thick crops out near
the base of the section. The upper third of the section is dominated
by a packstone containing "algal" pisolites, ooids, pellets, chert
nodules, and a variety of the typical Colina fossils and "fossil
hash." The uppermost bed is a calcareous dolomite.

The transition in southeastern Arizona from the mixed
marine/nonmarine deposition of the Earp Formation to the marine
Colina Limestone reflects a Wolfcampian transgression resulting
from a eustatic rise in sea level and/or regional subsidence (perhaps
a further consequence of the Ouachita orogeny to the south). In
general terms, the Colina Limestone of this region was deposited in
a shallow muddy lagoon on the northern shelf of the late Paleozoic
Pedregosa basin; sedimentation is thought to have essentially kept
pace with subsidence. In spite of the fact that there is evidence for
periods of increased current energy related to storm and tidal
processes (including the presence of cross-stratifIed siliciclastic and
carbonate lithologies, possible storm-related fossil layers, currentaligned bioclasts, and shelfward transport of ooids), the system
was dominated by low-energy depositional conditions (Lyons,
1988, p. 144). The existing data suggest that Colina carbonate
sedimentation occurred entirely in subtidal settings. Siliciclastic
units are of limited abundance and are generally too poorly exposed
to permit depositional interpretations.
The presence and distribution of ooids within the Colina
lagoonal micrites, the general facies patterns, and, specifIcally, the
lithologic and biologic character of the Colina in the Guadalupe
Canyon area indicate that deposition in the southeastern comer of
Arizona occurred proximal to a high-energy platform margin. This
margin was apparently characterized by abundant ooid-shoal sands
and crinoidal communities; however, nowhere in southeastern
Arizona is there evidence for development of Colina biohermal
structures.
The ooid shoals appear to have restricted circulation across
the platform margin. The resulting limited access with the open
ocean to the southeast, combined with the arid climate of the
region, are believed to have been responsible for elevated salinities
in the Colina lagoon (as suggested by the restricted fauna and the
mineralogic evidence, albeit meager, for high salinity/evaporitic
conditions). Furthermore, reduced dissolved-oxygen concentrations may have developed in the deeper portions of the Colina
lagoon as an additional consequence of restricted circulation. In
any event, the generally more fossiliferous nature of the upper

Schreiber and others

Colina, in comparison to the lower beds, indicates improved circulation by late Colina time (Lyons, 1988, p. 161).
STOP 4. EPITAPH DOLOMITE
Stratigraphic Background
The contact between the Colina Limestone and the overlying Epitaph Dolomite is highly gradational, with the transition
occurring in a zone of variable thickness, which may be up to 30 ft
(10 m) but more commonly less than 4 ft (1.2 m) (Gilluly and
others, 1954, p. 24). Within this zone, typical Colina limestones
are interbedded and mottled with Epitaph-like dolomite. The
amount of dolomite increases upward until it passes into massive
dolomite. The contact is placed immediately below this massive
dolomite, thus above the highest limestone, mottled dolomitic
limestone, or calcareous dolomite.
The Epitaph Dolomite in the type section in Epitaph Gulch
in the Tombstone Hills may be divided into three members, in
which the middle member, a calcitic siltstone, is underlain and
overlain by dominantly carbonate rocks (Patch, 1973). Although
the section is 762 ft (232 m) thick, the uppermost beds have been
eroded and the Glance Conglomerate (Lower Cretaceous Bisbee
Group) rests on the Colina carbonate rocks. The Epitaph shows
the same divisions in the Whetstone Mountains with some major
differences in the middle member. Thickness of the formation in
the Dry Canyon area as measured by Creasey (1967) is 1198 ft
(365 m), and 973 ft (297 m) as measured by Tyrrell (1957).
Carbonate rocks, which dominate the section, range from
lime mudstone to pure dolomite. Muds cracks, mud chips, algal
laminations, gypsum pseUdomorphs, and well-developed algal
stromatolites may be observed. Because of bedding thickness,
they usually form debris-covered slopes with but minor clifflets.
Dry Canyon Section
The lower member consists of light- to dark-gray dolomite
and minor marl and sandstone; it is best exposed in section D
(Figure 2) just to the south of Dry Canyon where Creasey (1967)
measured 140 ft (42.7 m).
The middle member in section B in Dry Canyon is 858 ft
(261.5 m) thick (Creasey, 1967). It consists of interlayered
yellowish-gray to medium-gray and deep-red, commonly thinbedded limestone, dolomite, marl, and sandstone. This member
also contains rarely exposed beds of gypsum (Graybeal, 1962).
Graybeal did, however, excavate many of his measured sections to
show gypsum and silty gypsum thicknesses in excess of 50 ft
(15.2 m). Three gypsum prospect trenches were opened in 1978
on the slopes in the SE 1/4 of sec. 4, T. 20 S., R. 19 E. or
about 2 mi (3.2 km) south of the Dry Canyon area and 1 mi (1.6
km) southwest of the Sands Ranch. One author (IF.S., Jr.) measured 338 ft (103 m) of gypsum, dolomite, and red and green siltstones in the most northerly trench in mid-1982. Gypsum beds
accounted for 167 ft (51 m) of the total thickness; maximum
gypsum bed thickness was 57 ft (17.4 m). The three trenches were
subsequently filled and the slopes returned to near-natural
conditions.
The upper member consists of Iight- to medium-gray and
bluish-gray limestone and dolomite, locally cherty, in beds 1 to 4 ft
(0.3 to 1.2 m) thick. Creasey (1967) measured a thickness 0£2oo
ft (61 m) at section B.
Environment of Deposition
Field geologists working in southeastern Arizona Permian
sections recognize the abundant dolomite in the upper beds of the
Colina, where Epitaph-like dolomite passes gradationally upward
into the Epitaph Dolomite.
The thick and often red middle siltstone unit of the Epitaph
(see Patch, 1973; Bryant, 1955, section 7-A) and the dolomite beds
of the upper Colina and at least the lower Epitaph (Le., below the
siltstone member) are interpreted to represent a Leonardian regressive phase following deposition of a thick sequence of "Colina-type
sediment." This implies that at least the lower portions of the
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Epitaph are indeed a do10mitized facies of the Colina. As proposed
by Patch (1973), this dolomitization event can perhaps best be
explained with the seepage refluxion model of Adams and Rhodes
(1960). The gypsum deposition within the Epitaph (Bryant, 1955;
Tyrrell, 1957) was probably a result of regression-related restriction and evaporite precipitation and was responsible for the Mg~rich
(relative to Ca) dolomitizing brines. The present distribution of
Epitaph Dolomite in southeastern Arizona may reflect the overall
bottom topography of the basin. Specifically, dolomitization
appears to have occurred in the low portion of the shelf where the
hypersaline marine waters ponded and evaporites precipitated.
Relating the dolomitization to a single major withdrawal of
the Leonardian sea in southeastern Arizona is a simplification and
strictly hypothesis; however, the Colina transgression, followed by
a late Early Permian drop in sea level, is well represented in the
"coastal-onlap" curve of Vail and others (1977, their Figure 1).
These features are not, however, observed in the eustatic curve of
Hallam (1984, his Figure 5), which displays a continuous drop in
sea level for the duration of the Permian. Rather than relating the
dolomitiZation to global-scale processes, it may be more reasonable
to imagine local effects, such as tectonic-related changes in circulation patterns, as causal factors. Without further stratigraphic,
petrographic, and geochemical studies of the Epitaph and Colina
dolomites, little more can be said. Nevertheless, field observations
of major variations in the stratigraphic level of dolomitization, even
at very local scales, fully support the model of hypersaline brines
refluxing from evaporite lagoons (Lyons, 1988, p. 164-166).
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INTRODUCTION AND OVERVIEW OF PROTEROZOIC
OROGENI C HISTORY IN ARIZONA
The T ransitio n Zone of central Arizona exposes a semi-continuous
500-km-wide transect across the Early Proterozoic orogenic belt in the
Southwest. This transect is divided into eight tectonic blocks by northeastand north -trending shear zones (Figure 1). The blocks are fault-bounded
areas of Proterozoic rock that exh ibit a distinctive tectonic history relative
to adjacent blocks (Karlstrom and Bowring, 1988). The continuing goa l of
our research is to evaluate tectonic history within and between tectonic
blocks to determine the configuration of Early Proterozoic terranes (o nceseparate segments of Proterozoic lithosphere), and decipher processes of
assembly of continental lithosphere in southwestern North America.
Several periods of orogenic deformation and metamorphism have
been recognized within the Arizona transect (Karlstrom and Bowring,
1988). The ea rliest deformation, at 1.74 Ga, affected the Ash Creek and
Green Gulch blocks of central A rizona, and probably other blocks in
northwestern Arizona. The next deformation, the Yavapai orogeny,
occurred at approximately 1.7 Ga. This deformation affected all of the
blocks of the Yavapai Province (Figure 1) . The culmin ating deformati on,
the Mazatzal orogeny at 1.65-1.60 Ga, affected blocks of the Mazatzal
Province. Structural data indicate that each of these deformations was the
produ ct of a period of co nvergence between tectonic blocks.
Following the Mazatzal orogeny, southwestern North America
experienced 150-200 m.y. of tectonic quiescence. This suggests that the
Mazatza l orogeny may have involved collision of a relatively large landm ass
to the south which insulated the Southwest from plate margin activities.
This quiescence was interrupted by granitic plutonism at 1.45-1.40 Ga th at
affect cd the entire region (Anderson and Bender, 1989).
New U-Pb geochronology on zircon and metamorphic minerals
(Chamberlain and Bowring, in press; Chamberlain and others, 1989), and
an abundance of ca 1.4 Ga K-Ar ages that are interpreted as cooling ages,
suggest that some of the blocks that now expose high grade rocks (Mojave,
Hualapai, Big Bug) cooled slowly following the Yavapai orogeny and were
not cooled until afler 1.4 Ga. Other blocks (Ash Creek, M azatzal)
remained near the surface during and following the Yavapai and M azatzal
orogenies (Bowring and Karlstrom, in prep.). Different post-orogenic
cooling histories for adj acent blocks appear to require differenti al uplift
during and after 1.4 Ga pluto nism.
PURPOSE OF THE FIELD TRIP
This field trip is designed as a progress report on our continuing
investigations of the Mazatzal orogeny, from foreland to hinterland, and as
a forum for discussion of the block architecture and Proterozoic tectonic
history of Arizona and the Southwest. The trip focuses on the contrasting
tectonic histories of the M azatzal and SunOower blocks, and on structural
studies along part of the boundary between these blocks, the Slate Creek
shear zone.
The Mazatzal block records events that took place in the foreland
of the Mazatzal orogen, in areas unaffected by penetrative deformation and
metamorphism associated with the previous orogenic pulses. The M azatzal
block records development of an ophiolite sequence (1.73 Ga),
development of a thick sedimentary sequence (1.72-1.70 Ga), and foreland
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Figure 1. Regional map of Proterozoic rocks in the Southwest, showing
major orogenic provinces and the block architecture of the Arizona
transect. From the northwest the blocks are: M-Mojave, H-Hualapai, GG reen Gulch, B-Big Bug, A-Ash Creek, M-Mazatzal, S-SunOower, P-Pinal
thrust belt deformation accompanied by very low grade metamorphism
(1.70-1.65 Ga) .
The SunOower block records events that took place in the middle
crust in th e hinterland of the Mazatzal orogen. D eformation was more
ductile and peak metamorphism was at a higher grade. Granitic pluton ic
rocks of 1.70, 1.65-1.60, and 1.40 Ga dominate this block. It a ppea rs that
this block includes volcanic and sedimentary successions that are ca 1.7 Ga
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and 1.66-1.60 Ga, and middle crustal deform ation and metamorphism that
are somewhat younger than seen in the M azatzal block (1.66-1.60 Ga).
GEOLOGY OF THE MAZATZAL BLOCK
Our present interpretation of the stratigraphic sequence in the
M azatza l block is summarized in Figure 2. The Mazatza l block contains a
1.76 Ga granite that is the oldest rock yet recognized in central Arizona.
This gran ite crops out in the Slate Creek shear zone, at the south margin of
the block (see discussion of stop 4) . Similar, but undated, granitoid occurs
as scree ns in the sheeted dike complex of the Payson ophiolite (stop 3).
Other "basement" rocks include undated felsic pendants in the 1.73 Ga
ophio lit e.
The basement was intruded and dispersed by extensional
magma tism represent.ed by the Payson ophiolite (see discussion of stop 3).
The presence of contInental crust as screens in the ophiolite, the more
evolved com positio n of the ophiolite, and the char'acter of overlying
supracrustal rocks are consistent with a back-arc or intra-are basin origin
for at least part of the Mazatzal block. D ates of 1.74 to 1.73 Ga have been
obtained from isotropic diorite from the Gibson Creek Complex (Silver and
others, 1986; D ann and others, 1989), and 1.73 Ga is tak en as the
approximate age of the Payson ophiolite.
The Gibson C reek complex is overlain in the northern Mazatza l
·block by a seq uence of supracrustal rocks named the East Verde River
Formation by Conway and Wrucke (1986). As initially defined, this
sequence included: (1) submarine mafic volcanic rocks, (2) a marker
hor izo n of jasper and felsic breccia, and (3) a thick seq uence of siltstone
a nd graywacke of turbidite origin. The volcan ic section overlies a sheeted
dike complex and is therefore part of the Payson ophiolite (Figure 2; Dann
and oth ers, 1989) . Two ash beds from the turbidite section yield ages of
1.72 Ga. As shown in Figure 3, rocks ofthe East Verde River Formation
are correlated with rocks of Anderson's (1989) Union Hills Group of the
southwestern Mazatzal block and with the lower Alder Group in the
southern Mazatzal Mountains. An implication of this correlation is that
back-arc basaltic volcanism may have been quite widespread, and th e
subseq uent sedim entati on may have involved regionally extensive turbidite
sedim en tation. This is similar to ophiolites th at evolve in back arc settings,
where coa rse cl astics from the arc ca n inundate the spreading center
(M oores, 1982).
The Alder Group overlies mafic volcanic rocks in its type area ncar
Young, Arizon a (Gasti l, 1958) and in the southern M azatzal Mountains.
This group is about three kilometers thick and consists of sed iments that
genera lly get more mature and quartz-rich up section. R hyolitic ash fl ow
tuffs and porphyritic andesite tuffs, fl ows, and si lls are also present in the
section (Figure 2). Thi s sequence of rocks appears to record a continuation
of back arc basin sedimentation and volcanis m, and perhaps a shallowi ng of
the back arc basin . Dates from the upper Alder Group are about 1.71 Ga
(Ludwig, 1974). The A lder Group is not present in the northern Mazatzal
block, where the Mazatzal Group unco nformably overlies the East Verde
River Formation. The Alder Group abruptly disappears across the Sheep
Mount ain fault in the M azatza l Mountains (Figure 3) suggesting that the
n or ~l~ward disappearance is partly controlled by structure. However, the
pOSIt IOn of this thrust, may have been controlled by early basin faults that
controlled a depocenter for A lder Group sedimentation somewhere sou th
of the present locus of the Alder G roup.
The Red Rock Group is a two-km -t hi ck sequence of rhyoliti c ash
flow tu rrs, rhyolite fl ows, mafic volcanics, and sedim ents. The lithologies
are Inte rpl:eted to represent widespread caldera related volcanism (Conway,
1976). T illS group of supracrusta l rocks is believed to be the volcanic
manirestation of granites, granophyres, and intrusive rhyolites named the
Di amond Rim Intrusive Su ite (Conway and Wrucke, 1986) . Both the Red
R ock Group and th e Diamond Rim Intrusive Suite yield ages of 1.70 Ga,
with co ntinued minor hypabyssa l plutonism lasting until abou t 1.69 Ga
(Silver and others, 1986).
The M azatza l Group un conro rmably overlies rhyolites of th e Red
Rock Gro up. In several places, rhyolite ash fl ows similar to the Red Rock
Group a rc interbedded with quartzites and conglomerates of the lower
Mazatzal Gro up showing th at the base of the Mazatzal Group is also 1.70
Ga (Silver and others, 1986) and that rhyoliti c ash flow volcanism and
quart z arenite sedim en tation overlapped in time and space. The IVI aza tza l
Group co nsists of conglomerate, shale, and quartz aren ite and records
flu vial a nd shallow mar ine sed im entation (Trevena, 1979) .
De rorm ation in the Mazatzal block has a brittle low temperature character
with geometric characteristi cs of a foreland thru'st belt (sec discussion of '
stop 2) . Derormation in the northern Mazatzal block consists of open
upright folds of the foreland of the Mazatzal orogen. The fr ont al thrusts of
the fore land thrust belt are the Mazatzal thrust system and the Agate
Mountain thrust (Figure 3) . These thrusts verge northwest. Deformation
becomes more penetrative in the so uthern Mazatzal block, so uth of the
Sheep Mountain fau lt and in the Slate Creek shea r zone. In these areas,
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Figure 2. Summary of strat igraphic units in the Mazatzal block.
thrusting direction was to the northwest and southeast along faults that now
are steeply dipping. Shortening may have taken place by tectonic wedging
and movement o n conjugate faults (Price, 1986), alth ough there is also a
suggestion that northwest-directed movements arc overprinted by south eastdirected movements in th e Slate Creek shea r zone (see discussion of stop
4) .
T he Slate Creek shea r zone is a zone of subvertica l foliation and
steeply southwest-plunging lineation that is several kilometers wide and ca n
be mapped con tinuously along strike for 40 km. This zone is characteri zed
by isoclinal folding, attenuation of stratigraphic units and heterogeneo us
distribu tion of shear zones and zones of apparent fl attening. Roller (1987)
identified south ~ast-s ide-up and sinistral movements along the oblique
southeast-plungmg stretching lineation in the southern Mazatzal Mountains.
This moveme nt was overpri nted by northwest-side-up and dextral obliqu e
movements 111 some zones. Subsequent workers, in the northeastern parts
of the zone, have documented northwest-side-up and dextral oblique
movements (Sherlock, 1986; Brady, 1987; Labrenz, 1989). These data
s~ggest two senses of movement. Major south-side- up movements brought
hIgher grade rocks of the Su nflower block up against low grade rocks in the
western part of the zone (Figure 3). North-side-up movements were
apparently smaller, as Alder Group strat igraphy can be carried across the
northern part of the zone with no appreciable increase in metamorphic
grade .
. . Meta morphic conditions during deform ation were very low grad e.
ThIS IS suggested by the style of derormation, especially in the northern
Maza tzal block, and by estim ates of temperature from fluid inclusion data
and phyllosilicate mineralogy. Fluid inclusion data from two sam ples of
qu artz fIbers th at grew during thrusting in the Mazatzal Mountains give
mea n hom og~n i zation tempe ratures of 135° and 200°C (Puis, 1986). This is
compatIbl e with the presence of smectit e-chlori te and smectit e-i llit e mixed
layer clays (T < 90°), incom plctely ordered illite «200°C for appreciable
1md P? lymorph), and kaolinite (T <300°C). All of these minera ls are
found III cleavage-rorming phases in the Mazatzal Mountains and in the
~ype area of the Alder Group (Gillent ine and others, 1989). These data
Il1(hca te that the northern Mazatzal block has not been hotter than 100290°C since 1.70 Ga. Metamorphic conditions in the Slate C reek shea r
zone were hIghe r as shown by the presence of ordered illite (100% 2m
polymorph suggesting T > 250°C) and pyrophyllite with no kao linite
(suggestll1g T > 300°C). Metamorphic co nditi ons just sou th of th e eastern
part of the Slate Creek shear zonc were higher as indica ted by the presence
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Figure 3. Geologic map of the Mazatzal and Sunflower blocks; adapted from Conway and Silver (1989), Anderson (1989), and mapping by the authors.

of kyanite, a nda lusite, chloritoid, and garnet in the Sunfiower block.
Timing of deformation in the Slate Creek shear zone, and
inferentially for the Mazatzal block as a whole, is constrained by an age of
1.65 Ga for the post-deformational Young Granite. This granite is
unfoliated and cross-cuts the northern most outcrops of the shear zone as
well as folds a nd foliation in the Alder Group (Labrenz, 1989). Thus
deformation is bracketed between 1.69 Ga, the youngest rocks deformed,
and 1.65 Ga, the undeformed granite.

N

GEOLOGY OF THE SUNFLOWER BLOCK
The character of the basement of the Sun fi ower block is not
known. The oldest rocks dated from this block a re 1.70 Ga granitoids.
These intrude volcanic and sediment ary successions that are lith ologically
s imil ar and thus tentatively correlated wit h th e East Verde River Formation
a nd rocks of the Tonto Basin Supergroup (as proposed by Anderson, 1989).
Volcanic rocks in the area of Squaw Peak (stop 1) and the McDowell
Mountains contain inhe rited and/or detrital zircons that are older than 1.8
Ga. This suggests the possible presence of older crust as basement to the
Sunfiower block.
Supracrustal sequences occupy a relatively small pr~portion of the
presently exposed rocks. Principal outcrops are near P ho~lllx, at Four
Peaks a nd in the Salt River Canyon east of the a rea of FIgure 3. All of
these ~Ireas are dominated by quartz-rich sil iciclastic rocks and felsic and
int erm ediate volcanics. A lthough workers have correlated these rocks with
the Tonto Basin Supergroup, zi rcon ages from at least two of the areas cast
doubt on the co rre lation. The McDowell Mountains contain rhyolite that
gives a date as yo ung as about 1.62 Ga, and the Salt River Canyon area
contains rhyolite, the Redmond Formation, th at is 1.66 Ga. Ou r
interpretation thus far is that the ,S un fi ower block contains both 1.7 Ga and
1.66-1.60 Ga quartzite-rhyolite sequences.
..
.
As mentioned earlier, the Sunfiower block IS domll1ated by grallltes
that include representatives of the 1.70, 1.65, and 1.40 Ga plutonic events.
Granites make up perhaps 80% of the presently exposed rocks.
Interestingly, bot h the 1.65 and 1.40 Ga granites arc largely restricted to th e
areas so uth of the Slate Creek shear zone; 1.65 Ga granites are not known
at all from the Mazatza l block, a nd whi le the 1.40 Ga gran ites are present
in the southernmost Mazatzal block, they are much more voluminous to the
south. T he increase in gra nite to the south may refiect deeper crustal
levels to the south, as docum ented by metamorphic data, and perhaps a
different character of the basements of the Mazatzal and Sunfiower blocks.
Deformation of the supracrusta l seque nces had a more ductile
character than deformation in the Mazatzal block, but it appears to record
the same northwest-directed thrust ing and northwest-southeast shorte ning
seen in the Mazatza l block. Descriptions of deform ational style are in
Estrada (1987), Davis and others, (1986), and in the discussion of stop 1 of
this fi e ld guide. Granites are mostly unstudied, but are reported to be
undeformed.
The metamorphic grade appears to be highcr than in the Maza tzal
block. Couch (1981) reported cond iti ons of regional metamorphism of 350450°C and 4-6 kb fr om the McDowe ll Mountai ns; Est rada (1987) reported
the prese nce of both andal usite and sillimanite from the Four Peaks a rea,
a nd we have found T a nd P of 450°C and 2-3 kb from th e Squaw Peak area
(stop 1). The presence of aluminosilicates and the generally higher
metamorphic grade are both characteristics of the Sunn ower block. T he
presence of andalusite and kyanite imm ediatel~ ~out h o~ the Slate C~'eek
s hear zone (Figure 3) suggests an abrupt transItIon to hlllte rland (nllddle
crusta l) conditi ons across the southern part of the Slate Creek shear zo ne.
STO P 1: SQUAW PEAK AREA OF SUNFLOWER
BLOCK-- DUCTILE DEFORMATION AND
I"IETAMO RI'HI SM IN T HE HINTERLAND
OF THE MAZATZAL OROGEN
The purpose of stop 1, Sq uaw Peak, is to observe the
.
de form a tional and metamorphic character of the Mazatzal orogeny III the
S unfiower block. The stop will co nsist of a two- to three-hour hike from
the base of Squa;v Peak to the summit alo ng the Squaw Peak trail.
Prote rozoic rocks at Sq uaw Peak (Figure 3) dip steeply to the
south east. Major rock types include greenschist, quartzite, metamorphosed
rhyolite, phyllite, quartz-feldspar-biotite schist, and micaceou? .quartzite
(Thorpe a nd Burt, 1980; Thorpe, 1980). The rocks can be dIVIded IIIto four
major units, from northwest to so utheast: (1) greenschist with in~mature
metasedim e nts, (2) massive quartzite, (3) metarhyolite and alumlllous
schist, and (4) a he teroge neous package consisting of interlayered clean
quartzite, micaceo us quartzite, quartz muscovite schist, biotite schist, and
minor amounts of metamorphosed mafic and felsic volca ni c rocks (Figure

4).
T he cen tral part of the Sq uaw Peak area is dominated by quartz
feldspar schist and gne iss with distinctive quartz "eyes" th at are interpreted
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Figure 4. Generalized geologic map. of the Sq uaw Peak area, Phoenix
Mountains, Arizona . Contacts are SImplified from Thorpe (1980) .
Stratigraphic relationships between the map units are generally
unconstrained.
.
to be recrystallized phenocrysts in metamorphosed tuff, rhyolite,. and
alt ered felsic volcanic rocks (Thorpe and Burt, 1978a). The felSIC volcalllc
rocks at Squaw Peak contain a distinctive suite of Mn-bearil~g I."inerals
including Mn-andalusite, piemontite, and otrellite (M~-chlonlOld) (Thorpe
and Burt, 1978b). A similar, laterally extenSIve, Mn-n ch honzon, WI th Mnandalusite a nd picmontite, has been recogn ized throughout northern New
Mexico and in sout hern Colorado (Grambling and Williams, 1985;
William s, 1987). In both regions, the anomalous minerals have been
.
a tt rib uted to either pre-metamorphic weat hering or hydrothermal alteratIon
(Thorpe and Burt, 1978b; Williams, 1987). Preliminary U-Pb
geochronology on a sample of metarhyolite from Squaw Peak has two
distinct zircon populations: a rounded population that gives an age of 1.90
Ga; and a euhedral population of 1.70 Ga. The later may be the age of the
rock, or, if the zircons are all inherited, the rh yolite may be th e same age
as the 1.62 Ga rhyolite in the McDowell Mountains to the east.
Anot her noteworthy lithology is massive, commonly cross-bedded,
orthoqu artzite, exposed in a broad belt northwest of the metarhyolitic rocks
(including exposures at the summit of Squaw Peak) and in isolated
exposures in the south eastern part of the region. The quartzite contains
approximately 90-95% quartz with minor amounts of muscovite, kyanite,
and he matite. It is interest ing to note that, as a t Squaw Peak, massive
quartzite in New Mexico typically occurs adjacent to Mn-andalusite and
piemontite-bearing fel sic metavolcanic rocks.
Rocks at Squaw Peak display a strong schistosity that strikes NNE,
(005°-025°) and dips steeply to the southeast. On a large scale the
schistosit y is parallel to compositional layering but on a small scale the two
diverge sign ifi can tly. Most rocks display a prominent min eral lineation
that plunges down-dip to the east-southeast. The lineation is particularly
inte nse in the q uartzite and metarhyolite, a nd is defined by recrystallized
quartz phe nocrysts and a ligned feldspars in meta rhyolite and by quart z
ribbons and a ligned kyanite, muscovite, and oxide mine rals in quartzite.
Kin ematic indicators, including SoC fabrics, mica fish, recrystallized
porphyroblast tails, and microfractures in feldspar phenocrysts a ll suggest
so utheast-side-up dip-slip simple shear movem e nts (Figure 5). The
kinematic indicators are most consistently developed in metarhyolite
although dramatic SoC mylonites have been recognized in several quartzite
units. In metarhyolite, most quartz phenocrysts display asymmetric sigmatype, recrystallized tails (Passchier and Sim pson, 1986).
Intrafo lial fold s are commo n at the ou tcrop scale and larger folds
have bee n inferred from bedding-cleavage relationships. Many s mall -sca le
fold s are asymmetric with short limbs truncat ed or offset by zones of more
intense shearing, consistent with th e genera l southeast ove r northwest sense
of shear. In several exposures circu lar or oval-shaped compositional bands
are seen on ou tcrop s urfaces perpe ndicular to the mine ral li neatio n. These
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Figure 5. Photomicrogragh of sheared Quartz-eye metarhyolite from Squaw
peak, Arizona. Asymmetric recrystallized tails and pressur~ shadow.s
consistently indicate dextral, southeast-over-northwest ducUle shearing.
Width of the photomicrograph is approximately 1 cm.
outcrop traces appear to be the cross-sections of sheath folds (Cobbold and
Quinquis, 1980) that may have developed during progressive shearing and
constriction.
Compositional layering and cleavage typically intersect at a small
angle. However, in several of the interlayered biotite schist and quartzite
units in the southeastern part of the Squaw Peak area, the bedding-cleavage
angle increases within individual units. Typically, the angle increases from
near zero at one contact to a large angle (greater than GOO) at the next
contact. Then, across a narrow zone or contact, bedding and cleavage are
again nearly parallel or even display a reversed sense of vergence. This
suggests that, like the small-scale folds, many of the larger folds have been
truncated by shearing within and especially along the contacts between the
lithologic units. [t is likely that most, if not all, of the contacts in the
Squaw Peak area are tectonic rather than stratigraphic. Further, because of
the reversals in vergence and because of the similarity of a number of the
units, it seems likely that several of the units have been tectonically
repeated by folding or shearing (ductile thrusting). Rocks in the Squaw
Peak area may represent an imbricated stack of lithotectonic units that
have been juxtaposed during progressive ductile shearing.
All rocks in the Squaw Peak area have been metamorphosed to the
upper greenschist facies. Clean quartzite typically contains several modal
percent of kyanite. Metarhyolite and aluminous schist contain kyanite,
spessartine, Mn-andalusite, and piemontite (Thorpe and Burt, 1978b) . .
Quartz-rich schist has varying amounts of chlorite, biotite, garnet, Mn-rlc!,
chloritoid, and rare zincian staurolite (Thorpe and Burt, 1978b; 1980) whIle
mafic schist contains chlorite, albite, epidote, actinolite, carbonate, garnet,
and biotite (Thorpe and Burt, 1980). Kyanite, andalusite, garnet, and
biotite all show evidence of syndeformational growth suggesting that
metamorphism coincided with ductile shearing.
.
.
Preliminary temperature estimates from garnet-biotite
geothermometry, based on the expressions in Williams and GramblIng (111
press), range from 420°C to 4GO°C. Geobarometry based on garnetplagioclase-muscovite-biotite equilibria (Ghent and Stout, 1981) and garnetplagioclase-AI-silicate-quartz equilibria (Ganguly and Saxena, 1984) suggest
that peak pressures were approximately 2-3 kbar. An independent
estimate of the peak metamorphic temperature and pressure can be
obtained using the partitioning of Mn,03 and Fe,03 between coexisting
aluminum silicates (Grambling and Williams, 1985). Mn3+ and FeH are
preferentially partitioned into andalusite relative to kyanite or sillimanite
and thus the andalusite-kyanite equilibrium boundary is shifted to higher
pressures in the Mn- and Fe-bearing system. Mn,03 in andalusite from
Squaw Peak ranges from nearly zero to more than 8 weight percent (0 to
0.18 Mn3+ cations/5 oxygens); Fe,03 in andalusite is nearly fixed at 1.0
weight percent (approximately 0.025 cations Fe3+) . Kyanite contains
ne~ligible Mn,03 and approximately 0.70 weight perce~t Fe,03 (~.1.5 cations
Fe +). Using these values and the method of GramblIng and WIIII?ms
(1985), the kyanite-sillimanite boundary at Squaw Peak has been shlft~d by
a relatively small amount, approximately 100 bars (Figure G). Gramblll1g
and Williams (1985) also calculated isopleths of constant X F<AlSi05 in
andalusite for hematite-bearing assemblages. These values are plotted on
Figure 6. X F, AlSi05 in andalusite from Squaw Peak is approximately 0.025.
This value, combined with the shifted equilibrium boundary suggest that
peak conditions were approximately 425°C and 2.5 kbar. The accuracy of
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Figure 6. Aluminum silicate phase diagram from Holdaway (1971) with
isopleths of X FeAISi05 in iron-saturated andalusite (Grambling and
Williams, 1985). Dashed lines represent the shifted andalusite-kyanite
reaction curve and X FeAISi05 = 0.025 isopleth, applicable to rocks at
Squaw Peak. Black dot represents equilibrium metamorphic con('itions for
Mn-bearing andalusites at Squaw Peak.
'these results depends on the accuracy of the aluminum silicate reaction
curves, in this case those of Holdaway (1971). However, the results are in
general agreement with the preliminary geothermobarometry (iiseussed
above.
Rocks at Squaw Peak were deformed in a regime that is
kinematically compatible with that observed in the Mazatzal block to the
north. That is, the deformation involved a progressive shearing or thrusting
from southeast to northwest. However, the rocks at Squaw Peak, and
perhaps throughout the Sunflower block, were deformed at significantly
greater crustal depth (approximately 10 km) than rocks of the Mazatzal
block.
STOP 2 BARNHARDT CANYON AREA OF THE MAZATZAL
BLOCK--FORELAND THRUST BELT DEFORMATION
The purpose of this stop is to compare the style of deformation
between the Sunflower and Mazatzal blocks; i.e. between the hinterland
and foreland thrust belt of the Mazatzal orogeny. As mentioned earlier,
the quartzite sequence of the two areas may be correlative but the
deformational styles are distinctly different. The stop consists of a four
hour walk up the Barnhardt trail into the Mazatzal Wilderness area. .
Barnhardt Canyon displays a classic exposure of thin- skinned folding and
thrusting characteristic of the Mazatzal block. Previous mapping by Wilson
(1939), Conway (1976), and Puis (1986), and ongoing mapping, shows that
the Mazatzal Group quartzite behaved brittlely while the interbedded shale
deformed both brittlely and ductilely. Thrusting was toward the northwest
although structures within Barnhardt Canyon are complicated by the
presence of a lateral ramp which will be discussed and described later (see
also Figure 7).
The stratigraphy of the northern Mazatzal Mountains is shown in
Figure 8. The Mazatzal Group consists of: the basal Deadman Quartzite,
Maverick Shale, and Mazatzal Peak Quartzite which is further subdivided
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into the lower red quartzite and upper white quartzite members (Wrucke
and Conway, 1987). Above the Mazatzal Peak Quartzite is a shale unit
(here called the shale of Hopi Springs) which has previously been mapped
as Maverick Shale (e.g. Wilson, 1939, PuIs, 1986, Wrucke and Conway,
1987) and interpreted by PuIs (1986) as the hangingwall of a major thrust,
the Mazatzal thrust. More recent mapping suggests that this uppermost
unit is probably in depositional contact with the underlying Mazatzal Peak
Quartzite and it is shown as the uppermost unit of the Mazatzal Group in
Figure 2. The Mazatzal Group in Barnhardt Canyon rests unconformably
upon the siltstone, mafic volcanic rocks, and sheeted dikes of the East
Verde River Formation, with no Alder or Red Rock group rocks present.
Seven stops within Barnhardt Canyon (Figure 7) offer a good
overvicw of the structural styles associated with the thrusting. The hike up
the bottom of the canyon will go through Tertiary gravels for the first 1/4
mile. The first Precambrian rocks encountered are siltstones and small
outcrops of mafic volcanic rocks of the East Verde River Formation which
'lnconformably overlain by the Mazatzal Group slates and quartzites.
L'.I'~ .Ires of sheeted dikes are present in the creek bottom (Figure 7).
Stop 2.1: Approximately 1/2 mile from the trailhead, at the second
gate, the red member of the Mazatzal Quartzite is in contact with the
Maverick Shale. This contact, to the northwest becomes the Barnhardt
thrust as mapped by PuIs (1986). There is a general paucity of indications
of movement along the contact. This suggests that the 1 km of movemcnt
associated with the ramp of the Barnhardt thrust may be distributed in the
rocks above and below this contact.

reflecting a change from a frontal ramp to the north to an oblique ramp in
Barnhardt Canyon . Differential movement over this oblique ramp may
help explain the structural complexities such as wrench faults, conjugate
tension gashes, thickening of formations through thrusting and folding, and
out-of-sequence faulting in Barnhardt Canyon.
Stop 2.6: Above the switchbacks, where the trail ascends a tributary
to Barnhardt Canyon (see Figure 7), we will take a short traverse
approximately 300 feet off the trail (east). A ramp in a medium scale thrust
within the red member of the Mazatzal Quartzite is well exposed (Figure
ge). This ramp is one of several movement zones that were mapped within
the Mazatzal Peak Quartzite, red member (Figure 7); these movemcnt
zones generally form ledges and often show abundant quartz fibers.
Movement apparently occurred at all scales, between every bed, and within
all formations of the Mazatzal Group.

Figure 9. Deformational features of the Maverick shale, Barnhardt Canyon:
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Stop 2.2: 150 ft further up the trail and 60 feet down slope is a well
exposed fold hinge in the upper section of the Maverick Shale. It is illl
asymmetric fold with northwest vergence. There are quartz-filled
extensional cracks at high angles to the fold axis and disharmonic folding
within the interior of the fold.
Stop 2.3: Approximately 200 feet further along the trail are obvious
mullion features on the left in the shale (Figure 9a). These mullions are
the hinges of small buckle folds in competent sandstone layers enclosed
between beds of shale. Quartz fibers on a surface that forms an enveloping
surface to the buckle folds record slip during flexural slip folding. In other
areas fibers record northwest-directed thrust slip.
Stop 2.4: 150 ft further up the trail is a buttress of Maverick Shale.
Assuming that the duplicated sandstone layers were originally part of a
single bed, this outcrop shows a minimum of about 40% shortening (Figure
9b).
Stop 2.5: Farther up the trail on the opposite side of the canyon
there are spectacular folds and thrusts within a quartzite bed in the upper
Maverick Shale (Figure 9c). Above the prominant thrusts are climbing,
asymmetric, northwest vergent folds of thinner quartzite layers within the
upper Maverick Shale (Figure 9d). By retrodeforming the thrusted and
folded quartzite, a longitudinal shortening strain of 33 percent was
determined. The climbing, northwest-verging folds are smaller features
within an enveloping surface that defines a larger scale asymmetrical fold.
This larger fold is parasitic on the major anticline in Barnhardt Canyon,
which itself may have formed above a ramp in the subsurface. The major
anticline plunges steeply to the southwest. To the northwest, the fold axis
has a near horizontal attitude. If the fold is a fault-bend fold, it would be

Karlstrom and others

.t ·

. 2 ·

..

·. 1.

/. " .· . -1.·.·

710 em

9b) imbricated sandstone bed and restored section

9c) imbricated sandstone, upper Maverick shale

119

cutting quartz diorite, trondhjemite, gabbro, and quartz monzonite of the
western Gibson Creek Complex, 3) sheeted dikes, and 4) submarine
volcanics (figure 10). Deeper, ultramafic components of the magmatic
system are not exposed.
Gabbros and related rocks of the Gibson Creek complex are
exposed over 300 km' and are divided into two domains. An eastern
domain has no dikes and consists primarily of isotropic now foliated and
weakly layered gabbro, with diorite and/altered granodiorite in the south. A
western domain is dominated by a mafic dike swarm, sheeted dikes, and
small gold mines related to extensive hydrothermal alteration. In the north,
the mafic dikes cut trondhjemite, layered gabbro, quartz diorite, quartz
monzonite, and roof pendants of northwest-facing, sedimentary and felsic
volcaniclastic rocks. In the south, the dikes cut isotropic and now foliated
quartz diorite and gabbro with small dikes and sills of tonalite.
The northwest-striking boundary between the two domains locally
cuts the northwest-dipping now foliation as well as the dike swarm.
Abundant xenoliths of dolerite dikes and of the now foliat ed unit in the
isotropic gabbro of the eastern domain mark the boundary locally.
Because the eastern domain, without dikes, truncates the dikes and foliation
in the western domain, it must either be a younger intrusion, or have been
molten longer during contemporaneous magmatism. The altered, more
differentiated and hydrous character of the western domain suggests a
higher level of formation than the eastern domain . Our preferred

9d) asymmetric folds

Gibson Creek
complex

melalTlO(phicoomplBl

tectonic melange
crystalline shield

•

1717±5 Ma

•

1729±6 Ma

.1.76Ga

Figure 10. Comparison of stratigraphic sections of the Mazatza l block with
the expanded ophiolite association of Moores (1982) . Note that older
crustal rocks (1.76 Ga granitoids) arc involved in the extension.

ge) thrust in the red member of the Mazatzal Peak Quartzite above the
switchbacks in Barnhardt Canyon area.

STOP 3: SHEETED DIKE COMPLEX,
AMERICAN GULCH, PAYSON OPHIOLITE
This three hour stop involves a walk up American Gulch, near
Payson (Figure 3) and detailed examination of the intrusive relationships
within the sheeted dike complex of the Payson opiolite. The Payson
ophiolite is one of only three Early Proterozoic ophiolites recognized in the
world (Kontinen, 1989; Scott and others, 1988). Its sheeted dike complex is
not typical of those reported from ophiolites because of the presence of
screens of granitoid and relatively felsic dikes within the complex.
However, the term "ophiolite" can be justified when the whole sequence is
considered (Figure 11: Dann and others, 1989). The age of the ophiolite is
1.73-1.74 Ga, the U-Pb zircon age of isotropic diorite cut by a mafic dike
swarm along route 87 at Oxbow Hill.
The Payson ophiolite is exposed in three areas of Figure 3: the
Gibson Creek complex near Payson, the East Verde River Formation at
the north end of the Mazatzal Mountains, and the Tonto Creek complex in
the Slate Creek shear zone (see discussion of stop 4) .
The stratigraphy of the proposed ophiolite consists of: 1) gabbro
without dikes in the eastern Gibson Creek Complex, 2) a dike swarm
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interpretation is that the two domains are contemporaneous and that the
deeper level, eastern domain, was the molten magma chamber beneath a
congealed roof and dikes represented by the western domain. The
congealed roof would have extended by brittle fracture and dike intrusion
in contrast to fluidity of the underlying magma chamber.
The sheeted dike complex is made up of northwest trending steeply
northeast-dipping dikes of diverse composition. The intrusive sequence can
be reconstructed from cross-cutting relationships and chilled margins
(Figure 11) and consists of: (1) screens of granitoid, (2) trondhjemite dikes,
(3) mafic (dominant), intermediate, and ultramafic dikes. The granite
screens are widely separated within the sheeted dikes and locally are absent
for a kilometer or more across strike. This indicates large extensions. Areas
of 100% sheeted dikes may make up as little as the top 100 or 200 meters
of the sheeted dike complex. The rest of the sheeted dike complex
contains from 0 to 20% granitoid, felsite, and diorite screens. In areas
without granitoid, trondhjemite is the dominant screen. In several key
exposures the trondhjemite is chilled against the granite as dikes. Neither
the granite or trondhjemite have been found intruding the more mafic
rocks.
Mafic dikes are green and display a wide range of textures from
aphanitic to coarse grained and aphyric to pyroxene and plagioclase
porphyritic. Dike width is commonly 3 to 4 111, but dikes up to 10 to 12 m
have been observed. Where thick gabbroic dikes are split by later dikes,
they can easily be misinterpreted as screens of host rock except for chilled
margins against granitoid screens. Coarse gabbroic dikes maintain a slightly
porphyritic texture which distinguishes them from equigranular diorite and
gabbro, the host for much of the dike swarm to the south.
Ultramafic dikes occur throughout the sheeted dike complex as a
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STOP 4: TONTO CREEK AREA OF T HE
SOUTHERN MAZATZAL BLOCK--SLATE
CREEK SHEAR ZONE, SHEETED DIKES
AND PILLOW BASALTS
In the area in and around Tonto Creek, southwest and west of
Jake's Corner, rocks of the basement, East Verde River Format ion and the
Alder Group are recognized both within and outside of a splay of the Slate
Creek movement zone (Figure 3). The Slate Creek shear zone is a major
northeast striking zone with a sout h-side-up and sinistral sense of
movement in some areas (Roller and Karlstrom, 1986), overpri nted by
north-side-up and dextral movement in other areas. In the western part of
the zo ne the movement zone juxtaposes low grade, pyrophyllite-bearing
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Figure 11. Sketch of the intrusive sequence between various screens and
dikes of the American Gulch traverse (stop #3).
rather distinct but minor component. The ultramafic dikes display
pyroxene porphyritic textures at chilled margins, distinctly different from
the coarse grained dike interiors.
Intermediate to felsic dikes stand in relief o n the hi llsides a nd form
waterfalls in American Gulch. They are grey to tan as opposed to the
green mafic dikes and they contain phenocrysts of plagioclase, and
sometimes hornblende. Their chilled margins are much more diffuse than
the mafic dikes. Generally, these intermediate dikes are earlier than the
mafic dikes.
The sheeted dike complex is a minimum of 1000 m th ick,
measured perpendicular to the overlying East Verde River Formation
turbidites. The top of the sheeted dike complex is marked, in the Mazatzal
Mountains, by a distinct ive cliff-forming sil icified unit which is
st ratigraphically continuous for 5 km and only rarely cut by dikes. This
silici fied cap is overlain by a 400 m section of submarine, mafic, volcan ic
rocks which arc locally pillowed and incl ude minor felsic volcanic rocks,
iron formation, and gabbro. Mafic dikes are notably missing from th e
volcanic section; however, thin, aphanatic sills occur locally. Pi llows ami
scour channels in volcaniclastic sediments consistent ly indicate that the
volcanic section faces northwest and therefore overlies the sheeted dike
complex. The top of the volcanic unit is marked by a distinctive
assemblage of daci tic volcaniclastic breccia and th ick, massive lenses of
jasper (Wrucke and Conway, 1987). The breccia locally contains large
blocks of Oow banded dacite and may have been de posited by debris Oows.
A fau lt separates the volcanic rocks from the overlying turbidites;
th is fau lt is intruded by r hyolite of the 1.70 Ga suite. The turbidites consist
predominantly of interbedded silt and quartz-jasper-bearing graywacke
which may have a volcanic provenance and be up to 5 km thick (Wruck e
a nd Conway, 1987). Two d istinct air fa ll ash layers yie ld U /Pb zircon ages
of 1.72 Ga (Dann and others, 1988). The East Verde River Formation is
interpreted to represent deposition in a deep water basin Ooored by the
sheeted dike complex and associated volcanic rocks.
Because the Payson ophiolite appears to be ca 10 m.y. older tha n
the turbidites, we interpret the extensional magmatic system represent ed by
the ophiolite to have formed the 0001' of a marginal ma rine basin which
The remn ants of older
later received sediments from an adjacent arc.
cr ust, see n as granitoid screens in the sheeted dike complex, and the
relatively differentiated phases of the ophiolite, appear to be indicative of a
continenta l crustal basement to the ophiolite. Th is is consistent wit h an
intra-arc or back-arc interpretation for the selling of the ophio lite.

Karlstrom and others

D 1650 or 1400 orani!e
c:!1 Intrusive rhy oli te
[ill Boord

Em Houdan

Cobin Formation

Quartzite

~ Flyin9 W Rhyo l ite Fm.

} ""CO """"

~ 8reodpon Formotion
•

pillow bo sa ll s; chert beds

[[I]

sheeled dikes

}

~ 1760 Mo oronite

EAST VEROE RIVE R
FORMATION

::::. lones of intense shear
T7T (upt) younging based on cross - bed s

SLATE CREE K SHEAR ZONE
~

l

STOP 4 - TRAVERSE

1

J

A'

1000 m

Figure 12. Geologic map and cross section of the Tonto Creek area of the
so uth ern Maza tzal block, showing the Slate Creek shear zone as a zone of
shortening and tecton ic wedging, with both northwest- and so uthcast-sideup move men ts.

121

rocks to the north with higher -grade, kyanite- and andalusite-bearing rocks
to the south. As originally defined, the zone was believed to be a rotated
thrust that brings higher grade rocks of the Sunnower block over lower
grade rocks of the Mazatzal block (Roller, 1987).
Subsequent work in the northeast parts of the Slate Creek shear
zone (Sherlock, 1986; Brady, 1987; Labrenz, 1989) and preliminary mapping
of the shear zone in the Tonto Creek area (Figure 12) has shown northside- up and dextral sense of movement with low grade rocks of the Alder
Gro up o n both sides of the zone. Thus, our present interpretation is that
th e Slate Cree k shear zone as shown on Figure 3 represents the SunnowerMazatza l block boundary to the southwest, and a deformation zone within
the Mazatzal block to the northeast. The northeast segment may be a splay
of the Mazatzal-Sunnower block boundary, which is concealed by granites
to the southeast (Figure 3).
The purposes of this stop arc: (1) to exa mine deformati onal styles
within the Slate Creek shear zone, (2) to exa mine the 1.76 Ga granitic rock
that occurs within the shear zone and is believed to be part of the
base ment to the Mazatzal block, and (3) to examine sheeted dikes and
pillow basalt in the southernmost Mazat zal block. This stop involves a
three hour hike in Tonto Creek, and a tributary on the east side of Tonto
Creek.
Maroon slate and si ltstone of the Breadpan Fo rm ation can be seen
alo ng th e creek bank at the north edge of figure 12. The siltstone has
graded bedding with fine sands grading into silt. Opposing younging
direction s indicate that the slate is isoclin ally folded. Dark green mafic
dikes are also found in the maroon slate and can be seen in five to ten
mete r out crops along either bank of the creek.
The outcrop for approximately 150 meters downstream is
composed of a zone of intensely deform ed rocks. The lithologies appear to
be primarily metasedimentary and rhyolitic rocks of the Breadpan
Formation with some sheared granitoid at the south side of the zone.
T he granitoid is intensely deform ed, with anastomozing fractures,
faults, and shear bands. A relatively undeform ed biotite granitoid pod from
this section has been dated at 1.76 Ga. In some zones granitoid has a
green color due to secondary chlorite. The granitoid is intruded by several
large mafic dikes along Tonto Creek and in the first side canyon east of
Tonto Creek, downstream from the jeep trail.
An eastward traverse through the side canyon reveals that the
gra nitoid becomes more pervasively intruded by mafic dikes until the
outcrop is dominated by dikes rather than granitoid. The granitoid
becomes more intensely sheared as it approaches the contact with the
sheeted dikes.
The approximately 275-300 m thick package of sheeted dik es is
composed of mostly aphanitic, mafic dikes with some granitoid screens.
The dikes mainly strike north and northwest. A 75 m strip of intensely
sheared granitoid marks the eastern boundary of the sheeted dikes. Shear
bands within the granitoid suggest an oblique north side up and dextral
movement sense.
An extensive package of chloritized mafic nows, pillow volcanics,
and conglomerate is observed east of the granitoid strip for about one
kilometer. The gray to green pillows are slightly deformed but the
downward protruding lobes indicate the bottom of the pillows. Younging
of most of the steeply dipping pillows is toward the sheeted dikes
suggesting that the sheeted dikes and granitoid are faulted against the
pillow basalt (Figure 12). Primary features suggest a pahoehoe type nows
in so me places.
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earthquakes that continue to occur in San Bernardino Valley (Natali
and Sbar, 1982; Wallace and Pearthree, 1989) are concentrated near
the southern end of the central segment of the Pitaycachi fault (see
later section). A few Quaternary fault scarps occur in adjacent
portions of Arizona and New Mexico (Machette and others, 1986).
Interpretations of the late Quaternary histories of these fault zones
indicate that they are characterized by very long recurrence intervals
between surface ruptures (Pearthree and Calvo, 1987; Pearthree,
1986; Menges and Pearthree, 1989; Machette, 1988).
The modem climate of the San Bernardino Valley is
semiarid and thermic, based on comparisons with climatic data from
Douglas, Arizona, about 50 km northwest of the valley, and the Las
Cruces, New Mexico area, about 200 km east of the valley. The
average annual precipitation at Douglas is 30 cm, with about twothirds of the precipitation occurring in the late summer; the average
annual temperature is 17° C. The Las Cruces, New Mexico area has
a similar modern climate. It receives 20 to 35 cm of annual
precipitation and has an average annual temperature of 14° to 16° C
(Gile and others, 1981).

This field trip to the Pitaycachi fault, the source of the great
Sonoran earthquake of 1887 (Ms -7 1/4), provides an opportunity
to explore the subjects of Quaternary faulting and landscape
evolution in a remote portion of northern Mexico. The Pitaycachi
fault is interesting to earth scientists and planners for several
reasons. The 1887 event is the only historical surface-rupturing
earthquake in the southern Basin and Range province, a region
characterized by low levels of historical seismicity and relatively few
Quaternary faults. However, seismic activity in the vicinity of the
Pitaycachi fault remains far above that of the surrounding area,
indicating that stress adjustments are continuing. The landscape
along the Pitaycachi fault contains evidence for the frequency of
fault movements, the interaction of faulting and other factors
affecting landscape development in this area, and lithologic controls
on morphologies of fault scarps formed in 1887. Soils developed
on flights of piedmont alluvial fans and terraces that were and were
not faulted prior to 1887 and the shapes of fault scarps that existed
prior to 1887 indicate a great antiquity for the youngest prehistoric
faulting event. Qualitative characteristics of landforms along the
Pitaycachi fault support that conclusion, and also imply that longterm uplift rates are very slow. Fault scarps formed in the 1887
rupture allow us to consider processes that control the degradation
of young fault scarps and several methods for quantitatively
describing scarp degradation and modification.
This guidebook article emphasizes topical discussions, and
includes only a general summary of the suggested field trip route
and concepts to be explored at field trip sites. The bulk of the article
is composed of sections summarizing evidence for the frequency of
movements on the Pitaycachi fault, recent seismicity near the fault,
and lithologic controls on the morphologies of scarps formed in
1887. Field trip sites where important concepts are illustrated are
referred to within the topical discussions. The final section is a brief
log summarizing the field trip route and topics that can be considered
at the various field trip sites.

Substantial displacement has occurred on the Pitaycachi fault
during the late Cenozoic, but the Quaternary history of the
Pitaycachi fault is characterized by very infrequent movements. A
long time has elapsed since the surface rupture that preceded the
1887 event (hereafter referred to as the prior surface-rupture event
[PEl), and the total displacement of early Pleistocene surfaces
suggests that they record only a few events similar to the 1887
rupture. Long-term fault behavior is evaluated in four ways: (1)
observations of fault-zone characteristics and juxtaposed deposits,
(2) estimated ages and fault displacements of alluvial geomorphic
surfaces, (3) analyses of topographic profiles of pre-1887 fault
scarps, and (4) qualitative appraisals of the time needed to form
erosional and depositional elements of the landscape along the
Pitaycachi fault.

GEOGRAPHIC, GEOLOGIC, AND SEISMIC SETTING

Fault Zone Characteristics

The 1887 surface rupture occurred in San Bernardino Valley
in northeasternmost Sonora, Mexico, on the western fringe of the
Chihuahuan Desert. The southern 25 km of the 1887 scarp is along
the west side of the Sierra Pilares de Teras and the Sierra El Tigre
(Goodfellow, 1888); the northern 15 km cuts across piedmont
alluvial surfaces to within 12 km of the Arizona border; the central
35 km is at the western base of the Sierra de San Luis (Figure 1).
The 1887 scarp is 2 to 4 m high along most of the central and
northern segments, but along the southern segment and north of
Arroyo (Ay.) de los Embudos the scarp typically is less than 1.5 m
high. Thick sequences of rhyolitic and granitic rocks are common in
the mountains; basalt and limestone are dominant locally.
The Ms -71/4 earthquake of 1887 (Herd and McMasters,
1982; Natali and Sbar, 1982) occurred along a basin-margin normal
fault in a region of low historical seismicity. Small and moderate

Observations of fault-zone characteristics give clues
regarding frequency of rupture and cumulative displacement. At
Ay. Hondo (Trip Site [TS] 3), two different styles of deformation of
the down thrown block, faults of different ages, and different
juxtaposed stratigraphies all indicate multiple prehistoric ruptures
and substantial cumulative displacement along the Pitaycachi fault
(Figure 2). Gray-brown (7.5YR 7/2) water-laid alluvium is
exposed in the upthrown block. Closed fractures that parallel the
1887 rupture plane were probably generated by tensional stresses as
the basinward block moved away and down from the relatively
stable up thrown block. Red-brown (5YR 5/6) alluvium exposed in
the downthrown block consists.of water-laid gravels and debrisflow deposits. Two pre-1887 rupture planes do not penetrate the
capping Holocene alluvium, and drag-folded beds abut the faults.
This drag-folding may represent soft-sediment deformation of
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saturated deposits during Pleistocene fault movement(s). The
cohesive reddish clayey alluvium of the downthrown block has
numerous vertical fissures, largely filled with loose sand and freshappearing organic debris, that do not extend into the overlying noncohesive Holocene sandy gravel. They probably represent a more
brittle style of deformation during the 1887 event that affected
cohesive dry deposits. Pervasive fissuring during the 1887 event,
and soft sediment deformation during the prior event, reflect
extension of materials close to the fault zone on the downthrown
side; they may be major causes of the surface subsidence commonly
observed near normal faults.
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Figure 2. Cross section of Pitaycachifault and alluvial deposits
exposed in south bank of Ay. Hondo. The 1887 rupture was along
the left fault. The other two faults and greatly differing alluvial
sequences on opposite sides of the fault zone are evidencefor
multiple fault ruptures and large cumulative displacement.
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Soil-profile characteristics can be used to estimate ages of
alluvial surfaces and provide a way of bracketing the general times
of prehistoric rupture events. Accumulation of calcium carbonate,
iron oxides, and clay in soils are particularly useful indicators of soil
age. The relatively well dated soils near Las Cruces, New Mexico,
have soil-profile characteristics similar to those of the Pitaycachi
area. Brownish gray, sandy B horizons characterize the Holocene
soils in contrast to the bright reddish brown, iron-oxide rich, clayey
B horizons of Pleistocene soils. Stages of calcic horizon
development, and the estimated time to form these stages in
noncalcareous, gravelly parent material, are summarized in Table 1.
Glacial/pluvial climates in the Pitaycachi area evidently favored
leaching of carbonate from soil profiles, except where calcareous
lithologies are present. Early Pleistocene soils have Stage V to
Stage VI petrocalcic horizons where the parent material is
calcareous. Soils in similar topographic positions in the landscape
that lack calcareous parent materials typically have modest carbonate
accumulations, but have thick and strongly developed argillic
horizons.
Approximate ages were assigned to single- (SRE) and
multiple-rupture-event (MRE) alluvial geomorphic surfaces by
evaluating the development of both argillic and calcic horizons
(Table 2). Holocene «10 ka) and late Pleistocene (-10-100 ka)
surfaces have been ruptured only by the 1887 event. Surfaces of
mid-Pleistocene age (-200-500 ka) were ruptured by the PE at the
Ay. de los Embudos (TS 6), Capadero, and Javelina (TS 3)
localities. Thus, the PE occurred after deposition of mid-Pleistocene
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Carbonate
Stage

Diagnostic Morphology

I

Thin, discontinuous coatings on clasts,
usually on undersides, filaments in matrix

II

Continuous, thin to thick coatings on
tops and undersides of clasts, matrix still loose

III

Massive accumulations between clasts,
essentially continuous dispersion in matrix,
cemented in advanced form

IV

Cemented horizon with weak, discontinuous
laminar structure in upper part

V

Thick, cemented horizon with dense,
indurated laminar structure in upper part

VI

Thick, indurated horizon with multiple generations
of laminae, broken and recemented; pisolites

Table 1. Stages in the morphogenetic sequence of soil carbonate
accumulation in gravelly alluvium (after Machette, 1985).
alluvium and before deposition of late Pleistocene alluvium. Based
on soils information, the age of the PE is at least 100 ka and may be
much older.
Greater cumulative displacement of alluvial geomorphic
surfaces with increasing age demonstrates that episodic faulting has
occurred during much of the late Cenozoic, even though evidence
has been preserved only at a few localities (Table 2). MidPleistocene surfaces apparently record only the PE, as displacements
calculated for pre-1887 scarps range from 1.0-3.6 m. If late
Cenozoic displacements along the central part of the Pitaycachi fault
characteristically were about 3 m, the early Pleistocene Escarpa
Vieja, with 10-15 m of offset, records 4 to 5 surfacerrupture events.
The even older 43 m high Escarpa Antigua (TS 4) likely formed
over millions of years.
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Reddest
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Ay. Embudos

1.2
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Huella de los
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0.25
(truncated)

Ay. Hondo

Early
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Surface ruptures have repeatedly terminated at the Bolsa site,
the northern end of the 1887 scarp. A 3-6 m high scarp offsets an
early(?) Pleistocene surface; the 1887 displacement there was only
0.1-0.3 m (TS 7; Figure 3). The entire scarp dies out 1 km to the
north. The toe of the scarp separates areas of markedly different soil

Zone of Clay Accumulation
Thickness

Middle
Pleistocene

Figure 3. Aerial view of the northern end of the Pitaycachi fault
cutting an ear/y(?) Pleistocene piedmont surface at the Bolsa site.
Thefault scarp appears as a dark band; the contrast in texture and
tone is the result of differing soil types and plant densities . Gravelly
soils are in theforeground and more clay-rich soils in the
middleground. Total scarp height is 3-6 m and appears to be the
result of repeated small fault displacements.

14-16

Table 2. Summary of soil profile characteristics and fault displacements of the piedmont alluvial sUrfaces.
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types and plant density on the down thrown and up thrown sides.
Repeated infrequent displacements during the Pleistocene induced
accumulations of pebbly clayey sand downslope from the fault, and
the formation of a surficial lag gravel that protects clayey gravels on
the 10 to 30 slopes of the fault scarp.
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Pre-I887 Fault Scarp Morphologies
Evidence for the timing of the PE can be gleaned from the
morphologies of MRE fault scarps preserved at a number of
localities along the Pitaycachi fault. When viewed normal to the
fault trace, MRE scarps typically appear as gently rounded slopes
with abrupt basal steepening caused by the 1887 displacements.
Repeated episodes of tectonically-induced scarp erosion tend to
result in multiple segments of topographic profiles of scarp crests,
new alluvial slopes on the downthrown side of the fault, and
renewed aggradation on alluvial fans deposited by small streams that
breach the scarp. The cumulative effect of recurrent fault
movements is that remnants of preserved original surfaces that are
unaffected by scarp erosion or deposition are relatively distant from
the fault zone (scarp-crest widths are 60-200 m) compared with
distances to original surfaces faulted only by the 1887 event (scarpcrest widths are 2-5 m); the more fault movements recorded by a
surface, the wider the scarp.
Estimating ages ofpre-1887 Pitaycachi fault scarps through
morphologic analysis depends on (1) being able to remove the 1887
component of total surface rupture, and (2) evaluation of rates of
scarp degradation in the San Bernardino valley. Pre-1887 fault
scarps were reconstructed by projecting scarp segments immediately
above and below the 1887 scarp into the middle of the scarp and
moving the segments vertically until they were contiguous. Post1887 rounding of scarp crests and toes by erosion and deposition
creates a small uncertainty in defining the 1887 component of
multiple-rupture event scarps, but pre-1887 slope elements were
identified by segments above and below the scarp with similar
slopes.
Rates of scarp degradation in San Bernardino Valley are
probably similar to other areas in the Basin and Range province
where dated scarps have been studied, including central Utah
(Bucknam and Anderson, 1979), Montana (Nash, 1984), Idaho
(Pierce and Colman, 1986), and New Mexico (Machette, 1988).
Sonora and New Mexico receive greater amounts of intense summer
rainfall, whereas winters in the northern Basin and Range province
have many more diurnal freeze-thaw cycles. Most scarp materials in
San Bernardino Valley probably are at least as resistant to erosion as
the scarp materials in the other study areas, as scarps typically are
underlain by cobbly and bouldery gravels embedded in pedogenic
clay. Holocene rates of scarp erosion in Sonora are probably similar
to rates in other portions of the Basin and Range province. More
effective soil moisture during times of full-glacial climates sustained
more vegetation in the southwestern U.S.; the Holocene has been a
time of accelerated hillslope erosion because of less plant cover and
monsoonal thunderstorms (Bull, 1979, in press). Machette (1988)
shows that the rate of scarp degradation averaged over the past 3040 k.y. is 1/3 to 1/4 of the average Holocene rate of degradation.
Morphologic methods used to estimate the age of pre-1887
scarps along the Pitaycachi fault indicate substantial antiquity for the
prior event. Maximum scarp-slope-angle vs. log of scarp height
data from individual Pitaycachi scarp profiles are plotted with
regression lines from Holocene or late Pleistocene scarps in the
Basin and Range province (Figure 4A). No significant regression
line can be obtained from the Pitaycachi data. All but one data point
plot near the Santa Rita regression line, however, suggesting the
pre-1887 Pitaycachi scarps formed about 100 ka.
A dating method based on the diffusion equation was also
used to estimate the age ofpre-1887 scarps. A solution to the
diffusion equation was used to derive a unique product of scarp age
and the diffusivity constant (c) for each scarp profile, using
maximum scarp slope and scarp offset as input parameters (after
Nash, 1984). Estimates of scarp age depend on calibrating the
diffusivity constant. Maximum and minimum values of c
determined from studies of the Bonneville shoreline scarps and late
Pleistocene fault scarps in New Mexico (0.001 to 0.0003 m 2/yr;
Hanks and others, 1984; Machette, 1988) were used to obtain
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Figure 4A. Maximum scarp-slope angle vs. scarp-height data
points from PEfault scarps along the Pitaycachifault, compared
with regression lines from 5 kafault scarps in central New Mexico
(Machette, 1988), 15 ka Lake Bonneville shoreline scarps from
central Utah (Bucknam and Anderson, 1979), and about 100 ka
fault scarps from southeastern Arizona (Pearthree and Calvo, 1987).
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Figure 4B. Histogram of age estimates of time of the PE using a
solution to the diffusion eqUfltion to estimate scarp age (Nash,
1984). Using a value of c = 0.001 m 2/yr (from Hanks and others,
1984), a scarp age of20-60 ka is suggested; using a values of c =
0.0003 m 2 /yr (based on Machette, 1988), scarp age is 100+ ka.
minimum and maximum age estimates for each scarp profile.
Histogram compilations of these age-range estimates clearly indicate
a Pleistocene age for the pre-1887 scarps (Figure 4B). A scarp age
of 20-80 ka is suggested if the maximum value of c is correct, while
if the minimum value of c is a better approximation of the
diffusivity, the scarp age is apparently 100+ ka. We favor the latter
estimate because of evidence that late Pleistocene rates of scarp
degradation were lower than Holocene rates (Machette, 1988).

Faulted HiIIslopes
Some hillslope morphologies reflect the interaction between
continuous degradation and very infrequent episodes of uplift. The
Pitaycachi fault separates basaltic bedrock hillslopes from basin
alluvium about 7 km east-northeast of Colonia Morelos (Bull and
Pearthree, 1988). Repeated uplifts have steepened the foots lope and
thereby have created conditions favorable for continued erosion of
colluvium and bedrock upslope from the fault. Rates of hillslope
denudation vary along the fault. Triangular facets produced by
many fault displacements are preserved locally. Denudation rates
are relatively low on these hillslope remnants in part because
cementation by carbonate has strengthened the volcanic rock and
colluvium. Denudation is relatively rapid where rillwash and
sheetflow have been diverted to the flanks of the triangular outcrops;
erosion in these areas has obliterated the PE fault scarp between the
facets.
Hillslope elements attributable to the PE are even more
difficult to discern where less resistant materials are present.
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Bouldery Tertiary alluvium underlies ridge-and-ravine topography in
the area around TS 2 (Figure 5). The 1887 fault scarp is near the
base of a MRE fault scarp, which is evidenced by a somewhat
steeper slope above the the 1887 scarp than below it. However,

Figure S. Aerial view of the Pitaycachi fault crossing ridge-andravine topography formed in cobbly gravel south ofTS 2. The
1887 scarp, the horizontal dark line in the middle of the photograph,
is located near the base of slightly steeper hillslope elements that
have formed as a result of repeated, infrequent fault movements.
The lack of discrete hillslope elements attributable to the PE is
indicative of the long time span between the PE and 1887.
discrete slope segments related to the PE are not present, but have
merged into subdued triangular facets upslope from the 1887 scarp.
Virtual obliteration of topographic effects of the prior displacement
in both of these settings probably required at least 100 k.y.
Valley Downcutting
Regional downcutting along the Rio San Bernardino has
caused extensive piedmont dissection in San Bernardino Valley.
Ay. de los Embudos is a l-km-wide valley cut into a MRE midPleistocene alluvial surface (Figure 6; TS 6); this surface was
probably ruptured by only one pre-1887 faulting event. The valley
contains three middle to upper Pleistocene terraces with welldeveloped argillic soil horizons and a late Holocene fill terrace; none
of these terraces were ruptured prior to 1887. The highest of these
terraces is 30 m above the modem channel. At Ay. Hondo, just
south of the Javelina locality (TS 3), a middle to upper Pleistocene
terrace almost 40 m above the modem stream channel was faulted
only in 1887. Thus its deposition post-dates the PE. Evidently,
most of the dramatic downcutting of Ay. de los Embudos and Ay.
Hondo has occurred since the PE.
Pediments
The erosional backwearing of mountain fronts to form the
gently sloping bedrock plains--pediments--requires the passage of
long time spans during which there has been relative tectonic
stability. Pediments are formed through processes of hillslope
retreat; therefore rates of pedimentation are comparable to rates of

128

Figure 6. Aerial photograph looking north across the 30-m-deep
valley of Ay. de los Embudos (labeled A) showing the Pitaycachi
fault cutting alluvial geomorphic sUrfaces of different ages. The
1887 fault scarp is the curving dark line extending from the bottom
center to the upper left corner of the photograph. The early
Pleistocene Vieja surface (labeled B) has a scarp height of about 15
m; the middle Pleistocene Stocktank sUrface (labeled C) has a scarp
height of about 6 m; several middle to late Pleistocene terraces of
Ay. de los Embudos (labeled D) record only the 1887 event, with
,carp heights of2 to 3 m.
hillslope denudation. Denudation rates can be used to estimate rates
of escarpment retreat if it is assumed that the vertical lowering of the
landscape per unit time of mountainous escarpments approximates
the rates of hillslope denudation elsewhere in the mountains.
Amounts of denudation are the same as mountain front retreat rates
only for cases where the angle between the hillslope and a horizontal
pediment is 45°. Denudation is less than mountain front retreat
where hillslope-pediment angles are less than 45°.
Rates of denudation ofrocks that are moderately susceptible
to weathering and erosion (such as granitic rocks) in semiarid
regions may be less than 200 m/m.y., based on regional studies of
denudation made by Schumm (1963), Judson and Ritter (1964), and
Mayer (1982). The pediment immediately upslope from the
Pitaycachi fault at the Javelina site is 0.5 to 1 km wide, and there is
an extensive pediment formed on carbonate rocks farther north.
Streams are moderately to deeply incised into these pediments at
present. The pediments appear to have been formed sometime
during the late Cenozoic when denudation rates greatly exceeded
rates of uplift, before the renewed movement on the Pitaycachi fault
during the Pliocene and Quaternary. Similar histories of landforms
and geomorphic processes have been inferred along other late
Quaternary faults in southern Arizona (Pearthree and Calvo, 1987;
Pearthree, 1986) and New Mexico (Machette, 1988).
Repeated downcutting and aggradation of small valleys cut
into a dissected pediment at the Javelina site illustrates the relative
influence of climatic changes compared with tectonic uplift on longterm stream behavior (Figure 7; TS 3). Displacement in the 1887
event was about 3 m at this site. Before 1887 the fault scarp was
only 2-1/2 to 3-1/2 m high. Five distinct valley-fill deposits
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Figure 7. Section of valley fill units exposed in the fault scarp at
the Javelina site. Filt6 is probably of Holocene age,filiS was
probably deposited during the late Pleistocene, and fills 1-4 are
probably mid-Pleistocene in age.
exposed in the scarp face represent a sequence of downcutting and
backfilling episodes. Viewing the planimetric trends of these
depositional units from the top of the scarp, it is readily apparent that
the valley fills were derived from three different stream systems.
This accounts, in part, for the diversity of deposits. Fill units 2, 5,
and 6 were derived from the fluvial system to the north of the crosssection channel and fill 1 at the right side of the section was derived
from the stream system to the south. Fill units 3 and 4 were derived
from the stream system of the present valley. Such shifting of
streams from different source areas indicates that relief generated by
faulting was sufficiently low over long periods of time to permit
streams to repeatedly aggrade and overtop drainage divides.
RECENT SEISMICITY NEAR THE PIT A YCACHI
FAULT AND POTENTIAL SEISMIC HAZARD
Geomorphic and geologic studies indicate very long
recurrence intervals between surface ruptures on the Pitaycachi fault.
The logical inference from these studies is that hazards due to large
earthquakes on the Pitaycachi fault are minimal for the foreseeable
future. However, this inference is tempered by the fact that small
and moderate earthquakes continue to occur in the vicinity of the
fault more than 100 years after the 1887 event. These earthquakes
indicate that stress adjustments are continuing in the area around the
1887 surface rupture; they imply that there is the potential for at least
moderate, and possible fairly large earthquakes, in the near future.
The largest earthquake in San Bemardino Valley in at least the
past 30 years occurred on May 25, 1989 (Figure 1). The Ms 4.2
event was widely felt in Agua Prieta, Douglas, and Bisbee, although
no damage was reported. The earthquake was followed by
numerous small events, the largest of which (Ms 3.4) occurred on
May 26. The May 25 event was one of several Ms 3-4 earthquakes
that have occurred since March 1987 (Table 3). Tucson has had a
seismic station in operation continuously since the mid-1930's, and
the instrumental record from this station indicates that the recent burst
of activity is unique over that interval.
Epicenters of the recent earthquakes have been concentrated
west of the Pitaycachi fault near the southem end of the central
segment of the 1887 rupture. A microseismic survey of the

Pitaycachi fault conducted in 1978-1979 also showed a concentration
of small earthquakes in this area (Natali and Sbar, 1982); a fairly
large earthquake centered in this area in 1907 had a maximum
Modified Mercalli intensity of vm in Colonia Morelos (DuBois and
others, 1982). The May 25, 1989 earthquake was large enough to
produce seismic waveforms that could be used in a focal mechanism
study (Wallace and Pearthree, 1989). The focal mechanism is an
oblique-slip normal faulting event. The preferred fault plane strikes
N36°E, dips 65° to the west, and has a rake of 58° SW (a 2: 1 ratio of
normal to left-lateral strike-slip motion). The strike of this event is
generally consistent with the trend of the Pitaycachi fault in this area.
The recent seismic activity is concentrated in an area of
structural complexity where the character of 1887 displacement
changes dramatically. Bends or complexities in a fault wne can
serve to terminate rupture during earthquakes. Stress appears to be
concentrated in the region of faulting complexity, and these zones
may also be areas where earthquakes initiate. The amount of
displacement attributed to the 1887 surface rupture and the trend of
the fault zone change between the central and southem segments of
the Pitaycachi fault (see Figure 1). The central segment of the 1887
rupture trends approximately north-south, and typically there is 2-3
m of surface displacement. The southern segment of the 1887
rupture trends southwest, and less than 1 m of displacement is
typical.
The clustering of earthquakes at a zone of structural
complexity more than 100 years after the last large earthquake raises
several intriguing questions regarding fault behavior and seismic
hazard: (1) Is the recent seismicity a readjustment to the stress
released in the 1887 event, and thus, normal aftershock activity? (2)
Did the 1887 rupture actually terminate at the wne of structural
complexity? (if so, the southern segment must have ruptured in the
recent past). (3) Is there a "slip deficit" along the southern segment
of the Pitaycachi fault, reflected in the much smaller displacements
attributable to the 1887 or other recent events? If so, will moderate to
large earthquakes occur along the southern segment to "catch up"
with the central segment? These questions are not likely to be
answered soon. However, the recent seismic activity suggests that
the Pitaycachi fault may behave in a reasonably complex manner in
the intervals following major surface ruptures.
LITHOLOGIC CONTROLS OF FAULT-SCARP
MORPHOLOGY

6-11-88

109° 25 .5'

30° 55.4'

4.0

12-31-88

109° 25.8'

5-25-89

109° 23 .3'

30° 45.6'
30° 49.4 '

4.2

5-26-89

109° 24.1'

30° 45.2'

3.4

Spatial and temporal variations in lithology (scarp-forming
materials) represent unwelcome complications when estimating ages
of fault scarps based on their morphologies. The Pitaycachi fault is
excellent for studies of lithologic control of morphologies of young
alluvial fault scarps because scarps occur in a variety of materials
whereas other important variables are fairly constant. Differences in
source lithologies and deposit ages result in a great diversity of
alluvial materials along the Pitaycachi fault. Spatial variations in
climate appear to be minimal. The west-facing aspect of the 1887
fault scarps essentially eliminates microclimatic variations. Vertical
displacements of piedmont surfaces are similar along much of the
1887 surface rupture. Faulted piedmont surfaces generally slope 1°
to 3°. Evaluations of the effects of lithology on free-face
degradation and debris-slope aggradation are possible because only
a century has passed since scarp formation.
A three-fold approach was taken to quantify the influences of
lithologic variations on the types of geomorphic processes affecting
scarps and the amounts and styles of scarp degradation and
aggradation that have occurred in 100 years. First, measurements of
various earth materials and geomorphic properties were made in an
attempt to quantify differences in erodibility. Second, topographic
profiles of fault scarps were surveyed normal to the fault trace in
order to compare amounts of degradation and aggradation of scarps
in different lithologies. Third, a new technique that describes scarpcrest sinuosity was developed to relate morphologies of young fault
scarps and lithologic controls.

6-9-89

109° 16.3'

31° 15.2'

2.8

Geomorphic Processes

Date

Longitude

Latitude

Magnitude
3.1

3-14-87

109° 25 .8'

30° 50.6'

12-19-87

109° 29.0'

30° 58.1'

3.2

4-10-88

109° 26.8'

30° 58.1'

3.1
3.2

Table 3. Locations and magnitudes of recent earthquakes near the
Pitaycachi fault.
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Fault-scarp morphologies are the result of both tectonic and
fluvial processes. Tectonic processes involve vertical displacement
of the original surface to create a topographic discontinuity, and
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Type of
Alluvium

Pa rticle-S ize
Distribution
% Silt
% < 2 mm

Shear Strength
Index
(mm of penetration)

Mean
Penetrometer
(KN/m2)

Mean
Seismic Velocity
(m/sec)

Mean
K Factor
(soil-loss eqtn.)

Grussy

1 to 7

6 to 15

41

2108

335

0.03

Cobbly

7 to 27

4 to 57

29

4663

354

0.04

Carbonatecemented

8 to 58

30 to 60

20

5390

326

0.05

Table 4. Summary of characteristics of alluvial materials and' quantitative indices of erodibility at 39 fault scarps formed in 1887.
seismic shaking associated with aftershocks. Initial fault-scarp
morphologies also are dependent on materials strength and
cohesiveness, which control the initial proportions of free face
(slopes steeper than the angle ofrepose) and debris slope that are
present. A general lithologic sequence of increasing tendency to
develop and preserve free faces is loose sand, gravelly sand, sandy
gravel and clayey sand, clayey gravel, and cemented gravel and
sheared bedrock. Free faces may not form or are quickly removed
in weak materials (Pierce and Colman, 1986). Stronger scarp
materials have a larger initial free-face component and they resist
erosion more effectively, so more time and the assistance of fluvial
processes are required to construct debris slopes.
Lithologic factors that affect fluvial slope processes include:
(I) the amount of silt and clay in surficial materials; fine particles
tend to plug the interstices between larger particles, thereby reducing
infiltration and increasing runoff; this factor also affects shear
stresses needed to entrain surficial particles by flowing water; (2)
abundance and type of pedogenic clay that forms cohesive soil
horizons in sandy gravel parent materials; some clay is subject to
shrink-swell processes and to decreases in strength when wetted; (3)
abundance and distribution of pedogenic cementation by oxides of
iron and aluminum, silica, and calcium carbonate; (4) abundance of
cobbles and boulders that tend to accumulate as a surficial lag
deposits that inhibits erosion; (5) influences of soil on the type and
density of vegetation whose leaves and stems intercept rain and
whose roots increase soil shear strength.
Scarp Materials
Fault scarps created in 1887 are composed of diverse
materials (see Table 4). An attempt was made to devise a materials
strength index for fault scarps in alluvium, using seismic velocities,
penetrometer readings, calculation of the K factor in the Universal
Soil Loss Equation (Wischmeir and Smith, 1965), and shear
resistance test for surficial materials devised by David Taylor (class
project, University of Arizona, 1981). Most parameters were
inconsistent or were not appropriate for describing lithologic
controls of the main fluvial processes that have changed the scarp
morphologies, although the shear resistance test worked fairly well.
We conclude that quantitative multi-factor indices that describe
erodibility of gravelly piedmont alluvium need more testing before
use in fault-scarp studies.
Lithologic resistance to erosion varies with time and position
on the scarp in sandy gravel. Erodibility of gravelly alluvium
decreases with time as surficial lag gravels accumulate and protect
the soil from erosion. Concurrent increases in shear strength of
subsurface materials are caused by additions of pedogenic clay and
carbonate in argillic and calcic horizons. Modifications of the 1887
scarp by tectonic and fluvial processes have resulted in different
materials being present on different topographic elements. Free-face
source material is finer grained and more poorly sorted than the
debris-slope surficial materials (Figure 8). Cobble size increases
downslope, and there is an abrupt transition to fine materials at the
scarp base that coincides with an incipient wash slope.
Scarp Morphology
Topographic characteristics of the 1887 fault scarps,
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< 2

2-4

4-8

8-16

16-32 32-6464-128

Particle Size (mm)
Figure 8. Comparisons of the particle-size distributions in the free
face and the upper and lower parts of the debris slope at the Dos
Escarpas site.
including maximum slope, width, crest sinuosity and amount of free
face, are affected by lithology. Free faces are virtually unmodified
in carbonate cemented limestone gravel (Figure 9A), but are no
longer present in clayey grus derived from quartz monzonite. Free
faces are still common in clayey gravel but have retreated upslope
from the fault trace (Figure 9B). Debris slopes typically are 24° to
38°, and are composed of material eroded from free faces and
material disrupted in the 1887 faulting. The toe of the debris slope
is defined by an abrupt decrease in slope; adjacent materials form a
wash slope deposited on the pre-faulting alluvial surface. Post-1887
sedimentation on the wash slope generally amounts to only a few
centimeters, although it may exceed 10 em where scarp materials are
easily erodible.
The topographic characteristics of scarp profiles for three
lithologic classes are summarized in Table 5, where morphometric
parameters are compared for 2 to 3 m high scarps. A century of
erosion has reduced scarps of clayey sand to slopes of 8° to 20° that
lack free faces. In contrast, scarps in carbonate-cemented gravels
are dominated by free faces that appear unchanged; they may persist
for several millenia.
Variations in scarp width with Iitholo~y . Plots of the horizontal
distance between the scarp crest and scarp base--the scarp width-show another effect of lithologic control. Scarp width is a function
of scarp height and age, lithology, and climate. The impact of
spatial variations in lithology on scarp width for young scarps of
similar height is illustrated in Table 5. Scarps in massive cemented
gravels have scarp widths of only 2 to 5 m, but scarps in grussy
sand have scarp widths of as much as 20 m. Increases in scarp
width with time occur concurrently with decreases in scarp slope, so
regressions of scarp width vs. scarp height may be used to make
rough scarp age estimates.
Scarp crest sinuosity. Morphologic descriptions of young fault
scarps may also include parameters that involve both horizontal
dimensions. An example of this is an index that describes scarpcrest sinuosity, which is calculated by dividing the measured length
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4m

Figure 9A. The 4-m high scarp in massive carbonate-cemented
gravel south of Ay. Capadero is dominated by a largefreeface.
Blocks of cemented gravel lie on the debris-slope (Figure 3 of Bull
and Pearthree, 1988).
of the sinuous scarp-crest by the straight-line distance between the
two survey endpoints (Figure 10). Scarp-crest sinuosities should be
measured along segments of scarp crests that are being eroded only
by local rilling and sheetwash; gullies should be avoided.
Measurements of scarp-crest sinuosities of prehistoric scarps and
some historical scarps may be facilitated by use of large scale, low
sun angle aerial photographs.
Scarp-crest sinuosities appear to be influenced primarily by
lithologies, time, and erosional processes. Scarp-crest sinuosities
measured for six segments at Dos Escarpas (TS 5) range from only
1.2 to 1.4 despite the range in scarp heights of 0.2 to 2.3 m. This
conclusion was not visually anticipated because the contrast between
the crest slope and free face appears to be much more abrupt on the

Scarp
Width

(degrees)
Grussy

28±8

18±4

7.4±1.9

2.9-4.6

Cobbly

44±15

29±8

4.8±1.9

1.4-3 .7

Carbonatecemented

80±13

37±1O

4.3±1.3

1.1-1.5

Maximum
Scarp
Slope

higher and steeper scarps. However, scarp-crest sinuosities vary
markedly with lithology; erosional modification apparently proceeds
much more rapidly in non gravelly alluvium then in bouldery fan
gravels (Table 5). The scarp-crest sinuosity index seems to be a
useful guide for describing the influence of lithology on scarp
morphology, especially for historical fault scarps.

Scarp
Sinuosity

A vemge
Scarp
Slope
(degrees)

Type of
Alluvium

Figure 9B. Late Pleistocene sandy gravel with strongly developed
argillic and weakly developed calcic soil horizons at the Dos
Escarpas site. Post 1887 free face retreat has made a debris slope
that is progressively coarser-grained in the downslope direction.
Hatfor scale.

(m)

Table 5. Morphologic characteristics of the 1887 scarps of the
Pitaycachifault as related to the type of alluvium forming the scarp.
Uncertainties expressed (±) are one standard deviation.
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Figure 10. View of survey tape laid out along the crest of the
1887 scarp to measure scarp sinuosity.
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SUMMARY
In 1887, a Ms -71/4 earthquake formed a 75-km-long scarp
along the trace of prehistoric surface ruptures. Repeated movements
along the Pitaycachi fault since the Miocene juxtaposed different
alluvial units and created 2 to 45 m high alluvial fault scarps prior to
1887. However, the trace of the PE rupture was largely buried by
sheets of upper Pleistocene and Holocene piedmont alluvium. Deep
valleys have been eroded since the PE; they contain upper
Pleistocene and Holocene stream terraces that were not faulted prior
to 1887. Pre-1887 fault scarps cutting middle Pleistocene alluvial
fan deposits were degraded to 2° to 9° slopes before the 1887 event;
scarp height-maximum slope regressions and diffusion-equation
analyses for reconstructed pre-1887 scarp profiles indicate that the
PE event occurred at least 100 ka. In hills lope environments,
evidence of discrete PE scarps had been removed by prolonged
slope degradation prior to 1887.
Seismic activity around the Pitaycachi fault remains much
higher than in surrounding portions of the Basin and Range
province. Earthquakes as large as Ms 4.2 have occurred recently
near the Pitaycachi fault; activity is concentrated near the major
structural discontinuity that defines the boundary between the central
and southern segments of the Pitaycachi fault. These earthquakes
may represent a very protracted aftershock sequence. Alternatively,
they could indicate that there is some potential for moderate to large
earthquakes on the Pitaycachi fault in the near future.
Morphologies of piedmont fault scarps are primarily
functions of lithology, climate and associated vegetation, scarp
height, and elapsed time since surface rupture. Each of these
independent variables may cause an order of magnitude variation in
descriptive parameters of fault scarps. Variations of lithology along
the Pitaycachi fault are largely responsible for the substantial
variations in morphology of 1887 fault scarps. Scarps formed in
loose grussy sand and in clayey sand have been greatly eroded by
slopewash and rillwash. Scarps formed in gravel erode at a much
slower rate. Free faces are still present in loose Holocene sandy
gravel and in Pleistocene alluvium that has a surficial protective layer
of lag gravel above unweathered cobbles embedded in a matrix of
pedogenic clay. Resistant lithologies such as sheared bedrock and
massive carbonate-cemented gravels have been the least affected by
fluvial processes during the past century; gravitational processes
such as block collapse and single-rock falls are the main processes
of fault-scarp change.
FIELD TRIP GUIDE
The main purposes of this field trip guide are to provide
information on access to interesting sites along the Pitaycachi fault
and to briefly summarize topics that can be considered at each field

site. Most of the technical discussion of the geomorphology and
geology of these sites is included in the preceding sections. Field
si.tes chosen f~r this trip illustrate most of the important concepts
discussed earher; thus they are referenced in the preceding sections
where appropriate.
.
The general route of the field trip through southeastern
Anz~na and northeastern Sonora is shown in Figure 11; the route of
the trIp through San Bernardino Valley is shown in Figure 1. If one
is undertaking this trip without a guide, acquisition of 1:50,000scale topographic maps of the area is strongly recommended. All of
the route of ~he fiel? trip in Arizona is on paved highways, as is part
of the route In MeXICO. However, the roads that provide access to
the P!t~ycach~ fault an~ dirt, of varying quality. With dry road
condItions, thiS field trip could be undertaken in two-wheel-drive
vehicles with moderate clearance. However, ifroad conditions are
wet, use of four-wheel-drive vehicles is advised. The climate of the
S~n Bernardino Valley is strongly seasonal. Winters are typified by
mIld days and cool to cold nights. Winter weather is generally dry,
but.Paclfic storms occasionally drop substantial precipitation in this
regIOn. Summer days are hot, with mild evenings; monsoonal
thunderstorms are common in the latter half of the summer.
Tucson, Arizona, to the San Bernardino Valley of
northeastern Sonora, Mexico
!he first portion of the field trip involves a journey through
the BaSIn and Range country of southeastern Arizona and
northeastern Sonora. This region is part of the Mexican Highlands
geograph.ic subprovince of the Basin and Range, which is
charactenzed by relatively lofty ranges and basin altitudes above
1000 m. Because the region as a whole is fairly high, its vegetation
ranges from the relatively lush upland desert scrub to pine forests in
the higher mountain areas.
The physiography of this region is dominated by north- to
northwest-trending mountain ranges and intervening basins filled
with terrigenous sediments that developed as a result of mid- and
late Cenozoic extensional tectonism. Portions of southeastern
Arizona were strongly affected by mid-Tertiary calc-alkalic
volcanism ~nd NE-SW-directed detachment faulting; some of the
current baSinS and ranges evidently date to that interval (Dickinson
and others, 1987). Most of the present basin-and-range
physiography, however, probably developed as a result of late
Cenozoic normal faulting. This younger phase of extension
evidently involved higher-angle block faulting, the development of
relatively deep sedimentary basins, and locally was associated with
ba~altic volcanism (Menges and Pearthree, 1989). Normal faulting
eVidently waned in the late Miocene in southeastern Arizona, as
most mountain fronts in the region have well-developed bedrock
pediments associated with them. Evidence for Quaternary faulting
in southeastern Arizona is limited, and those faults that have been
~ctive in the late Quaternary apparently have very long recurrence
Intervals between surface ruptures (Pearthree, 1986).
Upon leaving Tucson, drive 45 miles east on Interstate
Highway 10. Exit on U.S . Highway 80 at Benson, and continue
southeast through Tombstone and Bisbee to Douglas, at the
International B~rder (about 75 miles). Take U.S. Highway 666 to
the customs statIon at the border crossing. One must obtain visas
and.vehicl~ peImits at the customs station to legally travel away from
t~e Immediate border in Mexico (proof of citizenship required for
visa and proof of ownership and Mexican auto insurance required
for vehicle permit). Upon obtaining these documents, wend your
way south through Agua Prieta, Mexico, and turn northeast on
Mexico Highway 2 (the paved road along the south side of Agua
Prieta) for about a mile. Tum southeast on the graded gravel road
that leads to San Bernardino Valley and Bavispe. This road winds
through the Sierra Ceniza for about 15 miles. On the east side of the
mountains, the road traverses dissected mid-Pleistocene alluvial fan
surfaces; stop on a fan surface for an overview of the Pitaycachi
fault.
Field Trip Site 1:

Figure 11. Road map of northern Sonora and southern Arizona
showing approximate route offield trip. Paved highways are
'
shown as solid lines, gravel roads are shown as dotted lines.
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Overview

Much of the physical setting of the Pitaycachi fault and San
Bern.ardino Valley can be observed from this vantage point. We can
conSider (1) the geography of the area; (2) segmentation of the
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Pitaycachi fault zone; (3) the geomorphology of the valley; (4)
geomorphic characteristics of mountain fronts associated with the
Pitaycachi fault; and (5) general locations of other field trip sites.
The Pitaycachi fault is on the east side of San Bernardino
Valley, a structural trough that stretches across the U.S.-Mexico
border. The northern portion of the valley contains extensive PlioQuaternary basalt flows that range in age from about 0.3 to 3 Ma
(Reynolds and others, 1986). The Rio San Bernardino is part of a
drainage network that empties into the Gulf of California. It heads
in and around the basalt field and flows south into Mexico. It is a
major tributary of the Rio Bavispe, which enters San Bernardino
Valley from the southeast; together, they exit the valley to the south
through highly dissected bedrock and basin sediments.
The portion of San Bernardino Valley visible from here has
undergone substantial dissection during the Quaternary. Several
lines of evidence suggest that base-level fall has been transmitted
upstream through the valley relatively recently. Just north of the
International Border, the valley is essentially undissected. Extensive
areas of the former valley floor are separated by deep canyons cut by
large drainages between the border and the northern end of the
Pitaycachi fault. Soils evidence discussed earlier indicates that
several major tributaries have cut deep canyons in basin-fill deposits
since the middle Pleistocene.
The general setting of the Pitaycachi fault can be observed
from here. The Pitaycachi fault is located near the base of the
relatively lofty mountain range across the valley; Cerro Pitaycachi,
for which the fault is named, is the prominent peak across the valley
in the Sierra de San Luis. Planimetric patterns of the fault zone and
physiographic and structural features provide a basis for separating
the Pitaycachi fault into several segments, all of which probably
ruptured in 1887. The 35-km-long central segment of the fault
trends N-S and is at or near the mountain front-piedmont junction
for most of its length. The 15-km-long northern segment of the
fault trends N to NW, diverging from the mountain front and
crossing piedmont alluvial surfaces. The 25-km-long southern
segment is at the base of the Sierra Pilares de Teras and the Sierra El
Tigre. It defines the eastern margin of basin-fill deposits for part of
its length, but the southernmost 10 km of the fault is within felsic
volcanic rocks (Direccion General de Geographia, 1981). Several
features indicate that the boundary between the central and southern
segments is an area of structural complexity. The area comprises a
substantial right-step in the fault zone, a change in the trend of the
fault zone to SSW, a dramatic southward decrease in 1887 surface
displacement, and the intersection of San Bernardino Valley and the
SE-trending Bavispe Valley.
A fairly large, W-facing escarpment in alluvium about half
way between the Rio San Bernardino and the Pitaycachi fault marks
the location of another probable Quaternary fault zone. We found
no evidence of late Pleistocene or Holocene movement on this fault,
although total Plio-Quaternary displacement is substantial.
Upon leaving TS 1, continue east on the graded gravel road,
which crosses the Rio San Bernardino on a large concrete dip
section and turns south down San Bernardino Valley. The road to
the general area of TS 4, 5, and 6 is about 6 miles farther down the
road on the left. The road to Rancho Jabalies and TS 3 is on the left
about 7 miles farther south, at a substantial right-bend in the main
road. Continue south on the graded gravel road along the Rio San
Bernardino for about 11 more miles to the village of Colonia
Morelos; take the first prominent road to the left, which leads to
Bavispe Valley.
Field Trip Site 2:

Facet Locality

The road to Bavispe crosses the Pitaycachi fault near the
southern end of the central segment. This is the southmost field trip
site, as the rugged country along the southern segment virtually
precludes vehicular access. The main objectives of TS 2 are to
review evidence for repeated, infrequent fault movements and to
consider the structural setting of the boundary zone between the
central and southern fault segments.
Substantial cumulative displacement on the Pitaycachi fault is
recorded in the topography of this area. Scarps formed 1887 are
part of high fault scarps formed in alluvium or volcanic rocks, as the
Pitaycachi fault cuts across the mouth of Bavispe Valley. Although
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fault scarps formed in very old alluvial deposits are 10 m or more
high, their maximum pre-1887 slopes are about 10°, and discrete
slope segments attributable to the PE are very difficult to discern.
This indicates that the PE occurred a long time ago, and that the
long-term frequency of fault ruptures like the 1887 event is very
low. The Pitaycachi fault offsets a basalt flow at least 46 m several
kms south of this location, so substantial late Cenozoic displacement
has occurred across the fault.
This location provides a perspective on the boundary area
between the central and southern segments of the fault. (Hiking
several kilometers to the south affords a better overview of the
boundary between the central and southern segments.) South of this
location the fault gradually curves to the SW (see Figure 1), along
the base of hills composed primarily of basalt. A several-kilometer
right-step in the trace of the Pitaycachi fault at the southern end of
the basalt hills defines the boundary between the central and
southern segments. Post-1887 seismicity has been concentrated
around the boundary area, indicating that stress adjustments are
continuing there. Both the central and southern segments probably
ruptured in 1887, although speculative alternatives involve recent,
independent rupture of the southern segment.
From this site, we retrace our path back to Colonia Morelos
and north along the main road in San Bernardino Valley. Eleven
miles north of Colonia Morelos, the road leaves the immediate
vicinity of the Rio San Bernardino, ascends onto a piedmont
surface, and turns due north. The road that leads to Rancho
Jabalies heads southeast at this bend. Obtain permission to proceed
to the Pitaycachi fault at Rancho Jabalies.
Field Trip Site 3: Javelina and Arroyo Hondo
This is probably the most important field trip site because of
the diverse concepts that are illustrated in a fairly small area. Topics
that can be considered here include (1) evidence for low long-term
uplift rates; (2) evidence for the length of time between the PE and
the 1887 event; (3) lithologic controls on fault scarp morphologies;
and (4) evidence for substantial cumulative Cenozoic fault
displacement. Many interesting geomorphic features exist within
about a km of the intersection of the road and the Pitaycachi fault
(Javelina area). Ay. Hondo can be reached by hiking about 2 km
south along the fault.
The Pitaycachi fault is at the edge of a kilometer-wide
pediment cut in granitic rock at the Javelina site; uplift of this
pediment by middle and late Quaternary fault movements has caused
several meters of pediment dissection. The existence of a bedrock
pediment indicates that denudation rates in the mountains have
exceeded uplift rates along the Pitaycachi fault for a substantial
portion of the late Cenozoic. Stratigraphic relationships exposed
along the Pitaycachi fault at the Javelina site indicate that streams
have repeatedly cut shallow valleys in the pediment and completely
back-filled them during the middle and late Quaternary. A possible
scenario to explain these relationships is that the pediment formed
because the Pitaycachi fault was completely inactive during the late
Pliocene and early Quaternary; subsequent middle and late
Quaternary faulting has caused pediment dissection, but dissection
has been so modest that climate-induced pulses of sedimentation
have caused streams to fill and overtop their valleys.
The Pitaycachi fault cuts a variety of alluvial units in the
Javelina area as well, permitting us to consider (1) the influence of
lithology on fault scarp morphology and processes of scarp
degradation, and (2) morphologic evidence for the length of time
between 1887 and the PE. Scarps formed in 1887 in noncohesive
sandy material currently have maximum slopes of less than 20°,
while scarps formed in cobbly, clayey fan gravels typically retain
free faces. Scarps formed in resistant bedrock show little evidence
of modification in the past 100 years. PE scarps were reconstructed
in this area as well. Most of the PE scarps that are several meters
high have maximum slopes of 10° or less, indicating substantial
antiquity for the PE. In at least one location the PE scarp was much
steeper (about 23°), but we believe that lateral stream erosion at the
base of the scarp may have steepened this scarp.
Ay. Hondo is a 40-m-deep valley cut in the middle to late
Quaternary by a large drainage several kilometers to the south.
Base-level fall has been transmitted upstream along Ay. Hondo from
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the Rio San Bernardino; smaller streams in the Javelina area have
not yet been affected by it. A high, middle to late Pleistocene terrace
that predates most of the downcutting records only the 1887 surface
rupture, and thus was deposited after the PE. However, a
stratigraphic exposure along the Pitaycachi fault in Ay. Hondo
contains evidence for repeated late Cenozoic fault movements
(Figure 2).
When examination of these field sites is completed, return to
the main road in San Bernardino Valley and travel north about 7
miles. Tum east on the dirt road to Ejido A. Camacho; bear left at
Rancho Chirriones and obtain permission from the ejido
headquarters (small village with water tower) to proceed east to
Pitaycachi fault. You should reach the fault in the vicinity of a high
(-40 m), gentle fault scarp dubbed Escarpa Antigua; Huella de los
Caballos site is a broad valley that has been cut by a fairly large
drainage immediately south of Escarpa Antigua.

Field Trip Site 4: Huella de los Caballos and Escarpa
Antigua
The main topics to be considered at this site are soil evidence
for the antiquity of the PE and scarp evidence of a large amount of
cumulative late Cenozoic displacement across the Pitaycachi fault.
Evidence for the latter is fault-generated Escarpa Antigua, which is a
40-m-high hill either completely composed of or capped with
Tertiary alluvium. A petrocalcic horizon is exposed in the face of
the 1887 scarp that cuts across the base of Escarpa Antigua,
indicating that the slope of the larger scarp is underlain by a strongly
developed soil. Limestone is abundant in the soil parent material,
enhancing rates of carbonate accumulation. Nonetheless, the
presence of this strongly developed soil implies that the scarp is very
old and the scarp slope is stable enough to permit substantial soil
development.
Stratigraphic relationships exposed along Huella de los
Caballos shed some light on the time since the PE. A 3-m-deep
arroyo has been cut upstream from the Pitaycachi fault as a result of
the 1887 faulting. Exposures in the arroyo banks reveal a welldeveloped mid- to late Pleistocene soil buried by Holocene deposits.
The Pleistocene soil has a red argillic horizon and a Stage ill to N
calcic horizon; the Holocene deposits are brown and evidence of
soil-profile development is minimal. An alluvial fan deposited since
1887 buries all of these deposits on the down thrown side of the
fault. A seismic refraction survey revealed a relatively highvelocity, shallowly buried layer in the downthrown block interpreted
to be correlative with the Pleistocene sediments exposed in the sides
of the arroyo. Displacement of the Pleistocene unit is about the
same as 1887 surface displacement in this area, indicating that the
PE predates deposition of this unit.
Leave Huella de los Caballos and continue north on the poor
dirt road that parallels the Pitaycachi fault. The road curves to the
NW, away from the main trace of the Pitaycachi fault, but a splay of
the fault also curves to the NW across the piedmont. About 1 mile
north of Huella de los Caballos, stop to examine the morphologies
of the SRE fault scarps that are just east of the road.

Field Trip Site 5: Dos Escarpas
The primary purposes of this trip site are to consider
quantitative methods for describing morphologies of young scarps
and to examine variations in scarp morphology resulting from
variations in scarp size and complex surface-rupture patterns. A set
of SRE 1887 fault scarps curve away from the main fault trace and
gradually die out to the NW. The pattern of surface rupture is
variable and complex, with antithetic scarps, scarps resulting from
single surface breaks, and scarp resulting from several closely
spaced surface breaks. These scarps are formed in a cobbly late
Pleistocene alluvial fan that has moderate pedogenic clay
accumulation associated with it. Scarp heights range from 0.2-2.3
m. We can examine the impact of scarp size on scarp-crest retreat
and free-face removal, considering quantitive methods to measure
these parameters.
Attempt to continue to the north on the dirt road that remains
close to the trace of the Pitaycachi fault; this allows you to observe
several MRE fault scarps that cut middle to lower Pleistocene
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alluvial fans. Surfaces interpreted to be of middle Pleistocene age
are offset about twice as much as SRE surfaces in this area.
Lower(?) Pleistocene fans preserved locally are offset up to 15 m,
which suggests that they may record 4-5 displacements like the 1887
event. If gates are locked, return to Ejido A. Camacho and proceed
north from there. The first large valley to the north is Ay. de los
p",h"ios. Look for a poor dirt road heading east either south or
)f the arroyo, and take it until the 1887 scarp is encountered.

Field Trip Site 6: Arroyo de los Embudos
Ay. de los Embudos is a 30-m-deep valley that has been cut
since the PE. The dominant piedmont surface in this area is an
alluvial fan with a very well developed soil, probably of middle
Pleistocene age. This surface and the MRE fault scarp cutting it are
best expressed on the north side of Ay. de los Embudos. Several
high terraces inset below the middle Pleistocene fan record former
levels of the valley floor; these terraces were not faulted prior to
1887. Well-developed soils revealed in gullies cut into these
terraces indicate that they are of middle to late Pleistocene age.
There are substantial accumulations of clay in these soils, but very
little carbonate, implying that they developed primarily during
intervals when carbonate was being leached through soils.
Leaving from the north side of Ay. de los Embudos,
continue north on the poor dirt road, winding through a large
canyon cut into basin deposits (Cajon Bonito). (If this road is not
passable, one can return west to the main N-S road through San
Bernardino Valley and take it to TS 7.) Shortly after climbing out of
Cajon Bonito and joining the main gravel road, take a poor road that
heads east across the flat mesa. TS 7 is a -5 m high fault scarp just
north of Cajon Bonito.

Field Trip Site 7: Bolsa - Northern Termination of the
Pitaycachi fault
This is the northern termination of the surface expression of
the Pitaycachi fault. The 1887 scarps are less than about 0.6 m high
and are quite discontinuous. Repeated surface ruptures have
displaced the mesa surface about 5 m here. However, the MRE
fault scarp dies out about 1 km to the north. The scarp is several
kilometers west of the mountain front, and it cuts a surface that is a
relict of the piedmont that existed prior to the dramatic downcutting
evidenced by Cajon Bonito. Extremely well developed soils
exposed in gullies and the geomorphic position of the mesa surface
far above modem drainages indicate that the faulted surface is of
early to middle Pleistocene age. This old surface continues north of
this area, but the MRE fault scarp does not. Thus there is no
evidence that prehistoric ruptures have extended farther north than
the 1887 rupture. Based on gravity data, a bedrock high has been
inferred in the subsurface in this part of San Bernardino Valley
(Sumner, 1977).

Return to Tucson via Douglas, Arizona
From the Bolsa site, return to the main gravel road in San
Bernardino Valley and turn north. Proceed less than 10 miles north
to the intersection with Mexico Highway 2 (it is paved). Tum west
on this highway and return to Agua Prieta. Tum in your visas and
vehicle permits on the Mexican side of the border, and clear customs
on the U.S. side. Return to Tucson.
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INTRODUCTION
Purpose of Trip
The northeastern shore of the Gulf of California
holds a remarkable assortment of marine and desert
sediments. On this trip we will visit various types of dunes
of the Gran Desierto, examine evaporite deposits in
coastal and inland sabkhas, see uplifted marine and
lagoonal deposits, explore the modern delta of the
Colorado River, and visit the coastal strip at Puerto
Penasco.
Summary of Geology
The area is very active tectonically. The Gulf of
California occupies a large rift valley between the Pacific
and North American plates. In general, only minor uplift
has accompanied the extensive horizontal movement of
th~se two plates (ca. 5 cm y(') . However, some uplift is
eVident along the western margin of the Colorado River
Delta and south of the river's mouth at EI Golfo de Santa
Clara. Up to 150 m of uplift of the Mesa Arenosa has
taken place along the Cerro Prieto and Punta Gorda faults
which are southern extensions of the San Andreas fault '
system (Colletta and Ortlieb, 1984). The uplift has
exposed a nearly-continuous series of beach cliffs
between EI Golfo de Santa Clara and the northern shore of
Adair Bay.
The field trip area is dominated by a Pleistocene
sand sea, the Gran Desierto, that covers 5700 km 2
between the Mesa Arenosa and the Colorado River delta
on the west; the Cenozoic shield volcanic complex of the
Sierra Pinacate to the east; and the distal margins of
granitic alluvial fans to the north (Figure 1). It is the largest
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area of active dunes in North America, and although not
as large as the great sand seas of the old world deserts,
the Gran Desierto sand sea gives a good impression of
the sedimentary processes in these areas.
Rainfall in the Gran Desierto varies from less than
50 mm y(' in the west to over 100 mm y(' in the
mountains to the east (Ezcurra and Rodrigues, 1986).
Microphyllous shrubs (Ambrosia dumosa, Larrea
divaricata) are common in the drier areas, while cacti
(Carnegia gigantea) and drought-deciduous trees (Olnea
tesota, Cercidium microphyllum) grow on the wetter
pediments and on rocky soils. Dunes are frequently
stabilized by various shrubs (Ephedra trifurca) and grasses
(Hilaria rigida; Ezcurra and others, 1987; Felger, 1980).
Some of this precipitation percolates into the sands
and emerges in springs (pozos) which are frequently
associated with faults along the margin of the Gulf. The
water in these springs contains high concentrations of
sulphate, carbonate, and bicarbonate anions (Ezcurra and
others, 1988). The differences between the ground water
chemistry and that of sea water are reflected in the
differences between the evaporites found in inland vs.
coastal sabkhas.
The tides in the northern Gulf of California are
among the highest in the world -- nearly 8 m at Puerto
Penasco. The extreme tidal range and winds combine to
produce an effective littoral current transport system.
Strong tidal currents at the entrance and in the channels of
the esteros (estuaries) form a variety of sedimentary
structures. The esteros are almost completely emptied at
low tides.
The large tidal range and gentle off-shore slope
produce extensive tidal flats in the northeastern Gulf.
These habitats have been the topic of sedimentary
analyses and taphonomic studies (Fursich and Flessa,
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Figure 1. Landsat. TM image (band 4) of the Gran Desierto. Note discrete areas of dunes and intervening
sand sheets. Major localities mentioned in text are shown, as are field trip stops.
Geologic Map Coverage
1987), which have provided valuable modern analogs for
the interpretation of ancient environments. Because the
bottom gradient is so gentle, isostatic lowering of sea level
during the last glaciation would have placed the shoreline
ca. 50 km farther off shore than today (Bischoff and
Niemitz, 1980).
During the last glaciation, the foothills east and north
of the Gran Desierto were covered with desert vegetation
similar to that presently found 250 km northward, on the
upper bajadas of the Mojave Desert. Pinyon-juniper
woodland with Joshua tree (Yucca brevifolia) began to
deteriorate about 11,000 yr B.P., but juniper (Juniperus
californica) did not disappear until about 8900 yr B.P. (Van
Devender and others, 1987; Van Devender, 1987). Farther
west, in the arid core of the North American desert, Mojave
Desert species were replaced by Sonoran Desert species
ca. 10,000 yr B.P. (Cole, 1986).
Deep-sea cores from the Gulf of California indicate a
similar chronology. Oxygen isotope termination I, the last
deglaciation, occurs at ca. 12 m depth in core 480 from the
Guaymas Trench (Shackleton and Hall, 1982). At this
depth, juniper (TCT) pollen abruptly declines, and herb
pollen increases (Byrne, 1982). Sediment at this depth has
now been dated at between 11 ,000 and 13,000 yr B. P.
(Lloyd Keigwin, written commun., 1988).
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Although the mountains east of the field trip area
have been mapped (Merriam, 1972, Gutmann, 1976), the
only published geologic map for the Gran Desierto is at a
scale of 1:250,000 (Direccion General de Geografia del
Territorio Nacional, SPP, 1982). Most of the region is
dominated by Quaternary sediments. Lynch (1981 , p. 20,
22) gives an age for the "basalt cone remnant, Punta
Penasco scoria remains, north side" of 15.1 ± 0.3 m.y.
The granodiorite at Punta Pelicano is reported to be in the
"80-97 ma" range by Anderson and Silver (1974, p. 484).
THE GREAT DUNES OF THE GRAN DESIERTO
There are two main areas of dunes in the Gran
Desierto Sand Sea (Lancaster and others, 1987): an
eastern group of compound and complex crescentic
dunes 10-80 m high ; and a western area of chains and
clusters of 80-150 m high star dunes, surrounded by 10-20
m high reversing and crescentic dunes. In addition, there
are areas of 5-20 m high degraded crescentic dunes on
the southern and western margins of the star dune area
and in interdune areas between the chains of star dune~.
Sand sheets, streaks, and small areas of crescentic dunes
occur to the west and northwest of the sand sea and
extend to the Colorado River valley.
The western star dunes and the eastern crescentic
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Figure 2. Distribution of sand populations in the Gran
Desierto. Map compiled from Landsat TM data, and field
survey. (From Blount, 1988)
dunes are separated by an undulating vegetated sand
sheet and small areas of active crescentic dunes. Large
parts of the sand sea, especially the sand sheet areas,
have a moderately dense cover of perennial plants, mostly
low shrubs and herbs such as bursage (Ambrosia
dumosa) and Mormon Tea (Ephedra trifurca) with creosote
bush (Larrea divaricata) in some areas (Felger, 1980).
Development of the Gran Desierto Sand Sea
There are three potential sediment sources for the
Gran Desierto sand sea : fluvial and deltaic sediments of
the Colorado River (Merriam, 1969); beaches of the Gulf of
California (Ives, 1959); and alluvial fans
and ephemeral streams that originate in the Pinacate
volcanic complex and the granitic mountains along the
Mexico-Arizona border (Lancaster and others, 1987).
The Gran Desierto Sand Sea is characterized by the
discrete dune areas separated by extensive sand sheets.
Each dune type is associated with sand that is texturally
and compositionally distinct (Figure 3). Population 1
sands, the oldest sands in the area, are concentrated in
the central parts of the star dune area. Population 2
sands occur in the northern and western parts of the star
dune area, and as sand streaks, sheets and small dunes
to the west and north of the sand sea. Population 3 sands
appear to be the youngest, they occur north of the Bahia
Adair.
The three major sand populations represent three
major periods of sediment input to the Gran Desierto sand
sea. Brief periods of eolian deposition were apparently
separated by long intervals of stability.
SALINAS AND SABKHAS
The near-surface interstitial brines of the inland
sabkhas of the Gran Desierto often have total dissolved
solids (TDS) in excess of 400,000 ppm. Consequently,
localities such as Steve's Salina (Figure 1) contain unusual
assemblages of evaporite minerals, such as trona and
schairerite (Lock and others, 1988, 1989a).
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The sabkhas' evaporite deposits reflect regional
groundwater chemistry and flow. The basic pattern of
groundwater movement under the Gran Desierto is
seaward , with the Pinacate Mountains a major source of
water and ions such as Na+. Ezcurra and others (1988)
propose that in the vicinity of Bahia Adair groundwater
moves through buried fluvial waterways. They report sand
and rounded gravels at depths of about 3 m in two
augured holes at La Soda, near the head of La Gaviota.
Kinsland (1989) suggests that the Colorado River
once may have emptied into the Gulf of California at Bahia
Adair, and gravity data indicate an appropriate basement
configuration. Thus, the aquifer may consist of old
Colorado River sediments in addition to alluvial fan gravels
from the Pinacates and the granitic mountains to the north.
A similar pattern of continental supply of water and
ions to coastal supratidal evaporites has been described
from the sabkhas of Abu Dhabi, on the Persian Gulf
(Butler, 1969; McKenzie and others, 1980). In that
example, the evaporites have a marine character (halite
and gypsum/anhydrite), but the evaporites of Steve's
Salina have an unmistakably non-marine imprint.
In contrast, La Gaviota Salina (Figure 1) contains
both marine and continental evaporites. The sands in one
semi-enclosed depression of the salina are moderately
cemented with euhedral dolomite, associated with gypsum
and halite. The dolomite is considered to be an evaporite
mineral in this instance. Friedman, 1980, describes similar
sediments in ponds marginal to the Red Sea.
The evaporites of Salina Grande (Figure 1) are of
marine origin. The seaward basin is periodically flooded
with sea water and has a thick halite crust. The landward
basin also is filled with halite, but this may have been
deposited by marine flooding prior to deposition of the
sand ridge that now divides the two basins.
PLEISTOCENE MARINE SEDIMENTS
NEAR SALINA GRANDE
Tectonic activity associated with the doming of the
Mesa de Sonora has resulted in uplift and exposure of
Pleistocene eolian, fluvial, deltaic, and shallow marine
deposits as nearly continuous beach cliffs along the EI
Golfo - Salina Grande coast (Ortlieb 1987; Lock and others
1989b). Sitting at the interface between land and sea in a
tectonically active area, these depositional systems have
produced an intricate stratigraphy of rapid lateral and
vertical facies changes. Folding and faulting have also
contributed to stratigraphic complexity.
East of Salina Grande, foreshore and shoreface
deposits are exposed ; and supratidal, salt marsh,
foreshore, and shoreface deposits occur near Salina
Grande. West of Salina Grande, increasing tidal influence
is seen in tidal flat and channel deposits.
THE EL GOLFO PLEISTOCENE VERTEBRATE FAUNA
Sedimentary rocks exposed in the badlands to the
north, east and south of EI Golfo de Santa Clara have
yielded over 40 different species of vertebrates . These
species inhabited northwestern Sonora, Mexico, during the
(Irvingtonian) between 0.4 and 1.9 ma (Kurten and
Anderson, 1980; Lindsay and others, 1980; Shaw, 1981).
Three generalized vertebrate communities are recognized :
a permanent water community of a stream or pond , a near
shore or upland shrub and brush woodland, and an open
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grassland with scattered trees. The presence of the giant
tortoise, boa constrictor and the giant anteater indicate
tropical to subtropical climates during the time the fauna
lived in the area.
THE MODERN COLORADO RIVER DELTA
Depositional patt~rns in the Colorado River delta
(Figure 1) are controlled by two main factors: (1) the river
water discharge and sediment load, and (2) the marine
forces distributing the sediments to form the deltaic plain.
Sediment load and discharge have declined drastically
since 1935. The river's contribution to the Gulf was 8.9 x
103 kg m- 3 of water before completion of Hoover Dam, but
decreased to 1.8 x 103 kg 'm-3 afterward (Van Andel, 1964).
Summary of Geology
The modern Colorado River Delta was formed
during the Holocene by sea level rise and tectonism. Four
geomorphic zones have been recognized (Thompson,
1968; Meckel, 1975; Ortlieb, 1987): (1) the infralittoral zone
along the delta, (2) the bajadas to the southwest, (3) the
deltaic plain and cone, anq (4) the Salton Trough. These
surfaces date from the late Pleistocene to Holocene.
Deposition in the infralittoral zone began -30 to 60
ka. Prior to that, sediment was deposited directly into the
Wagner Basin of the northern Gulf of California (Baba,
1986). Deposition slowed when sea level approached
modern values ca. 8 ka Ortlieb (1987) .
The bajadas southwest of the delta resulted from
the accumulation of sediments from the sierras of Baja
California and from the Colorado River during the late
Holocene (Thompson, 1968; Walker and Thompson,
1968). River-transported mud and sand were deposited in
the intertidal and supratidal zone during high stands.
Erosion of alluvial and piedmont deposits, lasted until
-8,610 ± 300 years B.P. (Ortlieb, 1987).
The deltaic plain and cone were produced by
deposition of 10 to 40 m of sediment from the surrounding
mesas over Pleistocene deposits (Thompson, 1968). The
delta has accumulated 45 m of gravels and sands from the
Mesa of Yuma. The final alluviation event contributed fine
sediments.
The Salton Trough, a tectonic depression,
periodically has been flooded by the Colorado River and
by transgression of the estuarine zone. Although marine
influence has been inferred, Kniffen (1932) and others
recognize lacustrine deposits, such as tufa and fresh- and
brackish-water mollusk shells. Ortlieb (1987) suggests 3
periods of diversion during the last 7,000 years. The last
diversion took place in 1905 due to human influence.
COASTAL GEOLOGY AND GEOMORPHOLOGY
NEAR PUERTO PENASCO
The Puerto Penasco desert coastal zone includes
the littoral zone, which is characterized by a maximum tidal
range of 7.74 m; and a wide, shallow marine shelf with the
20 fathom depth lying 14 to 18 km south of the coast.
The Puerto Penasco coast is a neo-trailing edge
coast with few headlands, a wide shelf (>50 km), and an
extensive inland aeolian and alluvial plain. Punta Penasco
and Punta Pelicano form the headlands (Figure 1). East of
Punta Penasco, the coast trends N78°W and consists of a
beach-dune ridge-lagoon complex (a barrier island
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system), which continues for 50 km into the Bahia de San
Jorge.
Estero Morua is the first lagoon east of Puerto
Penasco. The entrance, located about 11 km east of
Punta Penasco, is a tidal channel through the barrier
island system. Estero Morua includes east and west arms
with a combined length of 12 km at high tide. During low
tides only the main sandy, meandering tidal channels are
occupied by marine waters.
The aeolian and alluvial plain extending north from
the estero has an average slope of 2.6 m/km.
Longitudinal sand dunes, the dry channel of the RiO
Sonoyta, several low lying rocky hills, and higher
mountains are the only features to break the monotony of
this surface. The RiO Sonoyta flows infrequently and thus
adds little sediment to this coast. However, in past times it
has built a fan delta into the Estero Morua that blocks its
east end.
The Playa Hermosa beach and dunes extend west
from Punta Penasco 9 km to Punta Pelicano. Cholla Bay
and the tidal flat occupy the bight just north of Punta
Pelicano.
STOP #1. CEDO, 5 KM EAST ROCKY POINT
To reach CEDO, take the paved road from Puerto
Penasco to Caborca south about 1.5 km, then turn right
onto dirt road toward beach, follow it south and then east
about 4 km to CEDO.
Beachrock
The term "beachrock" refers "to sediment lithified in
the intertidal plus sea spray zones, whether on high- or
low-energy beaches, or even on broad tidal flats and tidal
channels. In as much as this type of lithification is not
restricted to true beaches in the geomorphic sense, a
preferable term might be intertidal rock (Bricker, 1971)."
Beachrock along Puerto Penasco coast has been traced
on the surface and below the lowest tide level to a point
12.5 km east of Punta Penasco. It occurs discontinuously
along the coast from near Salina Grande in the north,
almost to the mouth of Estero Morua; where the strike of
the bedding becomes more northwesterly and the beds
are beneath the lowest tide level.
In all places the beachrock consists chiefly of
molluscan shell fragments and/or whole shells with
sand-size quartz, feldspar, and rock fragment grains.
Outcrops east of Punta Penasco include basalt clasts
ranging from small pebbles to boulders over a meter in
diameter. The cement is calcium carbonate in the form of
blocky crystals of high-magnesium calcite, elongate
aragonite crystals, and a micritic calcite coating on many
carbonate and non-carbonate clasts.
Freshly-exposed beachrock is very pale orange,
pinkish gray or almost white; however, a coating of living
and dead algae usually imparts a greenish black to black
color. Bedding dips 2.5 to
seaward. The beachrock
ranges from well indurated to somewhat friable . It is
intensively burrowed and bored. Dissolution of shells is
common . The formation of karstic topography is well
advanced (Jones, 1975).
Hertlein and Emerson (1956) assigned a late
Pleistocene age to marine fossils collected from
"moderately indurated sands" and "coquina" from the
Puerto Penasco area. Two localities were beach rocks.
Radiocarbon ages of Chione sp. from beachrock
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localities yielded dates >37,000 years B.P. Several
samples came from locations that are now 10m above
MLT for Puerto Penasco and topographically higher than
the beachrock. Colletta and Ortlieb (1984) correlate the
beachrock in the upper intertidal at Bahia la Cholla to the
120 ka sea-level highstand.
Post-Beachrock Stratigraphy and Geomorphology
Beachrock along the Puerto Penasco coast is
overlain by Holocene beach and dune sands. Dunes
immediately behind the beach are growing slowly with
sand transported from the beach by strong southerly
winds, and are advancing north.
Although the beach is rather narrow in comparison
with the coastal dunes, it is actively being supplied with
sediment by the onshore transport of material from the
shallow shelf, and from beachrock erosion. The beach in
front of the U.E.P. (Figure 3) is about 60 m wide, with the
toe of the beach 5.5 m lower than the base of the dunes.
Beachrock exposed at the beach toe extends seaward an
unknown distance.
During low tides, a wide sandy bar and swale
system is exposed, which increases the sand area to a
width of about 200 m. The wide sandy area persists
eastward until it becomes part of the tidal sand body
complex at Estero Morua.
Numerous flat-bottomed pans occur between the
west end of Estero Morua and the U.E.P. These pans are
remnants of old estero bottoms, where most of the estero
has been covered by the northerly advancing sands.
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STOP #2. RAISED BEACH 22.5 KM NORTH OF
PUERTO PENASCO
Take Mexico highway 8 north from the center of
town. Turn left (north) just past the Airport. Proceed
northward, eventually paralleling the railroad tracks. About
15 km north of the road, you will pass Cerro Prieto, a
basaltic cinder cone, to the west. Soon thereafter, the
road becomes very sandy. Proceed northward past "First
Salina" (20 km) on the right and a railroad crossing (22
km) on the left. The shell deposits are exposed in a cut
along the railroad and in low mounds east of the road.
Coquina-capped "raised beaches" can be found
paralleling the shoreline of the northwestern Gulf of
California from Bahia de San Jorge northward to Salina
Grande. Chione spp. are the most common mollusk in
these Pleistocene deposits, but some of the raised
beaches near Salina Grande vary in their constituent
molluskan fauna (Ortleib, 1987).
The raised beaches, the dune crests, and the
shores of the salinas are covered with Indian shell
middens. Although Chione is present in these cultural
middens, Area, Murex, Dosinia, and several other taxa are
also common. Chione shells from cultural middens date
to 1570 ± 70 yr B.P. (A-5278) at First Salina and to 3450 ±
50 yr B.P. (A-5609) at EI Boroscado. Chione shells from
the raised beach date >37,000 yr B.P. (A-5610). Other
mollusk shells in the First Salina area have been dated at
10,880 ± 240 (GX-7024) and> 37,000 yr B.P. (GX-7022,
GX-7023; Hayden, 1981).
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[Na CO .NaHC03 .2H 20j, schairerite [Na 2SO•. Na(F,CI)] and
gaylussite [Na2C0 3.CaC0 3.5H 20] are the main mineral
phases to crystallize. Vibracores (Figure 4) taken from the
salina revealed a total thickness of approximately 1.0 m of
Holocene clastic and evaporitic sediments (Sinitiere, 1989).
The Hardie and Eugster (1970) model for evaporitic
brine evolution, outlines the pathways followed by saline
waters of various initial compositions, and predicts the
mineral phases to be expected at each stage of
evaporation. The brines from Steve's Salina are Type III Na+-C0 3 2--S0.2--cr, as indicated by the mineralogy and by
chemical analyses of the water. This type of brine
becomes depleted with respect to Ca 2+ and Mg2+ ions at a
relatively early stage, by precipitation of calcite, dolo~ite
and gypsum. ~ is adsorbe.d by the. abunda~t .sm~ctltes
and Na+ becomes the dominant cation remaining In
solution.
and HC03- remaining in solution in pore
waters combine with Na+ to precipitate trona. With
dissolved sulfate in high concentration, schairerite then
crystallizes.
Gaylussite forms in two ways; some by replacement
of early calcite cement (the normal mode of occurrence of
this mineral), and some as a primary phase mineral:
Primary gaylussite occurs in the sandflats surrounding the
salina and is believed to form as less saline groundwater
mixes with residual brines following rainstorms.
Trona precipitation is highly dependent on the pC0 2
of the brine. Elevated pC0 2 levels occur within the black,
anoxic muds of the salina floor, where sulfate reduction by
chemotrophic bacteria, such as Halobacterium, is
prevalent. The sulfate reduction also encourages the
precipitation of grain-coating iron monosulfides
[mackinawite and greigite, FeS], precursor phases to
sedimentary pyrite.
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STOP #4. LA GAVIOTA EM BAY_MENT, 45 KM NORTH
OF PUERTO PENASCO.

Figure 4. Core log for Steve's Salina.
STOP #3. "STEVE'S SALlN~\" 27 KM NORTH
OF PUERTO PENASCO
Proceed northward about 4 km . Steve's Salina is a
hydrologically closed depression fed by continental .
groundwater. Raised beach rid~es and a strand plain
prevent marine water from ente~lng the. pan.
.
After heavy rains, the salina retains standing ,,:,ater
(the lake stage). The waters rapidly evaporate, leaVing a
surface crust of halite characteristic of the dry, or playa ,
stage. During the late lake stage, floating rafts of halite
crystals may be blown onto the shore and stranded as
littoral drifts. Growth of the salt crust produces a
polygonal pattern of cracks and tepee ramps. Gypsum
crystals are present, but not in sufficient volumes to deter
*the local people from harvesting blocks of the crust for
domestic consumption.
During the late stages of evaporation, water
salinities exceed 400,000 ppm TDS, with pH betw~en 9.5
and 10.0. The waters take on a bright red coloration ,
.
probably due to blooms of halophilic bacteria such as
Halobacterium or the carotenoid variety of the chlorophytlc
alga Dunaliella salina . Intrastratal evaporites are
precipitated from the highly saline brines; trona
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Continue 8 km north of Steve's Salina to the
Gustavo Sotelo railroad crossing, cross tracks and take
the dirt road northwest from the northern end of the
clearing . Four km from Gustavo Sotelo the road crosses a
raised beach of Chione, an interesting contrast to the
Turritella shells concentrated on the modern beach. The
road skirts the coast at "Rocking Chair Estero" and
crosses the low sand ridge separating it from La Gaviota.
Follow the road inland and park about 7 km from Gustavo
Sotelo. Walk eastward up the tidal creek bed to the algal
flat sabkhas. The tidal creek (open arrow, Figure 5) acts
as a conduit for water funnelling into this area during
storm , wind or tidal surges.
La Gaviota (Figure 1) is a large tidal flat with
supratidal salinas at its landward margin. These salinas
contain intrastratal trona similar to that at Steve's Salina.
To one side of the main area of sand flats is a
semi-enclosed depression that fills with sea water only
during exceptionally high tides. Small, partially-vegetated
dunes surround the sabkha, the toes of which gently
drape onto the sabkha floor. The floor is covered with a
well-developed algal mat, beneath which the sands are
moderately cemented with euhedral dolomite, associated
with gypsum and halite.
We consider this dolomite an evaporite mineral as
did Friedman, 1980, who described sediments marginal to
the Red Sea. Friedman 's examples consist of near-coastal
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Figure 5. Air oblique view of algal flats near La Gaviota.
The open arrow indicates the tidal creek that floods and
drains the dark colored algal mat sabkha (black arrow) .
Numbers indicate core locations. The light colored area at
the back of the sabkha is a zone of halite crusts; behind
that are, at increasing distances, vegetated fixed d~nes,
active dunes of the Gran Desierto and (on the sky-line),
the Pinacate volcanic complex.
ponds, which "lose, by evaporation, close to 3. m ?f water
per year which is balanced by sea wate~ seepln~ I~ fro~
the Red Sea". Dolomite cement occurs, In association with
other evaporite minerals, in the sabkhas around the ponds
and beneath the pond floor.
Sediments and Evaporites
Several short cores were taken at La Gaviota
(Figure 5). The sediments beneath the algal mat are
brown carbonate rich, muddy sands near the surface,
grading into relatively clean, fine to very f!ne grained, well
sorted siliciclastic sands below. The sediments are
"spongy" and contain abundant fenestrae an~ micro- .
tunnels, probably resulting from air trapped elth.er at times
of flood or beneath algal mat layers. These sedimentary
structures make the sands quite permeable. Vertical,
clay-filled burrows approximately two mm in diameter are
also present.
The clay- and silt-sized fraction increases from only
a few percent at about one m to over 50% near the
surface. The dominate clay is illite, smectite is common,
but only traces of kaolinite were detected. The clay .
minerals are mainly detrital, but examination by scanning
electron microscope showes some authigenic smectite. It
is not clear whether these clays influence dolomite
formation, a topic discussed by Kahle (196.5).
.
Evaporitic minerals found i~ the sedlm~nts I~clude
dolomite, calcite, gypsum and halite. X-ray diffraction
indicates the dolomite is "protodolomite", as defined by
Gains (1977). The dolomite content is greatest at the base
of the cores (up to 23%), with only in trace amounts at the
surface. Where dolomite is most abundant, it coats
mineral grains as a cement crust (Figure 6). Aragonitic
shell material has dissolved, leaving micrite envelopes
upon which dolomite has nucleated. Calcite fossil ~aterial
has neither dissolved nor been replaced by dolomite.
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Figure 6. Scanning electron micrographs of dolomite
cements in the sands of algal mat sabkhas near La
Gaviota. A.(Bar = 21 microns) dolomite crust on mineral
grains, growing into a intergranular pore (p) . Flat surface
indicated by the open arrow is the contact between the
dolomite crust and a grain plucked out during sample
preparation. B.(Bar = 12 microns) dolomite (-:vhite arrows)
lines the intergranular pore (p) . C.(Bar = 9 microns)
Dolomite cement (black arrow) growing directly on a
quartz grain. D.(Bar = 3 microns) Dolomite crystals
displaying rhombic shapes with well developed faces.
Dolomite also occurs as scattered crystals throughout the
pore system. These rhombohedral crystals range from 7 12 microns (Figure 6-D).
Dolomite occurs as 1 - 5 micron crystals dispersed
through the clay matrix in the fine-grained muddy sands at
the tops of the cores. Crystal morphologies range from
discrete rhombohedra with sharply-defined interfacial
boundaries to discoids and spheroids without
characteristic morphology.
X-ray diffraction reveals abundant calcite, gypsum,
and halite near the tops of the cores. The small (4 - 10
microns) calcite crystals do not display well developed
crystal faces. Gypsum is locally abundant at the surface
as discrete hemi-pyramid crystals with irregular faces
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road crosses the first of several salinas, some of which
may have been connected to the sea before construction
of the railroad causeway. The road from here to Lopez
Collada is the worst of the journey. It alternately crosses
dunes and muddy salinas.
STOP #5. DUNES AT LOPEZ COLLADA, 82 KM NORTH
OF PUERTO PENASCO.
At stop 5 active dunes are crossing the railroad.
Railroad workers have planted salt cedar (Tamerisk) in an
attempt to stabilize the dunes.
Crescentic dunes of several varieties are common
in the Gran Desierto. Small crescentic dunes, similar to
those seen at this stop occur north and east of the Bahia
del Adair, along the western margins of the sand sea, and
adjacent to the star dune chains and clusters. TO the
north of this locality, the crescentic dunes grow and form
20-50 m compound crescentic dunes, characterized by a
major lee face to the north or northwest, and multiple small
(2-5 m high) crescentic dunes superimposed on their
stoss slopes and crests. The orientation of the
superimposed dunes is reversed seasonally, and near the
northern margin of the sand sea large star dune peaks
have developed on top of these dunes, classifying them as
complex crescentic dunes (Breed and others, 1979).
STOP #6. SALINA GRANDE, 122 KM FROM
PUERTO PENASCO

Figure 7. Scanning electron micrographs of dolomite
cements, gypsum, and halite in sands from algal mat
sabkhas near La Gaviota. A. (Bar = 14 microns) Dolomite
cement partially covered with halite. B. (Bar = 14 microns)
Dolomite crust. C,D. (Bar = 13 microns) Gypsum (gyp)
and halite (white arrow) associated with dolomite.
flattened along the c-axis. Below 10 - 20 cm, gypsum and
halite are present in trace amounts, with gypsum taking a
variety of forms (Figure 7-C,D). Halite occurs as a porefilling and pore-lining mineral (Figure 7-C).
ROAD FROM GUSTAVO SOTELO TO LOPEZ COLLADA
Return to Gustavo Sotelo, cross the railroad tracks
and proceed northward. The dirt road leading north from
Gustavo Sotelo crosses the dune field and joins the trail
skirting the Pinacate Volcanic field. Six km north of
Gustavo Sotelo another path leads eastward into the
dunes. Four km farther, deflation hollows floored with red
and black scoria are present along the road . The ground
is covered with desert pavement and the road is firm .
North of Gustavo Sotelo 17 km, a railroad crossing
provides access to eastern Adair Bay. One km farther, the
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Drive eastward ca. 5 km to the railroad crossing at
Lopez Collada, and then ca. 30 km southward to Salina
Grande. Salt mined at Salina Grande is loaded onto
railroad cars at Lopez Collada. The semi truck-trailers on
this road have self-imposed right-of-way. The trucks have
pressed deep ruts into the salinas they cross, and portions
of the roads are impassible without 4-wheel drive.
Salina Grande is a large (5 km) salt pan consisting
of two depressions separated by a sand ridge. The
seaward basin is only 3 m above the base of the storm
beach, and is regularly flooded through a constriction that
is artificial dammed. Its thick halite crust is being actively
mined. These evaporites must have a marine origin.
A transit profile across the intervening sand ridge
reveals that the surfaces of the two pans are within 1 m
elevation. The salt in the inner pan also may be a product
of marine flooding predating the deposition of the ridge .
A 169 cm core was taken April 17, 1988, between
the northern margin of the landward basin and the line of
springs. The sediments are brown (7.5 YR 5/4) sand
except for a pinkish gray (7.5 YR 7/2) clay band at 68-79
cm and light brownish gray (2.5 YR 6/2) silty sand at the
base. Sand below the clay is coarser than above.
Samples taken for pollen analysis were barren, but marine
ostracods were recovered in screenings of the samples
below the clay layer. The clay band probably was
deposited when the landward basin was first dammed by
the sand ridge.
Most of the springs at Salina Grande
are surrounded by 2-4 m mounds of sand, with water
occasionally flowing from central crater-like depressions.
Water quality varies from mound to mound and from
season to season (Ezcurra and others, 1988). A water
sample collected February 15, 1988, by Fred W. Croxen
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Figure 8. Key to the stratigraphic sections for Figures 9,
10, and 12.
III, U.S. Bureau of Reclamation, Yuma, Arizona, contained
4,000 TDS, 5.3 mg/L Fluorine, and 396 mg/L S04' Salina
Grande springs contain fewer minerals than water from L.
Prieta: F 7.3 mg/L, S04 5200 mg/L.
The springs support verdant oases of screwbean
mesquite (Prosopis pubscens) , bulrush (Scirpus) , yerbamansa (Anemopsis californica) , and other plants not
normally seen in the desert (Ezcurra and others, 1988).
STOP #7. RAISED BEACHES, 126 KM FROM
PUERTO PENASCO
Drive westward along the main road past the road
to EI Golfo (on right), and past the salt mine headquarters;
and park below the house on the raised beach.
This is northern-most of the coquina-capped beach
ridges paralleling the present-day shoreline. The most
complete section is exposed at the southwest end of the
ridge (see Figure 8 for key to stratigraphy).
The lower part of the section (units A - H, Figure 9)
is dominated by mudstone and shale. Unit A is a thin shell
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Figure 9. Composite stratigraphic section for "raised
beach" at Salina Grande.
bed with small bivalve and gastropod molds, barnacle
plates, oysters, worm tubes, and encrusting bryozoans. It
is overlain by fine burrowed sands with shell debris and
occasional roots (units B,D,G), and gray, well-laminated,
mostly unfossiliferous shales (C,E,F) . Unit E contains
gypsum and rare plant fragments. Unit H is a rooted red
clay penetrated by large burrows.
Sand and bioclastic deposits dominate the upper
part of the section. Units I - N record an upward increase
in grain size, shell and shell-debris content, and physical
sedimentary structures. The sequence is
capped by a sharp-based coquina (unit N) up to 140 cm
thick. It consists largely of abraded Chione gnidia and C.
californiensis valves, nested together in dominantly
concave-up orientation. Large-scale shelly cross-beds dip
20° landward on the landward side of the ridge. These
grade seaward into interbedded coquinas and shell-rich
sands dipping gently seaward.
STOP #8 . LANCASTER DUNES, 130 KM FROM
PUERTO PENASCO
Reversing dunes 5 km east of the beach entrance
to Salina Grande provide an opportunity to examine some
of the major processes involved in the formation and
development of star dunes. Reversing dunes are
transitional to star dunes, and differ from them by lacking
arms parallel to the major wind directions.
Interactions between dune form and seasonal
airflow playa major role in the formation of star dunes
(Lancaster 1989a). They lead to deposition of sand in the
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Figure 10. A model for the formation of star dunes by the
migration of crescentic dunes into areas of seasonally
changing winds (From Lancaster 1989a).
central parts of the dune, giving rise to its pyramidal
shape, as well as to some extension of the linear arms. In
the Gran Desierto, both summer southerly and winter
northerly winds are transverse to the main crestline. Flow
separation gives rise to a zone of lee side secondary flow
which moves sand along the base of the avalanche face
towards the central part of the dune. During spring
westerly winds, large scale flow separation and diversion
are replaced by strong helical eddies in the immediate lee
of the main crestline, which move sand along avalanche
faces and into zones of lower flow velocity at the end of
dune arms.
Formation of star dunes in the Gran Desierto
appears to follow a sequence in which crescentic dunes
migrating into areas of opposed winds first develop a
reversing crestal ridge (Figure 10). Convergent leeside
secondary flows are developed which result in the
formation of linear elements parallel to each major wind
direction.
This process of dune modification results from the
persistence of features created by one wind direction into
another season, which is in part a function of dune size
and the time required to reform a dune when conditions
change. On small dunes, only a small volume of sand
must be moved, so it can be remodelled entirely in a
single wind season. As dune size increases, the cross
sectional area increases exponentially, and the dune can
no longer be reformed seasonally. Form-flow interactions
become significant and the dune develops a morphology
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Figure 11. Stratigraphic section for beach cliffs northeast of
Punta Arenosa lighthouse. Covered interval represents the
beach.
controlled by several wind directions.
STOP #9A. PUNTA ARENOSA LIGHTHOUSE, 146 KM
FROM PUERTO PENASCO
The Punta Arenosa lighthouse is about 15 cm west
of Salina Grande. The exposure is about 1.6 km northeast
the lighthouse on a narrow ridge dividing the Boroscado
estuary from Bahia Adair.
The exposures are low beach cliffs and intertidal
beachrock (sensu lato; Figure 11). Unit A is a tan to green
bioturbated muddy sand with abundant carbonatecemented Thalassinoides. Unit B is a 16 cm shell bed with
abundant molds and steinkerns of the bivalve Chione
gnidia which are large, articulated, and in a variety of
orientations. Cone shells, moon shells, and sand dollars
(Encope) also occur. Unit B grades abruptly upward into
unit C, a cross-bedded sand rich in shell debris, with rare
molds of whole shells. Unit C occurs as loose surface
blocks in an elongate exposure pattern which suggests it
was deposited as a linear body.
The interval between the beachrock and the cliff
exposures is covered by the modern beach. Ortlieb (1987)
interprets this as a single, continuous section with the
beachrock at the base, and it is shown this way in Figure
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11 . However, the age and stratigraphic relationships
between beachrock and cliff exposures are not well
established here or elsewhere along the coast.
The basal cliff exposures consist of cross-bedded,
plane-bedded, and massive sands (units D,E,F). The
upper part of unit D contains abundant Skolithos filled with
shell debris piped down from unit E. Unit E also contains
abundant Skolithos, and is heavily burrowed, with
abundant bivalve and gastropod molds (Chione,
Trachycardium, Anomia, Turritella, Crucibulum).
The upper cliff exposures (units G - Q) consist of
four shell beds separated by plane-bedded and massive
sands and shell-rich sands. The lower two shell beds
(units G and J) are thin (5-8 cm) but laterally persistent.
The upper two shell beds (units M and P) are thicker (40
cm), and composed of large Chione gnidia valves. These
beds pinch and swell laterally and show prominent
foresets dipping landward about 20°.
STOP #9B. BEACH CLIFFS, 143 KM FROM
PUERTO PENASCO
These beach cliffs ca. 3 km east of the entrance to
Salina Grande, are the lower part of the section seen in
Figure 12. They consist of 5 m of massive bioturbated
sands with faint parallel lamination (units A and C, Figure
12), separated by a thin shell bed of Dosinia and other
bivalve molds (unit B) . A and C contain bivalve and
gastropod steinkerns, sand dollars (Encope) , and
carbonate concretions (1 - 10 cm). Ophiomorpha and
Thalassinoides (some more than 1 m long) are common
and often filled with calcitic skeletal debris (barnacle plates,
scallop fragments, crab claws) . Some Ophiomorpha and
Thalassinoides penetrate unit B shell bed, and some are
secondarily burrowed around their exteriors by small
irregular (Planolites-type) burrows.
Capping the massive sands at an erosion surface is
a massive red-brown mud (unit D) cut by Ophiomorpha
and Thalassinoides. Erosionally capping and partly cutting
unit D is a shell bed (unit K). The intervening units are
missing at an angular unconformity. Follow the prominent
west-dipping unit D for 0.2 miles west along the beach to
where the rest of the section is preserved.
Unit D is overlain by a series of shell beds and
parallel-laminated and massive sands (units E - P). Shell
beds E and G contain chalky aragonitic mollusc shells.
Shell bed K contains calcitic shells and molds of aragonitic
fauna. The sands are moderately to strongly bioturbated,
and contain abundant Ophiomorpha and Thalassinoides,
and some Skolithos. The lower sands are rich in shell
debris, often concentrated in burrows.
Shell beds (units E,G,K) cap erosion surfaces in the
sequence. Shell bed K caps a major angular unconformity
between lower gently-warped beds and upper flat-lying
beds. Large burrows terminate against this surface,
though the contact is partly obscured by bioturbation. At
least 2 m of section have been lost in places. Shell bed G
caps an older unconformity where about a 0.5 m of
section has been removed. This unconformity is cut by the
younger, more extensive unconformity capped by unit K.
STOP #9C. BEACH CLIFFS, 148 KM FROM
PUERTO PENASCO
Drive ca. 5 km west of the entrance to Salina
Grande. A dirt road leaving the beach just past Salina
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Figure 12. Stratigraphic section for beach cliffs south of
Salina Grande.
Grande parallels the coastline at the top of the cliff. It is
useful during high tide when the beach is flooded up to
the base of the cliffs. Stop at the promontory where the
beach is covered by coquina boulders.
The lower part of this section (unit A, Figure 13)
consists of 4 exposed meters of fine sand forming lowangle cross beds and parallel laminated beds. Shale is
rare, and is associated with wavy bedding and reactivation
surfaces. This unit is deeply incised by channels filled with
mud clasts. The mud clasts (1-25 cm in size) form balls
and cylinders, and are typically armored with sand or shell
debris (barnacle plates, small oysters and scallops). Rare
Thalassinoides occur in the sands under the channels.
Mud clasts also occur as layers 1-5 cm thick. Skolithos
and small burrows are preferentially associated with these
layers.
The most prominent feature of this section is a
series of large, shell-rich tidal channels. The largest incises
> 2 meters into unit A, and contains 1 m shelly cross beds
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STOP #10. PEMEX RO~D, 170 KM FROM
PUERTO PENASCO
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Figure 13. Stratigraphic section for beach cliffs west of
Salina Grande.
dipping west. The erosion surface under the channels is a
major unconformity traceable far to the east and west.
Overlying the channels is 60 cm of wa~-bedded
sand with reactivation surfaces, interbedded With shale
and mud clast layers (unit D). This grades up into > 4 m
of cross-bedded, plane-bedded and massive sand with
shell debris containing abundant Ophiomorpha and
Thalassinoides and common Skolithos. Bioturbation
increasingly obscures primary sedimentary struct~res
upward through these units. A small shell bed (unit K)
caps the sequence. It consists of oysters, barnacle plates,
scallops, and molds of aragonitic bival~es and gas~ropods .
In the middle of the upper units IS a bed (unit G)
composed of pebble, cobble, and boulder-sized clasts of
sandstone and coquina. The clasts are mostly tabular, are
bored by lithophagid bivalves, and encrusted by barnacles
and rare serpulid worm tubes. Smaller clasts are
encrusted on both their lower and upper surfaces.
Ophiomorpha burrows penetrate vertically between the
clasts.
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Drive ca. 8 km northwest of Punta Gorda to the
fishing village of EI Tornillal where we will leave the beach.
Proceed ca. 15 km northward on the EI Golfo -- Puerto
Penasco dirt road . Alternately, stay on the beach another
12 km and at Punta Machorro take the Pemex "Pozo
Tusca~in" road northward. The beach route is faster, but
the sane is very soft in places.
.
.
This stop provides an opportUnity for an ove:Vlew of
the main depositional components of the Gran D~slerto.
To the north the lie chains of star, with the Rosano
Mountains in the distance. Note the distinctive red
coloration of the star dunes and crescentic dunes on their
southern margin, they are composed of Population 1
sands. This contrasts with the pale Population 3 sands of
the compound crescentic dunes, visible toward the
Pinacate to the northeast.
Star dunes are a prominent feature of the Gran
Desierto Sand Sea (Breed and others, 1984; Lancaster et.
a!. 1987) Southwest of the Sierra .del Rosario, many o! the
star dunes occur in 2-5 km long linear clusters or chains
with WNW-ESE trends and a spacing of 2-3 km.
Southeast of the Rosario mountains, the star dune clusters
are discontinuous and on SW-NE alignments, changing
eastward to isolated star dune clusters. Each star dune
cluster or chain consists of a series of 80-100 m high,
sharp crested, straight to slightly sinuous, near
symmetrical ridges on a dominant NE-SW alignment and
with a spacing of 300-400 m.
The star dunes appear to be situated in a
topographic low between the Mesa Arenosa and the
Rosario Mountains. This area is underlain by gravels and
fine-grained floodplain deposits laid down by the ancestral
Colorado River. Uplift of the Mesa Arenosa in the
Mid-Pleistocene caused the migration of the ancestral
Colorado River to the west (Colletta and Ortlieb, 1984).
This occurred coeval with the Irvingtonian fauna of Shaw
and McDonald (1987), but prior to the formation of the
Sonora Mesa (120,000 - 135,000 B.P.).
The westward shift of the Colorado River and the
uplift of the Mesa Arenosa resulted from movements along
the Cerro Prieto fault (Winker and Kidwell , 1986). These
ancestral Colorado river sediments are believed to be the
source for population 1 sands, which consist of fine , very
well sorted, well-rounded quartz with heavy iron staining
and frosting. Minor accessory grains are K-feldspar,
epidote and hornblende.
STOP #11. EL GOLFO FOSSIL LOCALITY, 185 KM
FROM PUERTO PENASCO
Drive about 10 km north and turn left (west) on the
dirt road to EI Golfo. It crosses the Pemex "Pozo
Tuscarin" road about 5 km south of the railroad. The
vertebrate fossil locality is in the low hills north of the road
at the EI Golfo garbage dump. These sedimentary rocks,
covering 159 km 2 of badlands to the north, east, and south
of EI Golfo de Santa Clara, contain a vast resource of
interest to vertebrate paleontologists.
Large vertebrate fossils commonly occur as float
associated with outwashed pebble conglomerates.
However, fossils of small animals have most commonly
been found in sandy siltstones below conglomerates and
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Table 1.
List of vertebrates identified from the EI Golfo local fauna.

Class Osteichthys
Unidentified fish
Class Amphibia
Order Anura
Family Bufonidae
Bufo a/varius
Class Reptilia
Order Chelonia
Family Chelydridae
cf. Kinosternon sp.
Family Testudinidae
Chrysemys (Psuedemys) scripta
Geoche/one sp.
Order Squamata
Family Boidae
Constrictor constrictor
Family Colubridae
Masticophis sp.
Rhinocheilus /econtei
Class Aves
Order Stigiformes
Family Strigidae
Bubo sp.
Unidentified birds
Class Mammalia
Order Edentata
Family Megalonychidae
Mega/onys wheatleyi
Nothrotheriops sp.
Family Mylodontidae
G/ossotherium sp.
Family Myrmecophagidae
Myrmecophaga tridactyla
Order Lagomorpha
Family Leporidae
Archae%ginae, indet.
Sy/vi/agus hibbardi
Order Rodentia
Family Castoridae
Castor cf. C. ca/ifornicus
Family Cricetidae
Sigmodon curtisi

generally without any associated large vertebrates.
This large and varied fauna (Table 1) is early
Pleistocene (Irvingtonian) in age on the basis of the joint
association of Mammuthus imperator, Mega/onyx
wheatleyi, Nothrotheriops sp., and Sigmodon curtisi
(Shaw, 1981). The fauna correlates well with Irvingtonian
faunas from Vallecito-Fish Creek of the Anza-Borrego
Desert in southern California (Downs and White, 1968) and
Curtis Ranch of the San Pedro Valley in Arizona (Lindsay
and Tessman, 1974; Lindsay, 1978).
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Family Cricetidae (CONT.)
Neotoma (Neotoma) sp.
Neotoma (Hodomys) sp.
Family Hydrochoeridae
Neochoerus dichrop/ax
Order Carnivora
Family Canidae
Canis cf. C. rufus
Family Ursidae
Tremarctos cf. T. floridanus
Family Mustelidae
Taxidea sp.
Family Hyaenidae
Chasmaporthetes johnstoni
Family Felidae
Felis cf. F. rexroadensis
Felis cf. F. onca
cf. Homotherium sp.
Order Proboscidea
Family Gomphotheriidae
Cuvieronius sp.
Family Elephantidae
Mammuthus imperator
Order Perissodactyla
Family Equidae
Equus sp. (large)
Equus aft. E. comp/icatus
Equus cf. E. conversidens
Family Tapiridae
Tapirus sp.
Order Artiodactyla
Family Camelidae
Titanoty/opus sp.
Came/ops sp.
Hemiauchenia cf. H. b/ancoensis
Hemiauchenia sp. (small)
cf. Pa/aeo/ama sp.
Family Cervidae
Odocoi/eus sp.
Family Antilocarpridae
Tetrameryx (Stockoceras) sp.
Antilocapridae?, indet.
Family Bovidae
Bovidae?, gen. et sp. indet.
Ovis sp. nov.

Paleoecology
Using faunal associates, certain generalizations can
be made about community structure and the regional
paleoecology. Three ecologic communities are recognized :
the "permanent water," the "shrub and brush woodland,"
and the "grassland" communities.
The permanent water community is comprised of
those animals that lived in or on the water or close by the
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bank of a stream or shore of a pond. The most abundant
species of this community is Chrysemys scripta, the pond
slider turtle. This species prefers permanent still waters of
a sluggish stream or pond and probably would have
coexisted ideally with Castor, the beaver. Castor prefers
stream, lake or pond habitats with trees on the bank or
shore. This indicates at least the presence of wooded
areas, whether dense or not, close to the permanent water
that could support the varied browsing forms associated
with the shrub and brush woodland community.
The shrub and brush woodland community includes
many of the varied extinct browsing species in the fauna
and those extant species known to inhabit woodland
communities today. The most common species is deer,
Odocoileus sp. Tapirus sp. (tapir) inhabited the woodland
where permanent water was available. The two ground
sloths, Megalonys wheat/eyi (Stock, 1925) and
Nothrotheriops sp. and the boa constrictor, Constrictor
constrictor were probably restricted to this habitat. Today
this large snake is restricted to tropical Central and South
America. The large browsing proboscidean, Cuvieronius
sp., probably was a frequent visitor to the woodland , if not
endemic to it, or to the woodland-grassland ecotone.
The herbivores in the grassland community may be
separated into grazing forms and browsing-grazing forms.
The most common group, and the only true grazers, are
horses. Equus sp . (large) and E. complicatus probably
grazed the open grasslands of the valleys, whereas the
small horse, E. conversidens, may have occurred in
upland areas (Semken, 1966). Of the browsing-grazing
forms, Tetrameryx and other antilocaprids, along with the
came lids Titanotylopus sp., Camelops sp. and
Hemiauchenia sp . (small) probably inhabited open areas
of the grassland.
Akersten (1970) considered the
long-limbed adaptations of Hemiauchenia cf. H.
blancoensis convergent toward African giraffes. This
indicates the presence of high brush and trees scattered
about the open grassland. Mammuthus imp era tor
(imperial mammoth) and Myrmecophaga tridactyla (giant
anteater) are tentatively allied with the grassland
community, although extant relatives range from forested
to open environments (Walker, 1975; Wetzel, 1982).

across the beach berms to the tidal flats.
This stop provides an overview of the delta plain
and its sedimentary structures (Figure 14). The most
conspicuous sedimentary structures are the currentoriented megaripples topped by smaller ebb-oriented
ripples. Tidal channels are also evident. Bioturbation by
fiddler crabs has produced structureless muds, but thin
laminated silts are common in the lower part of the upper
intertidal zone. Shell fragments from a few mm to a few
cm are dominant near the beach ridges.
The supratidal zone forms a narrow belt (> 5 m
wide) just west of the beach ridges. It consists of massive
upward fining coarse to medium sand with shell fragments
and plant debris (Figure 15b). The intertidal flat sediments
occur along current-oriented megaripples and tidal
channels (dendritic, linear or meandering). Megaripple
deposits consist of massive silty fine sand strongly
bioturbated by fiddler crabs. Pellets, burrows, bird tracks
and ripple marks characterize the surface (Figure 15c). In
contrast, finely laminated, upward fining sandy clay and silt
accumulates in the tidal channels. Alternating dark brown
(organic-rich) and light brown layers are evident, but
fiddler crab bioturbation destroys much of the lamination.
Ebb-oriented ripple marks are common in the tidal
channels and to the edge of the megaripples. Abundant
pellets, 2 to 10 mm, occur in this zone too (Figure 15d).

GEOLOGIC HIGHLIGHTS BETWEEN STOPS 11 AND 12

GEOLOGIC HIGHLIGHTS BETWEEN STOPS 13 AND 14

As we proceed northward from EI Golfo on Sonora
route 040, the most conspicuous geological features to the
east are the cliffs of the Mesa de Sonora, the Cerro Prieto
Fault system, the erg deposits of the Gran Desierto, the
Sierra of EI Rosario and EI Pinacate volcanic field.
The Mesa de Sonora, built during the
Pleistocene as a result of episodic high stands of sea level
and alluviation, consists of Pleistocene fluvio-deltaic
deposits. This plateau, 50 to 150 m above MSL, is
covered by extensive eolian deposits, which make up part
of the Gran Desierto.
The present pOSition of the mesa may be related to
the tectonic instability along the Cerro Prieto fault system.
Colletta and Ortlieb (1984) compiled the seismic activity
along this fault for the period 1912-1980.

Return to Route 040 and drive 100 km north to San
Luis de Rio Colorado, Sonora. Exercise caution because
the road is narrow, without shoulders, and is heavily
traveled by farm machinery and slow buses. At the edge
of town , the road climbs the terrace, turns right (northeast)
at the police station, and continues diagonally to the
center of town . Turn left (north) at the stoplight at the Red
Cross station on Avenida Libertad, proceed ca. 11 blocks
north, and turn right (east) on Mexico Highway 2.
The highway parallels the international boundary for
over 30 km , with a concrete irrigation ditch on the south
side of the road. Laguna Prieta (Figure 1) can be reached
by crossing this ditch ca. 18 km east of San Luis (ca. km
post 190).
The borrow pit on the south side of the road 24 km
east of San Luis on highway 2 (km post 184), contains
large-scale sedimentary structures in the gravel and sand ,
indicating transport by a large river. Corals in limestone
pebbles in the gravel indicate transport from the north.
Could this be the position of the ancestral Colorado River,
flowing southward toward Bahia Adair?

STOP #12. COLORADO RIVER DELTA, 5 KM NORTH
OF EL GOLFO
Drive ca. 5 km north of EI Golfo on the paved road ,
turn left (west) onto the sandy road . Park and walk west
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STOP #13. PEMEX WELL PLATFORM 18 KM NORTH
OF ELGOLFO
Drive ca. 13 km north, and turn left (west) onto the
Pemex well road. Continue 3 km west, down the fault
scarp and onto the delta to the Pozo Jicawi 1 well
platform.
Supratidal deposits dominate the northeastern part
2
of the delta, covering an area greater than 500 km • Salt
pans constitute the most significant feature observed here.
Halite and gypsum accumulate in the depressions, forming
an evaporite crust 1 to 10 mm thick. Lithologically,
massive brown clayey-silt overlaid by finely-laminated dark
brown organic-rich clayey silt form these flats. On top of
them occur the evaporites.
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Figure 14. General Features of the Colorado River Delta and location of stops.

STOP #14. SAND SHEET, 35 KM EAST OF
SAN LUIS
Pull off on south side of road just past km 174. Be
careful because the shoulders are soft and traffic on
highway 2 is heavy.
Sand sheets are a major feature of the Gran
Desierto Sand Sea, and cover some 70% of its area.
There appear to be two main types of sand sheets. The
first type results from the stabilization of dunes by
vegetation and/or eolian deposition in the presence of a
well developed vegetation cover, and is found mainly in
the central parts of the sand sea between the star dunes
and the eastern crescentic dunes. The second type, seen
here, is characterized by coarse sands and occurs mainly
in the northwestern parts of the sand sea. These sand
sheets were described by Kocurek and Nielson (1986),
and appear to represent a "trailing margin" of coarse
sands left behind by the migration of the main area of star
dunes to the southeast. The star dunes can be seen on
the horizon to the south.
Also visible are small crescentic dunes and low
rolling dunes (zibars) . These are composed of Population
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2 sands (Figure 2), which are light yellowish brown,
medium to very fine, well sorted, sub-angular to ~ounded
quartz with moderate iron staining and light frostl~g.
Dominant accessory grains are hornblende, plagioclase
feldspar and biotite. The sand was transported. by
northwest and west winds from the Colorado River valley.
En route it became mixed with local sand from alluvial
fans and' granitic mountains.
STOP #15. CERRO LAVA MICROWAVE TOWER,
146 KM EAST OF SAN LUIS
East of stop 14 the road approaches the Butler and
Tinajas Altas Mountains. Near km 130 a Pemex road
leads southward toward the Del Rosario Mountains.
Another road to the Del Rosario Mts. joins highway 2 at La
Joyita truckstop on the western flank of the !inajas Altas
Mts. Packrat middens have been collected In all three
ranges by T.R. Van Devender and collaborators (Van
Devender and others, 1987; Hall and others, 1988).
Proceed east on highway 2 to the km 73 signpost. Turn
right off Mexican Route 2 at "Microndas Cerro Lava" and
drive south on the dirt road to the microwave tower
situated on top of the small cinder cone.
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Figure 15. Sedimentary facies and stratigraphy of the tidal flats near EI Golfo.

This stop gives an overview of stabilized linear and
climbing and falling dunes on the north side of the Gran
Desierto. The dunes were formed by westerly and
southerly winds in a period of greater aridity, when active
sands penetrated much further north than at present.
Linear dunes similar to those seen here occur on the
Navajo Reservation and near Parker, Arizona (Breed and
others, 1984), as well as in the Simpson Desert, Australia.
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Tectonostratigraphic Development and Strain History
of the Magdalena Metamorphic Core Complex,
Northern Sonora, Mexico

Jonathan A. Nourse, Department of Geological Sciences
Cali fornia State Polytechnic University, Pomona, California 91768

IN1RODUCI10N
Focus and

Objectives of Trip

Metamorphic core complexes of the Sonoran Desert
region (Figure 1) offer unique opportunities to study, at a
variety of scales and structural levels, the transition from
Late Cretaceous-early Tertiary crustal shortening to middle
Tertiary intracontinental extension.
Normal-slip shear
zone/ detachment fault systems that typify these core
complexes (Davis, 1980, 1983; Reynolds and others, 1986a;
Davis, 1988; Lister and Davis, 1989) dramatic ally record
extensional phases of the regional strain history .
Contractional structures and metamorphic fabrics related
to an earlier deformation (the "Laramide orogeny") are

developed to varying degrees within or near most of the
core complexes (G. H. Davis, 1979; Haxel and others, 1984;
Reynolds and others, 1986b; Smith and Gehrels, 1987;
Bykerk-Kauffman and Janecke, 1987; Richard and Sutter,
1988; Dejong and others, 1988). This field trip provides a
general overview of a metamorphic core complex in
northern Sonora, Mexico, where structural relationships
between Late Cretaceous-early Tertiary compressional
fabrics and middle Tertiary extensional shear zone fabrics
are especially well preserved. Within the lower plate of
the Magdalena core complex, pre-Late Cretaceous strata
bear the imprint of two superposed ductile strain events
and at least three episodes of granitic plutonism . Thrust
faults, syntectonic clastic debris, and volcanic rocks of the
detached upper plate record the pre-extensional evolution
of shallower crustal levels. Our visit to the Magdalena area
will focus on: (I) definition and characterization of the
local tectonostratigraphy and its regional correlation with
rocks of southern Arizona, (2) documentation of pluton /
country rock fabric relationships in various parts of the
lower plate, with an emphasis on timing of the two-stage
deformational sequence, and (3) quantitative separation of
a middle Tertiary shear strain gradient from the older
regional strain gradient.
Our ultimate goal is to unstrain
the region to a predetachment configuration, and gain
insight into the geometry and mechanics of crustal
thickening associated with the Late Cretaceous-early
Tertiary orogeny.
General
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Mesozoic thrust fault
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Late Mesozoic-Early Cenozoic
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All other bedrock

Figure 1.
Metamorphic and structural map of the
Sonoran Desert region showing location of the Magdalena
metamorphic core complex. Data sources: Rangin, 1977;
Davis, 1979; Drewes, 1980; Anderson and others, 1980; Haxel
and others, 1984; Rodriguez-Castaneda, 1986; Wust, 1986;
Reynolds, 1988; De Jong and others, 1988; Nourse, 1988, 1989
a, b.
P=Phoenix; T, Tucson; S, Sasabe; N, Nogales; AP,
Agua Prieta; C a, Cananea; M, Magdalena; C, Caborca.
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Geology

and

Structure

The Magdalena metamorphic core complex (Figures
1-3) is the largest of a family of extensional complexes
exposed in a northwest-trending metamorphic belt
between Magdalena and Sasabe, Arizona.
Greenschist to
amphibolite grade schists and orthogneisses with N45E
lineations characterize the region (Anderson and others,
1977, 1980). The metamorphic rocks are generally separated from structurally higher unmetamorphosed strata by
shallow dipping mylonite zones and/or detachment faults.
Vergence directions derived from kinematic indicators in
the lower plate mylonite zones suggest that upper plate
sequences are consistently displaced toward the southwest
(Nourse, unpub. mapping, 1987; see also Figure 1).
The geology and structure of the Magdalena region
are summarized in Figure 2. The study area is divided
roughly in half by the south to southwest dipping Magdalena detachment fault. This broadly folded surface caps a
concordant sequence of mylonites exposed throughout
much of the central region. Ten km of southwest directed
normal -sense displacement are recorded by ductile strains
in the mylonite zone (Nourse, 1988, 1989a, b). Stratigraphic constraints limit additional brittle slip on the detachment surface to 10 km. Rocks involved in detachment
faulting range in age from Precambrian to early Miocene.
The pre-extensional stratigraphy may be reconstructed to
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Figure 2a .
Generalized geologic and structural map of the Magdalena metamorphic
core complcx, showing locations of field trip stops .
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fonn a section of middle and upper crust at least 15 km
thick (Nourse, 1988, 1989b). Elements of the tectonostratigraphy described below are divided into three geographic
and geologic domains consistent with the progression of
the field trip.
The Northeast Low Strain Belt preserves a
Jurassic through Lower Cretaceous stratigraphy typical of
the lower plate. This "type" section becomes progressively
more metamorphosed and deformed toward the south and
southwest. Near Puerto La Bandera (Stops 1-3) the section
consists of Lower Jurassic rhyolite porphyry flows with
subordinate quartz arenite layers depositionally overlain
by rhyolite+quartzite cobble conglomerate, in tum overlain in faulted unconformity by Upper Jurassic-lowennost
Cretaceous quartzite+sandstone+volcanic pebble conglomerate (the Cocospera Fonnation of Gilmont, 1978). Ten km
farther south, the rhyolite-quartz arenite-volcanic conglomerate sequence is intruded by sills of Middle Jurassic
(?) biotite granite porphyry, and all of these lithologies
have contributed clasts to the stratigraphically higher
Cocospera Formation. Southeast of the study area the Cocospera Formation underlies a 2-km-thick Lower Cretaceous
basinal marine sequence (Kitz and Anderson, 1988; Kitz,
oral comm., 1988).
The Jura-Cretaceous supracrustal rocks of the northern Sierra Madera are significantly strained, as best displayed by stretched clasts in the schistose rhyolite cobble
conglomerate unit. East of Puerto el Mesquital (Stop 4)
these metamorphic rocks are discordantly intruded by an
early Tertiary(?) two-mica granite.
Here the granite is
undefonned, whereas a few kilometcrs farther south it is
overprinted by the middle Tertiary mylonitic fabric.
Stop
4 thus provides an opportunity to study ductile fabrics of
probable Late Cretaceous-Early Tertiary age.
In the Central High Strain Belt a supracrustal
sequence equivalent to the section described above is
intruded by and deformed with at least three generations
of Late Cretaceous-Paleogene granitoids (Nourse, 1988,
1989a, b). The supracrustal rocks record two distinctive
periods of ductile deformation, bracketed by intrusive
activity as follows: (1) intrusion of a 78±3 Ma granodiorite
sill in the Sierra Guacomea (U/Pb zircon, Anderson and
others, 1980), (2) defonnation, with development of greenschist to lower amphibolite grade regional metamorphic
fabric, (3) emplacement of early Tertiary two-mica granite
plutons, (4) middle(?) Tertiary culmination of thennal
activity, marked by intrusion of leucogranites along preferred stratigraphic and/or structural horizons, (5) late
Oligocene(?)-early Miocene development of a southwest
vergent noncoaxial shear zone, ultimately resulting in
detachment of upper plate strata, and (6) postdetachment
(early Miocene?) intrusion of biotite quartz latite dikes.
In the Sierra Magdalena, Late Cretaceous-early
Tertiary fabrics are partially to completely overprinted by
the middle Tertiary mylonitic fabric.
Here ubiquitous
dikes and sills of the leucogranite suite serve as strain
gauges for quantitatively detennining the geometry and
magnitude of noncoaxial deformation at a given location.
Near Arroyo Amolares (Stop 5), tabular bodies of leucogranite which intrude previously deformed conglomerates are buckled, rotated, and boudinaged in a systematic
fashion.
Assuming a simple shear strain path, one
observes that shear strains associated with the postleucogranite defonnation increase significantly toward the
southwest (Nourse, 1989b).
Removal of these rotational
strains from the cumulative (post-Early Cretaceous) strains
preserved in stretched clasts of the conglomeratic country
rocks yields a quantitative measure of the deformation
acquired during Late Cretaceous-early Tertiary time.
One important feature of the Sierra Magdalena is a
laterally extensive (300+ km 2 ) middle(?) Tertiary leuco-
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granite sill which occupies the horizon between structurally lower Late Cretaceous-early Tertiary granodiorites or
two-mica granites and structurally higher Jurassic-Lower
Cretaceous supracrustal rocks.
In Arroyo Vallecitos (Stop
6), shear strains within the sill are quantified by applying
a simple shear deformation model to asymmetrically boudinaged pegmatite veins. Eight km farther south (Stop 6a)
pegmatite boudins in the same unit are much more widely
separated, demonstrating a marked increase in the
postleucogranite strain.
Mylonitic gneisses of the southernmost Sierra Magdalena (Stop 7) fonn the structurally highest and most
intensely strained portions of the middle Tertiary shear
zone.
Lithologies involved in top-to-the-southwest noncoaxial deformation include Precambrian(?) porphyritic
granite and Late Cretaceous-Paleogene granodiorite, twomica granite, leucocratic biotite monzogranite, pegmatite,
and biotite quartz syenite. A thin carapace of sheared
pelitic schist and marble is intermittently exposed between
the mylonitic granites and the superjacent Magdalena
detachment fault.
Where granitic gneisses are in direct
contact with upper plate rocks, characteristic microbreccias define the detachment surface.
The deepest known structural levels of the lower
plate are exposed in the west-central Sierra Guacomea
(Stop 8). Here a 78±3 Ma (Anderson and others, 1980)
granodiorite sill intrudes the lower part of a 6+ km thick
layered sequence of rhyolite porphyry, quartz arenite, and
granite porphyry .
Strongly developed, subhorizontal
foliations in the granodiorite and concordant schistose
fabrics in the country rocks record a significant post-Late
Cretaceous ductile strain event accompanied by prograde
upper greenschist to lower amphibolite facies metamorphism (Nourse, 1989b). These fabrics are intruded by swarms
of leucogranite sills that are most abundant near the upper
Nonpenetrative
and lower margins of the granodiorite.
zones of northeast-directed noncoaxial deformation transect all lithologies near the basal contact of the granodiorite.
Within the granodiorite itself abundant dikes and
veins of pegmatite and leucogranite display minor southwestward rotations and buckling strains which account for
only a fraction of the bulk finite strain in their host. Deep
levels of the metamorphic core have thus escaped most of
the mylonitic deformation that so strongly overprints
similar prograde fabrics in the south.
Sedimentary and volcanic rocks of the Upper Plate
preserve a tectonic history complimentary to the deeper
seated plutonic and metamorphic events of the lower plate.
Southwest of Magdalena, a post-Albian pre-middle Tertiary
disturbance is recorded by an angular unconformity
between near-vertical Lower Cretaceous limestone of the
Represo Formation (Salas, 1968) and Oligocene(?) andesite
of the Sierra Ventana. Southeast of Magdalena (near Stop
9), isolated exposures of Represo Fonnation are unconfonnably overlain by a thick (4+ km) sequence of coarse
conglomerate, lake beds, and volcanic rocks. The conglomerate clasts are locally derived from the Lower Cretaceous beds as well as distinctive biotite granite, andesite,
and lithic sandstone exposed in an imbricate thrust system
to the south. Rhyolitic tuffs and basalt flows interstratified
with the upper part of the clastic section have yielded
early Miocene K/Ar ages, and are possibly an extension of
the Sierra La Lamina volcanic complex (Miranda and
Quiroz, 1988). Stratigraphically deeper andesite flows may
correlate with late Oligocene latite of the Sierra Ventana
reported by the same authors.
Preliminary stratigraphic and structural analysis of
the upper plate indicates a history of shallow level folding
and thrusting with syntectonic sedimentation, followed by
sedimenta prolonged period of erosion and intennontane
ation interspersed with volcanism.
These events occurred
between Late Cretaceous and early Miocene time, prior to
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the youngest significant movement on the Magdalena
detachment fault.
When the Lower Cretaceous marine
strata are restored to their proper stratigraphic position
above the Cocospera Formation of the lower plate, one can
argue that evolution of the upper plate was fundamentally
related to contemporaneous deform ational, metamorphic,
and plutonic activity at depth.
Figure 3 illustrates my preferred model for the
tectonic evolution of the Magdalena core complex. Beginning at 78 Ma, a crustal section comprised of Precambrian
basement (PC) overlain by a Jurassic volcanic arc assemblage (1) and Upper Jurassic -Lower Cretaceous sedimentary rocks (1K ; JKcg; LK) was intruded by a granodiorite sill
(Kgd). Significant Late Cretaceous-early Tertiary shortening is recorded by the development of prograde metamorphic fabrics at depth and the formation of folds and
thrusts (with syntectonic sedimentation; KT) at shallow
crustal levels.
Emplacement of postkinematic two mica
granites (ETgr) and mid-crustal inflation accompanied
uplift and erosion of the tectonically imbricated upper
crust during Paleogene time.
Thermal disturbance (or
thermal culmination?) during the middle Tertiary is
marked by surface volcanism (MTv) and structurally controlled intrusion of leucogranites (M Tlgr). The largest of
these leucogranite sills served as a strain guide in localMylonites
izing subsequent noncoaxial deformation.
formed initially at this mid-crustal level accommodated
about 10 km of southwestward normal slip as upper crustal
strata were transported off the flank of the crystalline
core.
With continued extension, the mylonites were
captured by one or more shallow crustal normal faults .
Significant portions of both the lower plate shear zone and
the upper plate stratigraphy were excised during these
late stages of the detachment process.
Late Cretaceous-Early Tertiary

Early Miocene

Okm

IOkm

20km

ksss sssss \\,sl77 7 7 /7/1/ /?~
Figure 3. Model for Late Mesozoic-middle Cenozoic
tectonic evolution of the Magdalena metamorphic core
complex. No vertical exaggeration. See text for discussion.
GEOLOOIC lllGHLIGlITS EN ROUTE TO STOP 1
Proceed south from Nogales, Sonora on Mexican
Federal Highway 15. Cross a low divide and descend into
the drainage basin of the Rio Magdalena. Most of the route
from here to Imuris traverses Neogene conglomerates and
alluvium. To the west, ranges transected by a new road to
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Saric (Route 64, right branch at mile 8) are underlain by
rhyolite porphyry , granite porphyry, silicic tuff, and
conglomerate of suspected Jurassic age (Nourse,· unpub.
mapping, 1985-87; Segerstrom, 1987). The big range to the
east is composed dominantly of rhyolite (Flores, 1929). One
to two miles south of La Casita, Jurassic? rhyolite porphyry
is exposed in several road cuts.
Approaching Imuris, the hills and ranges to the
south and west are underlain by schist and orthogneiss of
the Magdalena core complex . At Imuris, and turn left onto
the Cananea road (Highway 2). The highway crosses a
broad valley, then climbs through deeply dissected alluvial
fan deposits. These fans are downfaulted against more
indurated conglomerates of the Cocospera Formation
where the rtoad emerges from the canyon . Continue
uphill and park in turnout to the right of highway, just
before the switchbacks.
STOP 1: OVERVIEW OF THE MAGDALENA VALLEY;
INTRODUCTION TO LOWER PLATE TYPE SECTION
We are situated on the southwest flank of the Sierra
el Pinito within a south dipping section originally mapped
by Gilmont (1978) .
In nearby roadcuts, rhyolite porphyry
is depositionally overlain by a 42 m thick interval of
quartzose sandstone (Gilmont's Bandera Sandstone), which
in turn is concordantly overlain by fluvial conglomerate
of the Cocospera Formation. The basal Cocospera contact,
interpreted as depositional by Gilmont, is actually a low
angle fault (better exposed at Stop 3). The section mapped
in Figure 4 is metamorphosed to subgreenschist facies,
with most primary features preserved .
Farther south the
section is folded about east-northeast axes such that
rhyolite and interstratified quartz arenite occur in the
cores of two anticlines.
The white-light gray porphyry of the Sierra el Pinito
ranges in composition from rhyolite to quartz latite. Rep resentative fractured and faulted outcrops occur along the
highway between Stop 1 and Puerto la Bandera. The overlying Bandera Sandstone contains a significant fraction of
rhyolitic detritus in its lower part, but grades upward into
a fine grained quartz arenite. Dune style crossbeds in this
unit have been described by Gilmont (1978). Covering
most of the slopes below is the Cocospera Formation, at least
1000 m thick. Here it consists of well indurated quartzite+
sandstone+volcanic pebble conglomerate, with abundant
layers of olive-green lithic sandstone, siltstone, and
mudstone .
The distinctive rhyolite/quartz arenite assemblage,
and its association farther south with subvolcanic granite
porphyry sills, provides a basis for correlation with the
Jurassic volcanic arc, studied elsewhere by Anderson and
Silver, 1978; Riggs and others, 1986; Tosdal and others, 1988;
and Busby-Spera, 1988. The Cocospera Formation, given its
stratigraphic position above these rocks and beneath
Lower Cretaceous marine beds of the Sierra Azul (Kitz,
pers. comm., 1988), is assigned a Late Jurassic-earliest
Cretaceous age.
STOP 2: RHYOLITE COBBLE CONGLOMERATE
Continue up highway to the summit (Puerto la
Bandera).
In the southern roadcut, a northeast dipping
normal fault juxtaposes rhyolite porphyry and rhyolite
cobble conglomerate.
Proceed another 100-200 m along
the main road, then turn sharp right and park beyond the
gate.
Here the conglomerate overlies rhyolite porphyry
along a pristine depositional contact.
An equivalent (but
highly strained) contact has been observed several places
in the metamorphic core to the southwest. The exposure of
Stop 2 provides constraints on the initial size and shape of
markers used for strain analysis across the lower plate.
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part

concrete. Border phases of the Mesquital Granodiorite mixed with metavolcanic schist are encountered
where the road levels off. Tum left just before road
steepens, and angle down hill into gully .
STOP 4: LATE CRETACEOUS-EARLY TERTIARY FABRICS
INTRUDED BY THE MESQUITAL GRANODIORITE
Immediately upstream, the lower part of a moderately
strained rhyolite cobble conglomerate section is intruded
by an Early Tertiary? leucocratic two -mica granite (the
Mesquital Granodiorite).
Similar metaconglomerates composed of rhyolite, quartz arenite, and quartzite cobbles
underlie most of the prominent ridge to the east. Elongations measured from stretched clasts in this unit increase
from incipient on the NE ridgetop to approximately 150%
here.
Shallow lineations in these metamorphic strata

Figure 4. Geologic map of the Puerto la Bandera area
(modified from Gilmont, 1978).
This conglomerate is almost monolithologic , with locally
derived cobbles of rhyolite porphyry in a sericitic, coarse
white arkose matrix . Rare pebbles of quartzose sandstone
and quartzite occur locally. The subhorizontal contact is
offset in at least two places by high angle normal faults .
STOP 3: THE COCOSPERA FAULT
Continue up steep grade with switchback' and emerge
on ridgetop for fine views of the Magdalena core complex
to the southwest. Follow power line ro ad south and park
next to contact between white rhyolite porphyry and
brownish-green mudstone of the Cocospcra Formation.
The contact is a gently south-dipping fault. This structure
(named the Cocospera Fault) marks the lowermost exposures of the Cocospera Formation throughout thc area. Two
observations suggest that significant portions of the stratigraphic section are locally missing: (1) The Bandera Sandstone is cut out by the fault 500 m to the west, and (2) Compared to the basal section exposed in the Rio Cocospcra
canyon, this part of the Cocospera Formation contains a
lesser proportion of conglomerate, the conglomerates are
finer grained (pebbles as opposed to cobbles) and often
grain supported, and the clast population is more mature
(abundant quartzite and quartzose sandstone; fewer
volcanic and graywacke pebbles). Also, the presence of
pebbles derived from intraformational sandstones implies
that the Puerto la Bandera conglomerates represent stratigraphically higher levels of the formation.
Direction and magnitude of displacement on the
Cocospera Fault are uncertain, however, normal-sense
movement is suspected on the basis of consistent younger
on older relationships and the omission of strata. Postearly Tertiary movement is demonstrated in the Rio Cocospera canyon, where the fault truncates the upper margin
of a two-mica granite intrusion within rhyolite porphyry.
The granite has yielded a 33 Ma biotite K/Ar age (Gilmont,
1978). Cataclastic fabrics near the Cocospera Fault in this
locality suggest a detachment relationship.
GEOLOGIC llGHLIGHfS EN ROUTE TO STOP 4
Return to Imuris, reset mileage, and tum left onto
main highway. Cross the Rio Cocospera and tum left onto
the microondas road at mile 0.5'. Drive east across the valley,
then begin climbing through alluvial fans . The road is
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(Figure 5) display a regionally anomalous E-W trend except
A sharp contact
where reoriented near the granodiorite.
with the Mesquital pluton dips moderately north or northwest, and crosses the Sierra Madera just north of Puerto el
Mesquita!.
The Mesquital Granodiorite varies from medium
grained, porphyritic two mica+garnet monzogranite at its
deepest exposed levels to porphyritic biotite±muscovite
granodiorite near its upper margin.
The pluton is essentially undeformed where it intrudes the recrystallized and
strained Jurassic rocks. However, I km south of the microondas a sheared, south-dipping contact separates the top of
the granodiorite from structurally higher coarse grained
porphyritic biotite monzogranite.
SoC fabrics along that
contact indicate southwestward transport.
The upper part
of the granodiorite is cut by a family of south-dipping,
normal-sense shear zones with similar slip directions.
These discrete shear zones also affect younger pegmatite
and aplite phases that occur near the contact. Thus, the
Mesquital Granodiorite intrudes Late Cretaceous-early
Tertiary fabrics along its northern contact, but is involved
in mylonitic deformation of probable middle Tertiary age
in the south.
GEOLOGIC IDGHLIGHTS EN ROUTE TO STOP 5
Return to Imuris, tum sharp left just beyond cutoff
to Cananea, and drive southwest through town. Jog left at
end of street (plaza is to the right), descend small hill,
cross railroad tracks and tum immediately right, then ford
Rio Magdalena. Reset mileage and proceed south on main
dirt road. The ridge to the east is underlain by highly
strained quartz porphyry and volcaniclastic rocks,
intruded farther south by two-mica granite in part similar
to the Mesquital Granodiorite. Ford small creek at mile 2.5
and tum right immediately . At 2.7 miles, climb out of
stream bottom and emerge on terrace. The road crosses old
alluvium and at least two more terraces abandoned by the
Rio Magdalena. Tum left at Y, then cross two large gullies.

To the southeast of the next rise, northeast dipping schist
is intruded by E-W and NW-SE trending leucogranite dikes.
Descend hill and park at the head of Arroyo Amolares.
STOP 5: STREfCHED CONGLOMERATES OF ARROYO AMOLARES
Here we will traverse part of a metamorphic section
equivalent to the type stratigraphy observed earlier today.
A sheared contact between stretched felsic volcanic conglomerate and overlying stretched Cocospera conglomerate is crossed by the arroyo in two places. Three km to the
south along this upfaulted block, schistose quartz porphyry concordantly underlies the stretched volcanic conglomerate.
These metarhyolite in tum is underlain by a
mass of sheared leucogranite.
The stretched conglomerate is intruded by pegmatite, aplite, and granite dikes or veins with at least three
preferred orientations (Nourse, 1989b).
These leucogranites and their hosts have subsequently been subjected
to middle Tertiary southwest-directed noncoaxial deformation.
Spectacular exposures of buckled, rotated, or boudinaged veins occur throughout the arroyo. The situation
lends itself to a strain partitioning study . Post-Late Cretaceous strains recorded by pebbles from the Cocospera
Formation indicate that b.Y.l.k. deformation in this unit
approached a plane strain geometry.
By assuming that the
postleucogranite deformation approximated simple shear,
the leucogranites may be unrotated and unstrained to a
geologically plausible initial configuration, yielding a
With this
residual (or preexisting) country rock strain.
approach, one finds that shear strains due to the Middle
Tertiary event increase from 1.2 in Arroyo Amolares to 2.2
in metaconglomerate outcrops 6 km to the southwest
(Nourse, 1989b).
Modeled preleucogranite strains for the
supracrustal host rocks suggest elongations of 30% to 120%
in the central Sierra Magdalena, probably acquired during
Late Cretaceous-early Tertiary time.
GEOLOGIC IDGHLIGHTS EN ROUTE TO STOP 6
Return to the main dirt road, turn right, and drive
south down the Magdalena river valley . Hills to the west
reveal metavolcanic schist, then leucogranite, as deeper
levels of the metamorphic core are traverscd.
Beyond
Terrenate, the road turns a sharp corner and cuts across
mylonitized porphyritic two-mica granite and leucogranite. At next junction, turn right and follow well
traveled dirt road toward EI Camaleon. To the west, Late
Cretaceous-early Tertiary porphyritic biotite granodiorite
and two-mica granite are exposed in the upfaulted mylonitic core of the Sierra Magdalena. These granites are
overlain by a 100-500 m thick leucogranite sill, in turn
overlain by a southwestward thinning carapace of sheared
metasedi-mentary rock.
Veer right before EI Carnal eon and
drive over low saddle. Park in the next gully bottom.
STOP 6: ASYMMETRIC BOUDINAGE IN ARROYO VALLECITO
Fine grained, leucocratic two mica+garnet monzogranites of Arroyo Vallecito represent part of a large, sill
shaped mass regionally intruded along the contact
between medium grained, porphyritic two-mica granites
or granodiorites and structurally higher supracrustal
schists.
The sill contains abundant concordant screens of
country rock.
Crosscutting pegmatite and aplite veins
have been significantly deformed with their leucogranite
host. Those veins at high angles to the foliation tend to be
shortened along conjugate sets of NE and SW directed shear
planes. Veins at lower angles to the foliation are rotated
and asymmetrically boudinaged along normal-slip shear
planes that generally dip southwest.

Figure 6.
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Defonnation of the veins has been modeled by
considering a network of tabular markers in an isotropic
medium and subjecting it to various strain paths. Final
marker configurations
depend on the strain path, initial
orientation(s) of the markers , and initial orientation(s)
and spacing of shear planes that accommodate extension or
shortening.
One model that invokes exclusively southwestdirected simple shear requires shear strains between 2 and
3 to approximate the deformed vein geometries of Arroyo
Vallecito (Nourse, 1989b).
STOP 6A: HIGH S1RAlN LEUCOGRANITE GNEISS
Return to the main dirt road and drive south along
range front.
The road crosses south-dipping, strongly
mylonitic granite gneisses as Magdalena is approached
Park at minor junction for a quick stop. The isolated
outcrop in the grassy ranchyard 100 m SW of road is
believed to be in place. This lithology is equivalent to the
leucogranite of Arroyo Vallecito.
However, notice the
greater separation of pegmatite boudins (500% elongation,
or shear strain of about 6), and the more penetrative
southwest-directed shear planes.

---CONTINUE ON TO MAGDALENA (2 MILES) FOR Rand R--STOP 7: SYNPLUTONIC MYLONITES OF ARROYO EL SALTO
Drive NW out of town, cross the Rio Magdalena on
new bridge, turn right at second street beyond cutoff to
Tubutama. Drive under stone bridge and proceed up
Arroyo el Saito. Park near quarry 0.7 miles beyond bridge.
The west wall of the arroyo is a fault block that exposes the
roof of a small biotite quartz syenite pluton. This porphyritic leucogranite discordantly intrudes strongly mylonitic orthogneisses of mixed composition.
Its margins, however, are sheared and transposed into concordance with
foliations of the orthogneisses .
Country rocks of the quartz syenite include interlayered sheets of Precambrian(?) coarse grained, porphyritic biotite granite augen gneiss, and Late CretaceousPaleogene medium grained porphyritic biotite granodiorite, two mica+garnet granite, and pegmatite.
All
discordant pegmatite contacts have been rotated and
sheared. The mylonitic gneisses are pervaded by classic SC fabrics that consistently indicate southwest directed
noncoaxial deformation.
Shear strains deduced from the
obliquity of Sand C range between 2.3 and 7.9, and are
heterogeneously distributed (Nourse, 1989b).
These exposures demonstrate the synplutonic
character of the middle Tertiary mylonitic deformation.
The Magdalena detachment fault (Figure 7) projects to a
position less than 50 m above us. An intervening layer of
sheared phyllite and schist separates the high strain
mylonites from the fault , and apparently shields them
from cataclastic deformation .
GEOLOGIC HIGHLIGHTS EN ROUTE TO STOP 8
Drive down gully through bridge, turn left and then
left again onto the Tubutama road. The left bend at the top
of the first hill marks a reactivated portion of the Magdalena detachment fault, where granitic microbreccias are
juxtaposed with structurally higher hornblende andesite
agglomerate.
Middle Tertiary redbeds exposed in roadcuts
east of Arroyo el Saito overlie the andesite. The next
roadcuts (beyond another fault) expose sheared phyllite,
staurolite-andalusite schist, and marble of thc lower plate.
The road then closely follows the shallowly south-dipping
Magdalena detachment fault.
Resi stent purple andesite
and conglomerate of the upper plate occur to the south .
After crossing an alluviated valley , the road transects a

Figure 7.
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very well exposed normal fault separating mylonitic
leucogranite from valley fill deposits. The road climbs up
section to a pass, where sheared metasedimentary rocks
are inter-layered with the leucogranite.
Then the route
diverges from bedrock exposures.
Turn right at main
crosssroads (La Cebolla) and drive northeast toward the
Sierra Guacomea.
With proper lighting one may observe
dark, ridgeforming metavolcanic rocks intruded by a large
pluton. Tum right at gate (just before Rancho La Cuesta)
and follow rough dirt track. The road traverses alluvium,
then climbs through mixed felsic schist and leucogranite
to a saddle. Park beyond saddle at large corral.

flows interstratified with conglomerate at the top of the
unit have uncertain ages, but may represent an extension
of the Oligocene volcanic complex of the Sierra Ventana
(Miranda and Quiroz, 1988).
-----RETURN TO TUCSON-----

STOP 8: FABRICS IN THE GUACOMEA GRANODIORITE
Exposed along the range front for 6 km is the lower
contact of a strongly foliated, porphyritic biotitc granodiorite sill, studied previously by Salas (1968) and
Anderson and others , (1980). The latter authors obtained a
U/Pb age of 78±3 Ma on a sample representative of the
lower part of this pluton. Here at El Carricito the sill is
about 500 m thick. Field relations in the region of Figure 8
indicate the following sequence:
(1) emplacement of thc
grano-diorite into a layered section of rhyolite porphyry,
granite porphyry, and quartzose or quartzofeldspathic
sandstone, (2) regional metamorphism accompanied by
downward increasing strain and foliation development, (3)
invasion of the deformed section by interconnected sills
and dikes of leucogranite, and (4) postleucogranite
deformation involving southwestward rotation of dikes
within the granodiorite, but culminating in northeastdirected, nonpenetrative shearing near the basal contact
of the sill .
DIRECTIONS TO STOP 9
Return to Magdalena and proceed southeast on the
Magdalena-Cucurpe Road. Turn left onto dirt road just before reservoir. Turn right at next junction Red conglomerate crossed by the road comprises the upper part of an
early Tertiary section. Turn right after gate, then pass
through another gate 0.6 mi before Rancho El Yeso. Veer
right just beyond El Yeso (don't take left fork to gypsum
mine). The road eventually crosses a big wash and climbs
onto cataclasized mylonitic granites of the lower plate.
STOP 9: THE MAGDALENA DETACHMENT FAULT
Chloritic micro breccias in the vicinity of Stop 9
define a west dipping fault surface separating concordant
lower plate mylonites from a northeast-dipping section of
sedimentary breccia and conglomerate.
This low angle
normal fault (the Magdalena detachment fault) is exposed
for 20 km along the western base of the Sierra Madera,
where it juxtaposes mylonitic two-mica granite against
upper plate strata ranging in age from Lower Cretaceous to
middle Tertiary. As shown in Figure 9, both the upper and
lower plates are intruded by northwest trending biotite
quartz latite dikes. The dikes postdate formation of the
microbreeeias.
None are observed to clearly crosscut the
detachment fault; on the contrary, one upper plate dike is
truncated at its base by the fault . These observations
suggest the following field sequence:
(1) mierobreecia
formation during the main phase of southwest directed
detachment faulting, (2) intrusion of the dikes, and (3)
local reactivation of the detachment surface.
The upper plate sedimentary breccia unit represents the lowermost portion of a n extensive Tertiary
basin.
Proximal clast sources include Lower Cretaceous
marine strata, Jurassic(?) rhyolite porphyry, and
Jurassic(?) andesite.
Higher in the section the clast
population includes Jurassic(?) biotite granite
Andesite

Nourse
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PURPOSE OF TRIP

The purpose of this field trip is to present our recent
geologic discoveries in the Caborca-Altar area. This area is
well known for its Proterozoic-Jurassic history, but our work
has shown that its Cretaceous-Tertiary events are illustrative
of major geologic processes, and another reason why the geology
of the Caborca-Altar area deserves to be known widely.
Lower Cretaceous sedimentary and volcanic rocks were folded
and thrust eastward and northeastward during an important
early Late Cretaceous orogenic phase (Sevier phase ?). Deformation
involved not only the Bisbee Group, which includes a late Early
Cretaceous volcanic arc, but also Precambrian crystalline basement and a thick sequence of Precambrian-Cambrian sedimentary
rocks. Early Late Cretaceous rocks of the Altar formation are
syntectonic deposits, containing thick conglomerate wedges
with Precambrian clasts. The upper part of the Altar formation
was metamorphosed into the Altar Schist, presumably by an
overlying hot thrust plate.
Folds with southwestern vergence fold the Sevier phase
structures and can be correlated with typical Laramide
structures in Arizona/New Mexico and northeastern Sonora
and Chihuahua.
Extensional detachment-type faulting of mid-Miocene age
was accompanied by syntectonic leucogranitic intrusions of 16
Ma, and local westward backsliding of a Sevier thrust plate.

radiometric age of the crystalline basement (Damon and others,
1962, and Anderson and Silver, 1979, 1981) which established
the southern Caborca area as a part (or a former part) of one
of the Proterozoic provinces of Arizona.
This wealth of geologic information about the ranges south
of Caborca is in sharp contrast with our knowledge of the ranges
north of Caborca and Altar. When one of us (C. J.-A.) began
his fieldwork in Sierra El Chanate (Figures 2 and 4) in 1979,
not one publication on the geology of these northern ranges
was available. Some tidbits of information had been published about Cretaceous fossils in the Sierra El Chanate (Keller,
Tucson
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INTRODUCTION

Small hills of Upper Proterozoic dolomite in Caborca (Figures 1 and 2) are the northern outliers of a well-exposed 2.5
km thick sequence of shallow-water Proterozoic-Paleozoic
sedimentary rocks overlying crystalline basement. They are
among the southern-most occurrences of the Cordilleran
miogeocline, comparable to similar sequences in the western
USA, but the only occurrences of such rocks in Mexico. Fossils
are abundant locally in the Paleozoic formations, and are
also present in the Proterozoic rocks. Cooper and others
(1952) and Stewart and others (1984) are the major publications
out of a list of about twenty papers on the geology of the
ranges south of Caborca. There are also several papers on the

Jacques-Ayala and others
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Figure 1. Location map for Figure 2. A Mojave-Sonora megashear
as proposed by Anderson and Silver (1979): B: concealed
location of hypothetical megashear - see text for explanation.
a-h: published radiometric ages from Sonora 21600 Ma; a:
1670 and b: 1650 Ma (Anderson and Roldan-Quitana, 1979);
c: 1692 and d: 1689 Ma (Damon and others, 1962); e: 1755,
f:1745, g:1680 and h: 1635 Ma (Anderson and Silver, 1981).
Arrows indicate tectonic transport: closed arrows Sevier transport,
open arrows Laramide transport. Vergence of Laramide structures
in upper right corner of map after Brown and Dyer (1987, Figure
10). 1: Sierra El Alamo; 2: Cerros Cabeza Colgada. U.S.A.:
United States of America; E.U.M.: Estados Unidos Mexicanos.
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1928; Cooper and Arellano, 1946), and the radiometric age
and petrology of the Altar schist (Damon and others, 1962).
Franco Corona, a student of Tom Anderson, was still in the
process of writing his master's thesis (Corona, 1981).
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Figure 2. Location map.
It is obvious, however, even without detailed geologic studies,
that there are profound differences between the geology of
the northern and southern ranges. Whereas the major structural trends and formation boundaries in the southern ranges
(for example, Sierra La Vibora, Sierra Rajon and Sierra El
Arpa -- see Figure 2 for their location) can be seen on satellite
images, such features in the northern ranges are not discernible on 1:20,000 aerial photographs (with the exception of
Sierra EI Chanate). The rocks in the northern ranges, in particular
near Altar, are metamorphosed and foliated. They look old,
and were considered as Precambrian (Cooper and Arellano,
1946; Fries, 1962) or Paleozoic (L6pez-Ramos, 1976). The RbSr age of 75..± 75 Ma of the Altar schist (Damon and others,
1962) is not very precise, but was nevertheless able to jolt the
geologic community: some of the northern ranges were much
younger than the southern ranges! Corona (1981) and JacquesAyala (1983), McComb (1987), Willard (1988) and Harrar (1989)
have shown that most if not all of the rock formations are of
Cretaceous and Jurassic(?) age.
The remarkable contrast between northern and southern
ranges was explained by Silver and Anderson (1974) and Anderson
and Silver (1979, 1981) as the effect of 800 km of strike-slip
faulting along the hypothetical Mojave-Sonora megashear. The
megashear has been described as a zone, in places tens of kilometers wide, which separates rocks with ages between 1800
and 1725 Ma in the southern ranges from rocks with ages between
1700 and 1600 Ma in northeastern Sonora. Various publications
mention this difference in Proterozoic ages, their authors apparently
unaware that only eight Sonoran ages of the 1800-1600 Ma
period have been published (Figure 1). They are all from the
southwestern block, with only two from the period between
1800 and 1725 Ma.
Another argument for inferring the megashear is the
distribution of Upper Proterozoic sedimentary formations in
southern California and Sonora. After a careful study of the
Precambrian and Cambrian rocks, Stewart and others (1984,
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Figure 18) concluded that the present geographic distribution
does not demand the existence of a single left-lateral strikeslip fault. Other explanations (without a strike-slip fault, or
with a fault with both sinistral and dextral displacements)
are also possible.
Comparisons with Paleozoic rocks in the Caborca area
do not favour the presence of a megashear. Mississippian
rocks resemble those in New Mexico and southeastern Arizona
rather than those in southeastern California (Armstrong and
others, 1981), and Ordovician miogeoclinal rocks in Caborca
and allochthonous eugeoc1inal rocks in central Sonora do
not resemble coeval rocks in southern Nevada and southeastern California (Poole, pers. comm., 1988).
A final argument for the presence of a major Jurassic
strike-slip fault in Sonora does not involve Sonoran geology,
but plate tectonic considerations of regions thousands of km
from Sonora. The megashear can provide a mechanism to
resolve two major problems of Caribbean plate tectonics
(Dickinson and Coney, 1980; Dickinson, 1981): a) the means
by which Yucatan withdrew from Texas, and b) the means
by which crustal overlap between southern Mexico and northwestern
South America can be avoided.
In the Caborca-Altar area we have yet to encounter
indications for Jurassic deformation, and we do not think
that the present boundary between the northern and southern
ranges can be identified as a Jurassic strike-slip fault. However,
the lack or perceived lack of local and regional evidence for
a Jurassic megashear does not demonstrate the absence of the
megashear. There could have been one, perhaps there must
have been one in order to avoid crustal overlap. Where would
we locate such a hypothetical fault?
We propose that it may be hidden beneath the ranges south
of Caborca (Figure 1). After termination of hypothetical strikeslip displacement in the Jurassic, and deposition of Lower Cretaceous strata, the southeastern block was thrust eastward relative
to the northern block, covering in the process the northwestsoutheast trending megashear. The remarkable differences between
the ranges north and northeast of Caborca and the ranges south
of Caborca have in this scenario an origin due to the megashear.
The pre-Jurassic rocks in both sets of ranges had been separated
hundreds of km before being brought closer together by the
megashear. They were finally juxtaposed by a Cretaceous thrust
fault which effectively covers all traces of Jurassic strike-slip
faulting in the subsurface. The Cretaceous thrust fault (Altar
fault) was subsequently used by extensional movements to transport the upper plate westward.
We think that the Caborca-Altar area is an exciting place
for geologic tourism, and are happy to share with the field trip
participants our knowledge and deficiencies in knowledge.
SIERRA EL CHANATE
Sunday March 11
(Cesar Jacques-Ayala)
Geologic Framework
In 1979 I began working in this area. I had just arrived
at the Instituto de Geologfa in Hermosillo and needed an area
to study. My interest was (and is) in sedimentary rocks, and
Jaime Roldan suggested working in the Caborca area. The reason
to choose the Sierra EI Chanate and Sierra EI Batamote was
that it was the only area from which we had aerial photographs.
No previous works on the geology of the area existed but a
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short note by Cooper and Arellano (1946); they had visited
the Sierra El Chanate and collected marine fossils of Early
Cretaceous age.
For logistical reasons, I first worked in the Puerto EI
Alamo-Sierra EI Batamote area, but it was so complex that
I could not understand the stratigraphy, not to mention the
structure. So, I moved my fieldwork to the Sierra EI Chanate.
In 1980 I met Dr. Paul E. Potter, who, together with a fellowship
from CONACYT, made it possible for me to enter the Masterof-Science program in geology at the University of Cincinnati.
In 1982 I measured four stratigraphic sections to define the
stratigraphic sequence of the Sierra EI Chanate. The first
stratigraphic description defined the Sasabe, EI Chanate, and
EI Charro formations, with 3, 2 and 2 members, respectively
(Jacques-Ayala, 1983). Further analysis plus field work made
it possible to subdivide the EI Chanate formation in seven
members, and to identify four major fining-upward cycles,
each characterized by differences in pebble composition (JacquesAyala, 1987; Jacques-Ayala and Potter, 1987). At present,
the Arroyo Sasabe formation has been recognized as equivalent
with the Bisbee Group (Ransome, 1904; Taliaferro, 1933;
and others) with its four units: Glance, Morita, Mural and
Cintura Formations. But instead of the Mural Limestone, I
am using the name Arroyo Sasabe formation, mainly because
in the EI Chanate area it includes thin andesitic volcanics, coarse
to fine green sandstone, and probably tuffs. The formations
in the Sierra EI Chanate are compared with other Cretaceous
units in Figure 3.
In December 1983 I introduced Dr. Kees A. De Jong and
several students from Cincinnati to the geology of CaborcaAltar area. Several students returned in the following year
for fieldwork leading to their M.Sc. thesis, and Kees De Jong
began his studies in January of 1985. Tom McComb (1987)
and Jim Willard (1988) identified in the Puerto EI Alamo
and Sierra EI Batamote rocks similar to those of the EI Chanate,
PUERTO
EL ALAMO

but with more intense deformation. McComb (1987) reported
the presence of the Bisbee and EI Chanate Groups, and the
Jurassic(?) Puerto Alamo and Los Olivos formations . Willard
(1988) described the Puerto Alamo and La Maquina formations,
both of Jurassic(?) age, as well as the known Cretaceous
units, plus the Chupurate formation underlying the Bisbee.
As the stratigraphic relationships of the units in these areas
are not clearly known, and their boundaries are faults, I will
call this set of variably deformed units the EI Batamote structural
complex (Bsc) of Mesozoic age. This complex may include
the different units described by Corona (1979, 1981) in the
Sierra La Gloria and Cerro Basura, and even the Altar formation
in the Cerros Altar and EI Arnol.
Stratigraphy

Bisbee Group
The Glance Conglomerate, poorly exposed, consists of chert
pebbles (stop 7). The Morita is made of red mudstone, sandstone
and shale, with some intercalations of gray sandstone (stops
2 and 6). The depositional environment of the Morita
Formation has been interpreted as a tidal flat or floodplain
close to the coast line, with current directions mainly toward
the west-southwest (Jacques-Ayala and Potter, 1987, p. 205
and Figure 4).
The Arroyo Sasabe formation has two members. The lower
member consists of oyster-bindstone to -floats tone with
intercalations of green to brownish green shale, minor sandstone
and andesitic volcanics (stop 3). This calcareous member grades
westward into well-bedded oyster-floatstone in which the valves
have been separated, but are unabraded. Toward the west there
are no volcanic rocks in the sequence, whereas toward the east
the member pinches out. The upper member of the Arroy Sasabe
includes green to olive green, fine to coarse grain sandstone
with very thin rip-up clast conglomerates (stop 4). The finer
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grain beds have a tuffaceous aspect. There are also intercalations of red mudstone and sandstone. The upper member
becomes thicker, and coarser grained, toward the east. The
Arroyo Sasabe was deposited as a lagoonal oyster patch reef
on which sides clays (or tuffs?) were sedimented. Minor volcanic
activity was present in the area, as recorded by a few thin lava
flows. Influx of clastic material covered the carbonate deposits.
The Cintura Formation consists of red mudstone shale
and sandstone with minor conglomerate lenses. This unit:
like the Morita, is considered to have been deposited in a tidal
flat to fluvial floodplain. The current rose diagram for this units
is bimodal, the main direction being toward the northeast, suggesting a tidal flat or fluvial environment (Jacques-Ayala and
Potter, 1987, p. 206 and Figure 4).
Northern Sierra
EI Chanate

Southern
Sierra
EI Chanate

Anita
Fm

Pozo
Duro
Fm

Glance
Congl .

Figure 5. Stratigraphic columns for both limbs of the Sierra
El Chanate syncline, showing stops 1-11.

El Chanate group
The El Chanate group is divided into three formations:
the Pozo Duro, Anita, and Escalante. The Pozo Duro formation
consists of red mudstone and sandstone with intercalations of
cream-colored quartz-pebble conglomerate lenses and coarse
grain quartz-rich sandstone (stops 5 and 8). The red-colored
sediments become more abundant toward the top.
The Anita formation has three members. The lower
member is made of thick andesitic flows and breccias (stop
9). The andesite is dark gray to purplish gray, mainly aphanitic,
and locally porphyritic with plagioclase phenocrysts. The
upper part of the andesite flow grades into a breccia made
of aphanitic frag-ments, very angular and irregular in shape.
The matrix is of similar composition as the clasts. Locally,
the andesite clasts become more rounded, and the matrix is
made of red silt and sand, indicating a short transport. The
middle member, about 700 m thick, consists of conglomerate,
sandstone and shale in fining upward cycles. The pebbles/cobbles
of the conglomerate are predominantly made of andesite (stop
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10). The upper member of the Anita formation is formed by
250 m of shale with minor interbeds of sandstone and limestone.
The color is red to green to purplish brown (stop 11). The sandstone
and limestone are gray to dark gray, weather ocher, and occur
in thin to medium beds. In this member were collected the
gastropod Rissoa dupiniana d'Orbigny, of Albian to Cenomanian(?)
age, and the pelecypod Crassatella sp. of Albian-Miocene age
(Jacques-Ayala and Potter, 1987, p. 209), as well as brachiopods(?).
The Escalante formation is divided into 2 members. The
lower member is almost 600 m thick; the lower 400 m include
conglomerate, sandstone and shale in fining upward cycles.
The conglomerate rests with erosional contact on the underlying
cycle, and grades upward into gray to purplish gray, thick to
medium bedded sandstone with plane-parallel lamination and
cross bedding. Near the base, there are some coarsening upward
cycles, representing a regressive phase after marine deposition
of the previous unit. The upper 195 m of the lower member
is formed by conglomerate and sandstone, similar to those of
the lower part. In this part, there is an increase in andesite,
sandstone and mudstone clasts in the conglomerate layers. The
upper member is less than 150 m thick, and consists of sandstone
and shale pairs. The sandstone is olive green to greenish-orange
and light brown, medium to thick bedded. Shale is olive green
and medium bedded. There are also some intercalations of
cream-colored, thin bedded tuffs which increase upsection.
The depositional environment for the El Chanate Group
is interpreted as continental, mainly meandering to braided
streams flowing in a southwest direction (Jacques-Ayala and
Potter, 1987). Only the uppermost shale in the Anita formation
was deposited as a marine delta front.
Structure
The Sierra El Chanate is formed by a syncline in which
the youngest unit, the El Charro volcanic complex, constitutes
the ridge of the sierra. The fold trends N60W, is tight, slightly
asymmetrical and in places overturned fo the southwest. The
northern limb of the syncline is more than 3 times thicker than
the southern limb. Sedimentary structures indicate that both
limbs are younger toward the ridge of the sierra, and evidence
for tectonic repetition or excision has not been found. Therefore
I think that the difference in thickness of the El Chanate group
is stratigraphic and not structural.
The major fault affecting the Cretaceous of the El Chanate
is the El Chanate fault zone, which is visible on aerial photographs.
The thickness of this zone is about 25 m. The zone extends
more or less parallel to the main structure of the El Chanate
syncline, and cuts through the base of the Morita Formation;
an andesite intrusive; a buff shale with very thin non-fossiliferous
limestone which could be the Cerro de Oro formation (GonzalezLeon and Jacques-Ayala, 1988); andesitic breccia of the Anita
formation, and toward the east, probably the El Charro volcanic
complex. The nature of this fault has not been determined,
but several observations suggest that at least two types of displacement have occurred along this zone. One was low-angle
normal faulting, as suggested by paleomagnetic data by Harrar
and others (1986) and Harrar (1989). Another movement could
have been sinistral strike-slip faulting, as suggested by subhorizontal striae and microfolds plunging to the north.
Another problem is the juxtaposition of the strongly foliated
and metamorphosed Sierra El Batamote and the barely foliated
Sierra El Chanate. A low angle fault can have telescoped two
differently deformed sequences as, for example, in the northeastern Sierra El Batamote. In the western Sierra El Batamote,
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however, the juxtaposition appears gradational (Puerto El Alamo).
The structure of the Sierra EI Chanate still poses some
questions: (1) what is the nature and significance of the El
Chanate fault zone?; (2) is the low angle fault south of the
EI Chanate fault zone a thrust fault or an extensional fault?;
(3) is the observed cleavage pre- or syn-folding?, and (4) considering the difference in thickness of the limbs, is the fold
a "true" syncline, or is there a hidden structure causing this
difference?
Cretaceous Paleogeography in Northwest Sonora
Cretaceous rocks in northwest Sonora are poorly known,
mainly because of the lack of systematic mapping and detailed
stratigraphic studies. Well dated Lower Cretaceous Bisbee
Group sections, or equivalents, are those from Santa Ana (Salas,
1968; Rangin, 1982; Navarro-Fuentes and Tellez-Duarte, 1988),
Cerros Cabeza Colgada (Pedro Romero, oral commun., 1987),
and Sierra EI Chanate (Jacques-Ayala, 1983; Jacques-Ayala
and Potter, 1987). These sequences indicate marginal marine
deposition during the Aptian-Albian, documenting a westward
extension of the Bisbee basin. Willard (1988) described a sequence which can be the Bisbee Group in the Puerto EI Alamo,
the westernmost sedimentary exposure of the Bisbee. Significant
is the volcanic activity during Bisbee (Arroyo Sasabe) time;
this activity may represent the eastern margin of the Alisitos
Are, documented in northern Baja California (Busby-Spera,
1988; Almazan-Vazquez, 1988a, 1988b, among others). Few
localities of Early Cretaceous volcanic rocks have been reported
in Sonora. Along the coast, Gastil and Krummenacher (1977)
report the occurrence of Lower Cretaceous in the Sierra Bacha
and Sierra Serio More recently, Boj6rquez and Rosas (1988)
described a small area north of Aconchi where Neocomian
carbonate rocks with intercalated volcanics are exposed.
During EI Chanate time, the geography of the region
changed, mainly because of tectonic processes. The relief of
the area increased, producing a shift from marginal marine
to fluvial deposits. Perhaps a thrust plate on the southwest began to shed quartz arenitic material, as indicated by the presence
of these clasts in conglomerate of the lower EI Chanate (Pozo
Duro formation). Tectonic activity may have caused the angular
unconformity observed locally between the Bisbee and El Chanate.
Arc volcanism reactivated during middle El Chanate (Anita
formation) time, increasing the relief of the area to produce
thick wedges of fluvial deposits. Near the end of the EI Chanate
thin layers of tuff were deposited as a prelude to another important volcanic event: the EI Charro volcanic complex of Late
Cretaceous age. The volcanism of the EI Charro signals the
initiation of the Laramide deformation.
Cretaceous rocks are probabiy present south of Caborca
and Altar, but no conclusive evidence has been found to confirm
their age, except by Keller (1928) east of Cerro Raj6n. Hardy
(1973, 1981) described the Cerro San Luis formation, consisting
of volcaniclastic rocks of the Lower Jurassic Santa Rosa formaFigure 6. Sierra EI Chanate - Detailed geologic map of a transect
in the central portion of the Sierra EI Chanate, showing roads
and stops 1-11. Symbols of stratigraphic units are: Bsc: EI Batamote
structural complex; CFZ: EI Chanate fault zone; Kim: Morita
Formation; Kis: Arroyo sasabe formation; Kic: Cintura Formation;
Kpd: Pozo Duro formation; Ka: Anita formation; Ke: Escalante
formation; Ksc: El Charro volcanic complex; Tt: Tertiary terrace
deposits, and Q: Quaternary fluvial sediments.
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Figure 7, Cross section of the EI Chanate syncline, Location
of section shown in Figure 6, Stippled pattern shows units with
volcanic and volcaniclastic intercalations,
tion, as Middle Jurassic-Cretaceous, Gonzalez-Leon (1979, 1980)
reported a similar unit in the Sierra EI Alamo, overlying the
Late Triassic-Early Jurassic EI Antimonio Formation. In the
Cerro Raj6n and Cerro Chino, Longoria and Perez (1979) reported
a clastic/volcaniclastic sequence of probable Late Jurassic-Early
Cretaceous age. The sequence overlies the Jurassic EI Rajon
group. These volcaniclastic deposits can very well be part of
any of the three volcanic events recorded in the EI Chanate
sequence.
The Bisbee Group in the ranges north and northeast of Caborca and Altar appear to represent the detritus of a Jurassic(?)
or Early Cretaceous volcanic arc (Jacques-Ayala and Potter,
1987) in a rift basin (Dickinson and Klute, 1987; Krebs and
Ruiz, 1987). Continental-type source rocks were apparently
absent. During EI Chanate time, the region became a foreland
basin with volcanic activity, producing a Illixture of source rocks.
SIERRA LA VIBORA
Monday March 12
(Kees A. De J ong)

Armando Escarcega-Escarcega and I had the good fortune
to begin mapping of the Sierra La Vfbora in early 1985, at a
time that Stewart, McMenamin and Morales-Ramirez (1984)
had just finished their detailed study of the stratigraphy of the
Cerro Raj6n (Figure 2). Building on the work of Jose Longoria
and his students (Longoria and Gonzalez, 1979; Longoria
and others, 1979; Longoria and Perez, 1978), Stewart and his
colleagues had compiled a stratigraphic column which turned
out to be virtually identical with the stratigraphic column in
the Sierra La Vfbora (Figure 8). The structure of the two areas
is, however, vastly different.
The Proterozoic-Cambrian sequence of the Sierra Raj6n
is a simple monocline whereas the same sequence in the Sierra
La Vibora is not only folded, but also repeated as a result of
faulting. For instance, the presence of three folds in southwestnortheast section d (Figure 8) does not indicate the presence
of a fold train, but instead a single fold dissected by two lowangle extensional faults.
The fold is strongly asymmetric, bringing an originally
subhorizontal thrust fault into an overturned position. The sequence of structural events is as follows: the northeastern
rim of a thick-skinned thrust block (event 1) is folded by a southwest verging fold (event 2) and dissected by extensional faults
(event 3).
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Thrust faults
Thrusts play an insignificant role in the geologic maps of
Merriam (Merriam, 1972; Merriam and Eells, 1979), but are
ubiquitous in the maps of Longoria and his students (Longoria
and Perez, 1978; Longoria and others, 1978). Who is right?
Field trips to the ranges south of Caborca-Altar indicated that
there are more thrusts than Merriam indicated on his maps,
but less than the great number of thrusts suggested by Longoria.
The westward displacement of the thrust blocks in the
ranges south of Caborca appears 'significant', i.e., a dozen or
more km. This is obvious in the Sierra La Vfbora where the
width of the Precambrian-Paleozoic thrust block resting on
Mesozoic clastics is 7 krn. Added to this minimum displacement
should be the thrust displacements in the Mesozoic clastics
of the lower plate. These are major displacements because horses
(fault slices) abound, and formations with strikingly diverse
lithology are now juxtaposed, for example the Ventana and
Cholla formations in the northern Sierra La Vfbora (Figure
8). The Sierra La Vfbora thrust fault can be followed as far
south as the Cerro Raj6n where the monocline of PrecambrianPaleozoic rocks has been thrust upon Mesozoic clastics in which
an Early Cretaceous fossil was found by Keller (1928).
East- and northeastward verging thrust faults constitute
in Sonora the oldest and presumably the most important of
the Cretaceous-Tertiary orogenic events, They are found (see
Figure 1 for locations) in the Sierra Madre Occidental in the
Sierra Chiltepin and in the Arivechi area beneath klippen of
Paleozoic carbonate and clastic rocks of the Early Cretaceous
Bisbee Group (Almazan-Vazquez, 1986; Almazan-Vazquez
and Fernandez-Aguirre, in prep.; Pubellier, 1987); in Cerro
de Oro between the Bisbee and Precambrian carbonates (GonzaIezLeon, 1989); in the Cucurpe area between Precambrian granites
and the Bisbee (Rodriguez-Castaneda, 1988, and oral comm.,
1989), and in the ranges south and southeast of Caborca: in
the eastern foothills of the Sierra EI Viejo and the large sierra
southeast of Trincheras (Figure 1 in De Jong and others, 1988).
The thrust faults appear unrelated to vertical faults, and
the thrust direction appears rather uniformly toward the east
and northeast. There is thus no reason to explain the thrusts
as the result of basement uplifts (cf. Davis (1979, 1981) for
southeastern Arizona). We think that the thrusts constitute
an important thrust belt of mid-Cretaceous age: the Bamori
thrust belt, perhaps a continuation of the Sevier thrust belt
in the USA.
The age of thrusting is well defined in the belt as a whole.
In some localities the thrust faults are located below Lower
Cretaceous strata (e.g., near Arivechi) or above Lower Cretaceous
strata (e.g., Cerro de Oro and Cucurpe). In the Sierra La Vfbora
hornblende and biotite from the post-thrust Pitiquito granodiorite
yield K-Ar radiometric ages of 80.9.± 1.8 and 79.3.± 1.8 Ma
respectively (De Jong and others, 1988), demonstrating that
the thrusts cannot be younger than the earliest Late Cretaceous.
Combining this information the thrusts are probably of Cenomanian-Santonian age.
Recognition of the ranges south of Caborca as thrust
blocks in a Late Cretaceous thrust belt presents the following
explanation of the contrast between these ranges and the ranges
northeast of Caborca: the two terranes are separated by the
hypothetical Altar fault. Its trace coincides with that of Anderson
and Silver's Mojave-Sonora megashear, but not with the megashear
location shown in Figure 1. Both Altar fault and the megashear
have a sinistral displacement, but the megashear connects Jurassic
plate-tectonic features, whereas the Altar fault is part of a
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Cretaceous thrust belt (De Jong and others, 1988).
We have not yet seen any indication of Jurassic displacement
in the ranges north and northeast of Caborca and Altar. Angular
unconformities in the Jurassic, or between the Jurassic and
Cretaceous units, have not been found, and the Cretaceous
appears always to be deformed as intensely as the older rocks.
Consequently, the location of the megashear as suggested by
Anderson and Silver (1979, 1981) is not accepted, though it
cannot be excluded that there was once a megashear about
50 km southwest of the Altar fault (Figure 1), and that it is
now covered by Sevier thrust sheets.

Folds
The northeastern rim of the Sierra La Vfbora thrust block
has been folded into a northwest-southeast trending syncline.
The fold is asymmetric and has a pronounced southwestern
vergency. The La Ventana formation in the lower plate is also
folded, and the absence of other folds in the thrust block is
therefore puzzling (Fig. 8, section c). Did westward thickening
of the thrust block prevent folding?
Folds and thrusts with a southwest vergence occur elsewhere
in Sonora as well. During this trip we will visit the Oquitoa
fold in the Cerros Arnol (stop 14) and the Sierra EI Chanate
fold, a northwest-southeast striking fold with a southwestern
vergence (Figure 7).
Taliaferro (1933; see also Rangin, 1977) and RodrfguezCastaneda (1989) describe late thrust faults with transport of
the upper plate toward the southwest in northeastern Sonora
(Cabullona) and north-central Sonora (Cucurpe area). The
thrusts described by Taliaferro (1933) emplaced Lower Cretaceous
and older rocks upon upper Upper Cretaceous rocks, and the
southwest directed movements in northeastern Sonora appear
thus of early Tertiary age.
We think that the fold of the Sierra EI Chanate and the
other structures with southwestern transport belong to the
Laramide phase. They overprint the structures of the Sevier
phase in the Caborca-Altar area and also in Cucurpe. In northeastern Sonora, however, the older phase is absent, and the
Laramide phase with southwestern vergence has become the
major orogenic event. Taliaferro (1933) pointed out that the
vergence of these structures changes 180 degrees in Arizona;
the vergence is also mixed in Chihuahua, but is exclusively toward the northeast in New Mexico. Davis (1979) recognized
the influence of earlier basement structures on the geometry
and style, including the vergence, of Laramide deformation,
and Brown and Dyer (1987) explain the changes in vergence
direction in areas where no basement is exposed as the effect
of buried basement blocks.
Extensional faults
Low-angle faults repeat the Precambrian-Paleozoic section
two or three times. Coalescing of one of the extensional faults
with the thrust fault can be seen in the southern Sierra La Vfbora
(Figure 8, section b), demonstrating that the extensional displacement was actually a partial back-sliding of the thrust plate toward
the west. Similar structural phenomenon has been recognized
at several other localities in the Canadian and USA Cordillera
(e.g, Bally and others, 1966).
Characteristic of extensional faults is the brecciation of the
upper block (stop 12). It can be severe, with the layers totally
Figure 8. Sierra La Vfbora - Geologic map, stratigraphic column,
structural cross sections and location of stop 12. After De J ong
and others (1988).
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brecciated without recementation, or barely observable. A resistant
rock type such as the Tecolote Quartzite tends to form fault
breccia which is recemented and extremely resistant to erosion.
Erosional remnants of this fault breccia in the northern Sierra
La Vfbora indicate the former presence of a huge fault scarp
(Figure 8).
When did the extensional faulting occur? Perhaps during
the detachment faulting which occurred in Cerro Carnero at
about 16 Ma, or perhaps later, during the formation of the
Basins and Ranges. We don't know.
An extensional fault of considerable interest occurs about
10 km east of the Sierra La Vfbora in the Cerro Prieto. A southwest
dipping fault separates Proterozoic(?) dolomite and quartzite
in the southern Cerro Prieto from clastics of Mesozoic(?)
age in the northern Cerro Prieto. The clastics resemble those
in Cerro Camero.
The superposition of Proterozoic upon Mesozoic suggests
a thrustfault but the deformation at the contact appears to contradict this: lineations are similar to those in the detachment
zone in Cerro Camero which constitutes a low-angle extensional
fault. This impression is strengthened by north-south-trending
tourmaline-bearing dikes, as much as 5 m wide, occurring just
below the Proterozoic. These are definitely the result of eastwest extension.
These observations lead to the conclusion that the fault
in Cerro Prieto is also a backslide: the thrust block slid back
to the west. Only in Cerro Prieto we can observe in the field
the contact between relatively undisturbed Proterozoic rocks
and strongly deformed Mesozoic rocks. Elsewhere the contact
is not exposed, but is thought to be a thrust fault (or tear fault)
of Cretaceous age: the hypothetical Altar fault. I think that
the "juxtaposition", for example near Caborca, of Proterozoic
rocks typical of the ranges south of Caborca with Mesozoic
tectonites typical of the ranges north and east of Caborca may
be the result of similar backsliding along the Altar fault.
CERRO CARNERO

Cerro Camero is not an attractive mountain. Many nearby
ranges, for example Sierra La Vfbora, are easier to map and
ranges with equally daunting geology, for example Cerro Prieto,
are lower and easier to climb. So it was with pleasure that we
discovered that three Japanese geologists had studied the geology
of Cerro Camero.
Hayama, Shibata and Takeda (1984) recognized an eastdipping
sequence of metamorphosed sandstone and conglomerate with
minor pelitic rock intruded by a granite in the west (Figures
9 and 10). Five K-Ar ages helped them with their interpretation:
Laramide metamorphism occurred at about 60 Ma, and a granodiorite intruded at 15.5 Ma. They recognized that the formations
of Cerro Carnero are schistose, with locally a strong lineation.
There are actually two lineations, both about east-west oriented.
One is best developed at the western Cerro Carnero, and the
other in the central and eastern part of the mountain. The former
is broken by north-south oriented tensile fractures, and the
latter has been folded by folds with north-south axes. The fractureassociated lineation is much better developed than the foldassociated lineation which was also found in the southern Cerros
EI Amol and the Sierra EI Batamote.
Both lineations are associated with pervasive subhorizontal
shear, but one type of lineated rocks was depressed into a ductile
environment and folded, and the other was uplifted into a brittle
environment and fractured.
The lineation associated with folds is parallel to the transport
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direction of the thrust sheets in the ranges south and southeast
of Caborca, and they probably formed at the same time by the
same process: major eastward thrusting.
The fracture lineation is also associated with S-C structures
(stop 13) and their orientation, as well as the presence of slickensides on the C-planes, indicate transport of the upper plate
towards the west. These features were formed during the Miocene
extensional orogeny when the upper parts of the Sevier orogen
slid backwards.
During the westward transport an older intrusion, the Herradura granodiorite, became lineated and foliated. This granite
is of unknown age, its biotite having been reset to a K-Ar age
of 16 Ma (Fig. 10). Another intrusion, the Carnero leucogranite,
intruded during the detachment faulting, and is locally strongly
deformed, locally not deformed at all. It is a classic late-stage
synkinematic intrusion.
The presence of steeply dipping or vertical faults is obvious
in the vicinity of the Rancho Herradura (Figure 9) because
the contact between the Herradura granite and the Carnero
schists forms an excellent marker horizon. Post-detachment
faults can also be seen about 30 km farther north, near the
Sierra Santa Teresa south of Tubutama; there they are accompanied by tilting of 30 degrees or more. The eastern dip of the
extensional foliation in Cerro Carnero may be due to an original
corrugation or undulation in the detachment plane, but it is
more likely that later movements tilted originally subhorizontal
detachment planes towards the east. The apparent absence
of tilting in the Cerros Altar and El Arnol suggests the presence
of a scissor-type fault between these ranges and the Cerro
Carnero. Much larger uplift of the western Cerro Carnero than
the eastern Cerro Carnero may thus have resulted in the dip
of the foliation toward the east.

CERROS ALTAR AND CERROS AMOL
Tuesday March 13
(Juan Carlos Garda y Barragan)
Introduction
Cesar Jacques-Ayala (1983) studied the stratigraphy of
the Sierra El Chanate. The age of the units is relatively well
known, and a comparison with some of the formations in the
Sierra El Batamote made it possible to unravel the complex
geology of that mountain range, and to determine that its deformation was not Jurassic but Late Cretaceous (Jacques-Ayala, 1986;
McComb, 1987; Willard 1988; Harrar, 1989).
The same working approach could be applied elsewhere,
for example in the Cerros El Arnol, about 20 km east of Sierra
El Chan ate. In the northern Cerros El Arnol are several
formations which can be easily compared with the Bisbee Group
and El Chanate group in the Sierra El Chanate. In the southern
Cerros El Arnol and in Cerros Altar is another formation which
has no equivalent in the Sierra El Chanate. The relationship
between this foliated and metamorphic Altar formation without
any index fossils and the less deformed but well-dated El Chanate
poses the first fundamental question about the geology of Cerros
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El Amol: is the Altar separated by a fault from the El Chanate,
or is the Altar formation the stratigraphic continuation of the
El Chanate and therefore of latest Early Cretaceous or earliest
Late Cretaceous age (95-90 Ma)? I assume the latter, but this
assumption is not shared, for example, by Cesar ·J acquesAyala (stop 14).
If the Altar formation is of mid-Cretaceous age, the radiometric
age determinations of the post-orogenic Pitiquito granodiorite
(80 Ma) imply that the ' Altar sediments were deposited
immediately before and probably during the orogeny of the
early Late Cretaceous, and that it is thus a synorogenic deposit.
The conglomerate wedges in the Altar may represent the detrital
products of the uplifted edges of thrust sheets, for example
the Sierra La Vibora thrust sheet Can we correlate the conglomerate
wedges with certain Precambrian or Paleozoic formations?
The El Amol formation is foliated, lineated, and locally
folded. Deformation becomes more intense toward the top
of the El Amol formation, and so does the metamorphism:
large muscovite crystals can be found in the Cerro Altar (stop
16). Is this indeed inverted metamorphism, or does it only
appear to be inverted because a normal metamorphic sequence
has been dissected by later faults? If it is inverted metamorphism,
what caused it? If it was a rapidly emplaced hot thrust plate,
where is this plate now?
Cerro Camero is separated from the Cerros El Amol by
a wide valley. This makes it convenient to conceal hypothetical
faults such as the Mojave-Sonora megashear, the Altar fault,
or a late Basin-and-Range scissor-type vertical fault. The rocks
north of the valley have been mapped as members of the Altar
formation although one of them,a black phyllite, does not appear
to belong in the sequence (stop 18). The sedimentary formations
of the Cerro Camero consist predominantly of quartzite and
conglomerate with some volcanic clasts, and could be as young
as the Altar formation. Their fundamental difference with the
rocks of Cerros Altar and Cerros El Arnol is the structure: eastwest lineations in the Cerro Camero, and northeast-southwest
or north-northeast to south-southwest lineations in Cerros El
Amo!.
The lineations in Cerro Camero are of two types: extensional
orogenic and compressional orogenic, and the latter are similar
to those in the Cerros Altar and the southern Cerros El Arno!.
Those in Cerro Camero are parallel with lineations in Cerro
Prieto, and with the transport direction of the Sierra La Vibora
thrust sheet; those in the Cerros El Arnol are parallel to lineations
in the Sierra El Batamote (Figure 2). How can we explain
this remarkable difference in orientation?
Finally, we have the problem of unmetamorphosed Lower
Cretaceous Bisbee Group sediments in fault contact with the
metamorphic rocks of the Upper Cretaceous (?) Altar formation
(stops 15 and 16). The contact almost certainly represents a
Miocene extensional fault, but where did the Bisbee come from?

Bisbee Group
According to the nomenclature proposed by JacquesAyala and Potter (1987), and Jacques-Ayala (this article), the
Bisbee Group is represented in the area by four formations,
from bottom to top: Glance Conglomerate, Morita, Arroyo
Sasabe, and Cintura Formations. The Glance Conglomerate
is not present in the study area.
The Morita Formation consists of purplish sandstone, dark
red sandstone, a few layers of reddish siltstone and mudstone,
recrystallized limestones, gray pebbly sandstone and gray to
brownish-gray sandstone. The approximate thickness of this
unit is 900 m.
The Arroyo Sasabe formation has a sequence of thin lenses
of fossiliferous limestone and conglomeratic sandstone at its
base. This unit contains trigonias, pelecypods, equinoderms,
foraminifers and alveolines (E. Almazan, oral commun., 1987).
The only age-specific fossil is Quadratotrigonia(?), a genus
of Aptian age. Overlying this sequence is a reddish-purple, fine
grained sandstone. Beds higher in the sequence grade into a
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Stratigraphy
Rocks in the western Cerros El Amol have been divided
in three units: Bisbee Group, El Chanate group, and Altar formation (Figure 11).
The Bisbee Group and the El Chanate group are located
in the northern part of the area, and in scattered ou tcrops east
of Altar. The Altar formation constitutes the main outcrops
of the Cerros EI Amol and Cerros Altar (Figure 12). Tertiary
andesitic rocks are present as small stocks, dikes, breccias and
volcanic flows(?) in the northern Cerros El Arnol, and northeast
of Altar.
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greenish to reddish-brown and reddish-purple, poorly sorted,
coarse sandstone. The thickness of the Arroyo Sasabe formation
is 100 m.
The Cintura Formation has at its base a 5 m thick conglomerate with angular andesite pebbles, overlain by reddishpurple siltstones and reddish-gray to light gray, coarse grained
sandstones with some other andesite pebble conglomerates.
The thickness of this formation is 250 m, and the total thickness
of the Bisbee Group is 1250 m.
El Chanate group
The El Chanate group was first described in the Sierra
El Chanate by Jacques-Ayala (1983). The lower unit of the
El Chanate group at Cerros El Amol consists of gray and purplish
sandstone, mudstone, conglomerate and greenish tuff; the middle
unit of green siltstone and sandstone with some quartzite pebble
conglomerates, and the upper unit of sandstone with plane/parallel
cross-bedding, and some conglomerate. Toward the top of the
upper unit a green, fine grained sandstone contains calcareous
nodules, In a few places fossil wood was found. The thickness
of the El Chanate group is about 740 m.
Jacques-Ayala and Potter (1987) assigned an Albian Cenomanian(?) age to the El Chanate group in the Sierra El
Batamote, supported by one gastropod.
Altar formation
The Altar formation includes the former Altar Schist of
Damon and others (1962), and part of the metamorphic sequence
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described and studied by Hayama and others (1984). This formation
is divided into five members: La Tinaja, El Recodo, El Amol,
Los Corrales, and La Batayera.
The base of the La Tinaja member consists of a quartzite
cobble/boulder conglomerate with clasts as large as 70 cm,
There are also some andesite, quartz porphyry, granodiorite
and chert clasts. The thickest conglomerate (100 m) wedges
out toward the west and is replaced by a succession of sandstone
and thin conglomerate beds (stop 14). The upper part of this
member consists of pale-green siltstone, mudstonf., and some
sandstone (with calcareous nodules) and thin conglomerate
beds. Some brownish-green lenses of sandstone exhibit cross
stratification. Several fining upward cycles are identified, ending
abruptly in a sequence of olive green fine-grain sandstone with
planar cross stratification.
The El Recodo member has at its base a quartzporphyry pebble conglomerate in the eastern Cerros El Amol,
~30 m thick, and grading into a thinner andesite conglomerate
toward the west. Other clast types consist of quartzite, black
chert, or vein quartz. The size of the clasts ranges from 2 to
20 em The upper part of this member consists mainly of a greenishgray, medium to coarse grain sandstone, with minor beds of
conglomerate and limestone. Few small lenses of conglomerate,
1 to 5 m thick, are found in the sandstone. Near the upper
contact of this member there are thin lenses of gray intraclastic
limestone. Intraclasts are as large as 2 cm; the matrix is a very
fine micrite.
The ~l Amol member consists of thick wedges of quartzite
Jacques-Ayala and others
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boulder conglomerate, some sandstone, greenish tuff, and a
few recrystallized limestone lenses. The lower conglomerate,
about 100 m thick, contains 1 m boulders. Other boulder lithotypes include andesitic porphyry, rhyolite, and chert. The sandstone between the conglomerate wedges is characterized by
planar cross-bedding. Fossil wood is locally abundant, both
in the sandstone and conglomerate. The massive recrystallized
limestone beds, up to 2 m thick, consist of calcareous siltstone
intraclasts. One limestone bed can be followed over 1 km. Toward
the top of the El Amol member the beds of sandstone are more
metamorphic. South of rancho La Bateyera, about 200 m north
of highway No.2, the sandstone becomes schistose, with large
(2-3 mm) muscovite grains, and green spots of chlorite. The
minimum thickness of the El Amol member, 2800 m, may have
been much mo~e before the beds were flattened during the
formation of the bedding-parallel foliation.
Los Corrales member consists of black:, carbonaceous, pelitic
rock, presumably lower greenschist facies and perhaps a phyllite
(stop 18). Locally, an andesitic sill marks the boundary between
the Los Corrales and La Bateyera members. The lower contact
is well exposed at places, and does not appear to be a fault.
The lithology of this member is troublesome; it does not "fit"
in the coarse clastic scheme of the other members.
The sandstone and, subordinately, the conglomerate of the
La Bateyera member occupy the southwestern corner of the
area. The rock appears more metamorphic than the upper part
of the El Amol member, but this is based exclusively on the
size of muscovite grains. Some recrystallized limestone is also
present.
The present thickness of the Altar formation is 5 km, but
it may have been much thicker before deformation.
FIELD PROGRAM
This field trip will depart from Tucson 3 pm, Saturday
March 10. We plan to have dinner in Magdalena de Kino, located
on a detachment fault between the Magdalena metamorphic
core complex (Nourse, this volume) and the Magdalena basin.
The present topographic basin was the site of a rapidly
filling depression contemporaneous with detachment faulting .
It was filled with volcanic rocks and sediments in the early Miocene, about 6 m.y. before the detachment occurred which we
are going to see in Cerro Camero (stop 13).
We'll drive in the dark from Magdalena to Hotel Posada
in Heroica Caborca. Cabo rca, founded in 1688 by padre Kino,
received the right to call itself 'Heroica' as it withstood in 1857
one of the less-known invasions of Mexico by North Americans.
The bullet holes of the fighting have been nicely preserved
in the facade of the old church.
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DESCRIPTION

Fine·grained green sandstone
interbedded with green siltstone;
some calcareous nodules along
the bedding planes.
Cross bedding at the base.
Fine·grained olive green
sandstone which becomes
coarser downwards. Greenish
brown cross·bedded sandstone.
At the base a graded sequence,
from siltstone to conglomerate.

Greenish massive siltstone and
sandstone. Greenish·brown
quartzite·clast conglomerate;
clasts flattened and folded.

Green and purplish-gray
massive sandstone with a few
interbedded siltstones and
volcanic tuffs. Grades downwards
into a sandstone with thin beds of
conglomerate.
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Figure 14. Cerros Altar and Cerros El Amol - Lithologies at
stop 14. Grain size scale: 1: silt or mud; 2: fine sand; medium
sand; 4: coarse sand; 5: pebbles and larger clasts.
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Sierra El Chanate
Sunday March 11

Geologic highlights from Caborca to Pitiquito and Altar
We will leave Caborca taking Federal Highway 2 toward
Santa Ana, through Pitiquito (Figure 2). In the surrounding
hills of Caborca are Upper Proterozoic dolomites. About 2
km after leaving the city, on the southern side of the highway
is Cerro Canedo, with Proterozoic-early Paleozoic rocks. These
rocks have not been studied. East of Cerro Canedo are igneous
rocks probably belonging to the Pitiquito granodiorite. As we
approach Pitiquito we can see, toward the southeast, the Sierra
La Vibora which we will visit tomorrow. Near Pitiquito, in the
roadcuts along the road, is the 80 Ma (K-Ar) Pitiquito granodiorite.
From the pass we can see the wide valley of the Asunci6n
River separating the Sierra La Vibora from the Sierra El Batamote
in the north. That sierra is a part of a northwest-southeast
oriented mountain chain and composed of Lower JurassicCretaceous rocks. Many of these rocks have been strongly deformed and locally metamorphosed. The age of deformation was
considered as Late Jurassic by Corona (1979,1981), but JacquesAyala (1986), McComb (1987), Willard (1988) and Harrar (1989)
assign this deformation a Late Cretaceous age. Past the railway,
the road goes through the valley all the way to Altar, but we
will turn left near km post 81, at the Ejido 16 de Septiembre
(Figure 4).
In an ejido the land is worked by the community for its own
benefit. There are hundreds of agricultural ejidos in Mexico,
but the communities can also use the land for mining or tourism.
September 16 is the day that Mexico celebrates its becoming
independent from Spain in 1810.
Summary of stops for the first day
In the first day of the trip we will examine the Cretaceous
sequence exposed in the Sierra El Chanate. The section includes
the Bisbee (Aptian-Albian) and El Chanate (Albian-Cenomanian?) Groups, and the El Charro volcanic complex (Late
Cretaceous). Stops 1-5 are on the southern side of the sierra,
and stops 6-11 are on the northern side (Figure 6). Stop 1 will
serve as an introduction to the geology of the area, after
which we will walk northward along the arroyo. At this stop
we will see exposures of the El Chanate fault zone. At stop
2 are the red mudstone and minor fine grained sandstone, and
shale of the Morita Formation. Stop 3 will let us examine the
Arroyo Sasabe formation, consisting of fossiliferous limestone,
with thin andesitic intercalations, and shale. At stop 4 we will
see the green tuff(?) and tuffaceous sandstone-siltstone facies
of the Arroyo Sasabe. At stop 5 the base of the Pozo Duro
formation, basal unit of the El Chanate group, is exposed. From
here we walk back to the vans.
At optional stop 6 the Morita Formation shows faulting
subparallel to bedding, not observed in younger units. Stop
7 is at the base of the Bisbee Group, where the Glance Conglomerate is exposed. At stop 8 is again the basal conglomerate
of the Pozo Duro formation of the El Chanate group. At stops
9-10 we will walk the andesite breccias overlain by fluvial finingupward cycles of the Anita formation. And in stop 11 we will
examine the shale of the upper member of the Anita and the
basal conglomerate of the Escalante formation.
Stop 1
In this place Sr. Antonio Celaya, from Altar, used to camp
and mine gold from quartz-veins, intrusives(?) and the El Chanate
fault zone. We can still see the grinding table (tahona, in local
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dialect) made with rock slabs. From here we will walk down
to the arroyo, and northward to stops 1-5.
Stop 1 is located down at the arroyo where there is a subhorizontal fault zone at least 6 to 7 meters thick. The main(?) fault
plane dips 35 degrees to the south. The color of the fault gouge
suggests that the fault is cutting the Morita Formation. There
are a few very small folds with axial planes striking N-S, and
dipping 50 degrees east. Walking toward the north, the fault
zone is characterized by a buff-colored, shaly looking gouge.
Several cream-colored dikes cut through the fault. As we continue
to the north, fracturing diminishes gradually. A stratigraphic
section was measured along this arroyo, beginning where it
could be described without problem, leaving out the faulted
zone. Nevertheless, several subvertical faults will be seen up
to about meter 120.
Stop 2
Stop 2 is an excellent exposure of the Morita Formation,
consisting of red mudstone, some red, fine grained sandstone,
and thin layers of shale. The fine grained sandstone contains
small calcareous nodules in well defined horizons. Bedding
strikes N24W-77 NE, and the fine grained sandstone fraction
displays well developed cleavage striking N20W-42 NE. We
think cleavage is unrelated to folding.
Stop 3
This stop is in the lower member of the Arroyo Sasabe
formation. The base of the unit, a green fine grain sandstone,
is in sharp contact with purplish sandstone of the Morita Formation.
The green sandstone, with plane-parallel crossbedding, is overlain
by an andesitic flow (or sill?). The lower half of the flow is
green, with amphibole phenocrysts giving it a porphyrithic texture.
These are more abundant and larger toward the bottom. The
upper part of the flow, which is separated from the lower part
by a 10 cm thick bed of slightly fossiliferous limestone, consists
of aphanitic andesitic rock with flow(?) structure. This is overlain
by an oyster rudestone, followed by a massive oyster binds tone.
The oysters are complete, the valves jointed and unabraded.
This limestone is followed by a 2 m thick andesite, also with
flow(?) structure. From the oyster- bindstone were collected
a Yaadia (Quadratotrigonia) meamsi Stoyanow, of early Albian
age, and a Macraster sp., of Aptian-Albian age (Jacques-Ayala
and Potter, 1987, p. 206). This andesite is overlain by 17 m
of dark gray, reddish-green weathering, thin bedded shale.
It includes some thin intercalations of packstone containing
small molluscs. Above the shale is 10 m of dark gray, thin bedded
limestone and dolomite with cross-bedding.
The Arroyo Sasabe formation strikes in this place N15W
and dips 45NE, and displays 2 cleavages: one is parallel to bedding
and the other is NI5W-77NE.
Stop 4
Continuing toward the next stop, we will scramble through
mesquite trees over a series of green mudstone and very fine
grained sandstone layers which constitute the upper member
of the Arroyo Sasabe formation. They are thinly laminated
to medium bedded, display faint to strong bioturbation, and
contain thin inter-calations of gray rnicstone to green mudstone
rip-up clast conglomerate. In the member there are also intercalations
of red to purplish red mudstone with fine grained sandstone.
As we go upsection they become more abundant, making the
contact with the Cintura Formation transitional. This contact
is placed arbitrarily in the uppermost green sandstone or mudstone.
At stop 4 is a 20 m thick, green, well-bedded, fine to very
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fine grained sandstone with a few small lenses of rip-up clast
conglome-rate. In the upper 2.5 m are intercalations of red
thin to medium bedded mudstone, defining a fining-upward
cycle.
Stop 5
Continue north along the arroyo, to where it turns east.
Here we will climb on the northern slope to go to stop 5 at
the top of the hill, the contact between the Bisbee and EI Chanate
Groups. The upper part of the Cintura Formation consists of
red and purple mudstone. The red mudstone is structureless,
and the purple mudstone displays plane-parallel to irregular
laminations.
The base of the EI Chanate group, the Pozo Duro formation,
consists of cream-colored lenses of quartz-pebble conglomerate,
quartz-rich sandstone, and gray lithic-rich sandstone in red mudstone.
The conglomerate layers are ridge forming units, which make
the contact easily observable in the field and in aerial photographs.
"'Where the conglomerate or quartz sandstone is absent, the
contact between the two groups is difficult to define. The contact
at this stop is sharp and erosional; in other places it appears
to be an angular unconformity.
The sequence continues to the top of the mountain. The
thickness of the EI Chanate group on this side of the sierra
is 680 m, whereas on the northern side it is 2,470 m. On top
of the EI Chanate group, and forming the axis of the sierra,
is the EI Charro volcanic complex.
Geologic highlights en route to stop 6
We will return to the Ejido 16 de Septiembre, and take
Federal Hwy. 2 to Altar. At Altar we will turn left on State
Hwy. 64, which goes to Oquitoa and Tubutama. Less than one
kilometer from Federal Hwy. 2, turn to the left at Abarrotes
(grocery store) Guadalupe to take the road that goes around
the Sierra EI Chanate (Figure 2). We will cross the Arroyo
Sasabe after passing several vineyards left of the road. Immediately
after the arroyo is the Rancho Los Olivos. About 2 km from
the ranch Cretaceous units can be seen near the road. Mter
the major turn to the left (see Figure 6) a series of elongated
hills oriented parallel to the road expose the contact between
the EI Chanate group to the south and the Bisbee Group to
the north. The quartz-pebble conglomerates of the Pozo Duro
formation make these hills. The road is cut into the Arroyo
Sasabe formation which on the northern limb consists predominantly
of green shale.
Stop 6 (optional)
About 0.75 km past the turn we may stop and park for
optional stop 6. From this place, walk north to the arroyo Sasabe,
where the Morita formation is well exposed. The main lithology
is red mudstone with some sandstone layers and calcareous
nodules.
Stop 7
From optional stop 6 we will drive for about 0.75 km to
the road intersection. Turn to the north, toward Rancho La
Laguna. Stop 7 is on the right side of the road where it
crosses the Arroyo Sasabe.
In this place is a small outcrop of a mottled green, thick
bedded conglomerate with some intercalations of green, crossbedded, coarse to pebbly sandstone. The exposed section is
less than 20 m thick. The conglomerate consists mainly of red
to green and black chert, and lesser amounts of andesite, veinquartz and red sandstone. Because of its stratigraphic position
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beneath the Morita Formation, this lithology is considered as
the Glance Conglomerate. The contact with the Morita is transitional, for grain size diminishes gradually, and the green color
changes to a red to purplish red. The source of the chert pebbles
is unkown.
Stop 8 (optional)
Drive back to the road intersection and cross the new road
to the old road. At the second intersection (Figure 6) is a set
of southward tracks toward low hills. Stop 8 is before the arroyo,
at the contact between the Bisbee and the EI Chanate Groups.
The Cintura Formation is sandier than the Cintura at stop 5,
and the quartzite pebbles in the bottom conglomerate of the
EI Chanate Group are smaller than those of stop 5.
Stop 9
Continue the same tracks toward the south. Drive for
2.5 kilometers to the palo verde tree with the orange ribbon,
and park. From here we will walk due west, to the wide arroyo.
In the arroyo, above the red mudstone and shale of the Pozo
Duro formation, is the andesitic breccia and minor sediments
of the volcanic member of the Anita formation. Thickness is
here less than 50 m, but toward the east it increases to about
400 m (Figure 6). This suggests the former presence of a nearby
volcanic center. The same thickening toward the east is observed
on the southern side of the sierra.
From stop 9 we will walk south along the arroyo. Past the
S curve small exposures will show the variations in the shape
and angularity of clasts in the volcanic breccia and conglomerate.
The source for the clasts is the volcanic member of the Anita
formation.
Stop 10
Stop 10 is at the fork of the arroyo. Here is an excellent
exposure of the middle member of the Anita formation. It consists
of a series a fining upward cycles with a conglomerate lens
at the base followed by coarse to fine grained, plane-parallel
to cross-bedded sandstone. The basal contact of each cycle
is always erosional on the fine grained fraction. The composition
of the pebbles/cobbles is mainly andesite. Bedding at this stop
is vertical, and several of the clasts in the conglomerate are
internally deformed.
Walk due east to the tracks, and back to the vans. Drive
to the end of the road. Stop 11 is at the arroyo lying ahead.
Stop 11
Here we will see the upper member of the Anita formation
overlain by the lower member of the Escalante formation. On
the northern margin of the arroyo is a buff shale which is the
uppermost part of the Anita formation. At the bottom of the
arroyo is the base of the lower member of the Escalante formation
characterized by a quartz porphyry and rhyolite clast conglomerate.
The size of the clasts exceeds 20 cm in diameter.
We will return, if time permits, over Puerto EI Alamo to
Caborca, making short stops to waive arms.
Sierra La Vibora
Monday March 12
We will drive to Pitiquito with its beautiful small church
dating from Padre Kino's time (early 1700's). We will cross
the dry bed of Rio Magdalena (also known as Rio Asuncion)
and are thankful that it is not the rainy season. Turn sharp
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tD the left. After abDut 10 km we'll begin tD watch fDr a rDad
.oblique tD the right. AbDUt 50 m farther sDuth we will turn
tDward the Sierra La Vfbora, fDllDwing minDr tracks until
the very end which is .on pinkish sandstDne.
StDP 12 (Figure 8)
We will walk through a dry gully .over .outcrops .of the Upper
Raj6n Group tDward the Precambrian .of the Sierra EI VfbDra
thrust bIDCk. The upper Raj6n GrDup is .one .of the many clastic
units .of unknDwn age in the ranges south and southeast of Caborca.
It has cDnglDmerate layers with pebble-size clasts which farther
tD the sDutheast becDme bDulder-size near the thrust fault. Is
the upper Raj6n group the .overridden detritus .of a thrustblDCk?
We will ascend a fault sliver .of yellow and gray dDIDmite
of the CabDrca FDrmatiDn, and climb .over the crystalline
basement. LoDk fDr the knifesharp erosiDnal(?) cDntact between
the gabbro and the Cab .orca dDIDmite. The gabbrD is between
the crystalline basement and the PrDterDzDic. The same
situation was .observed at three .other IDcalities in the ranges
southeast .of CabDrca: CerrD PrietD, CerrD Arituaba nDrtheast
.of Trincheras, and CerrDs Clemente-LianD Verde.
FDllDW the cDntact between gabbro and dDIDmite tDward
the north and climb, carefully, tDwards the highest peak in the
area. From the dark laminated dDIDmite with Conaphyton stromatDlites .of the Gamuza FDrmatiDn .on this peak we will have
a marvellDus panDramic view. Descending tDward the main
arrDyD we will see the PapalDte, PitiquitD and Clemente FDrmatiDns and the great variety .of rock types .of the crystalline basement.
We will return tD PitiquitD (with an DptiDnal StDP at PuertD
La ChDlla in the nDrthen Sierra La VibDra fDr a visit tD the
ChDlla and Ventana fDrmatiDns) and will cDntinue tD Altar
and stop 13 (Figure 9).
StDP 13
GDrgeDus expDsures Dfthe Herradura granite with S-C fabric
and slickensides .on C-planes immediately nDrth .of the ranch.
We will drive tD the end .of the track (Figure 9), and climb
the hill tD the sDuth. NDtice S-C fabric in the pre-extensiDnal
Herradura granite, and bDth defDrmatiDn and lack .of defDrmatiDn
in pegmatite veins assDciated with the late synextensiDnal Camero
granite. LDcate the knifesharp cDntact between the Herradura
granite and the overlying Carnero schists. NDtice the nDrthsDuth .oriented extensiDnal fractures in the schists.

Cerros Altar and Cerros EI Arnol
Tuesday March 13
We will fDllDW the route .of the first day, taking State Highway
64 at Altar tD OquitDa. This rDad cuts thrDugh the EI ArnDI
member .of the Altar fDrmatiDn. The IDW hills are made .of strDngly
deformed green schistDse sandstDne (Altar schist), cDnglDmerate,
and small patches .of undefDrmed andesite.
Near OquitDa, tD the left, we see the Cerros EI PuertD with
rocks from the EI Chanate group(?). TD the right are the Cerros
EI ArnDI, with Bisbee and EI Chanate in the nDrthern part and
Altar in the sDuthern part. At OquitDa we turn intD the town,
and admire from a distance the small church built by Padre
KinD in the late 1600's. Turn tD the left at the main street and
drive two blDCks nDrth; turn tD the right, at the corner .of the
public library; pass the elementary SChDDI, and cross the irrigatiDn
canal and the parallel rDad. Take the dirt rDad bordered by
shade trees tDwards the east, and cross the Altar River. Proceed
in an easterly directiDn for abDut 6 km (Figure 12). Quartzite
clasts .of the cDnglDmerate .of the EI ArnDI member .of the Altar
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formatiDn are abundant along the road which is in a valley
with outcrops .of the EI ArnDI and EI ReCDdD members. The
cDntact between these members is marked by a change In cDIDr,
from light green tD reddish brown. We continue fDr abDut 2
km and turn sharp left where the road turns to the right; fDllDW
faint tracks fDr abDut 300 m, and park the vehicles. We walk
in awesterly direction fDr about 1 km, to the ArroyD La Tinaja.
StDP 14
At the Arroyo La Tinaja we will examine a supremely well
expDsed sectiDn .of La Tinaja member and the EI Chanate Group.
We will discuss the bDundary between the tWD units (gradual
or abrupt). A detailed stratigraphic sectiDn is shDwn in Figure
14. Structures include kink folds, flattened and stretched and
fDlded clasts in cDnglDmerates, minor faults (bDth beddingparallel and bedding-Dblique), and, at .one 10catiDn, majDr bDUdinage.
The EI Chanate presents lithDIDgies similar tD thDse seen
tWD days earlier.
At the base .of the La Tinaja are tWD thick beds .of brDwnish
quartzite conglDmerate, separated by a sequence of green and
purple massive siitstDne. The cDntact between La Tinaja member
.of the Altar fDrmatiDn, and the upper unit .of the EI Chanate
group, is indicated at the "230 m" mark.
StDP 15
This StDP is .on our way back tD OquitDa. We drive fDr approximately 2 km and park near a bush (either a chDlla Dr an ocotillo)
with an .orange ribbon. The surface .of the Quaternary terrace
depDsits is cDvered by debris .of quartzite clasts. We walk 100
m in a nDrtherly directiDn tD a small arrDyD with reddish fDSsiliferDus sandstDne.
The stratigraphic pDsition .of this unit is uncertain because
its stratigraphic boundaries are nDt expDsed. Their .only cDniact
is with a pDrphyric andesite (Figure 12). The lithDIDgy and fDssils
are very similar tD thDse fDund in the ArroYD Sasabe fDrmation
of the Bisbee Group. Being surrounded by rocks .of the Altar
formatiDn, this ArrDYD Sasabe may be a klippe Dr a tectDnic
windDw. Compare this .occurrence with that .of StDP 17.
We return to highway 64, and drive tD Altar. BefDre reaching
the town we turn left and stop at a small shrine dedicated tD
Saint Jude.
StDP 16
Excellent exposures of the upper part of the EI ArnDI member
.of the Altar fDrmatiDn. The rock is here metamDrphic with
macroscDpically visible muscovite (Altar schist). The .original
rock was a sandstDne with cDnglDmerate lenses. NDtice fDlds
north .of the shrine.
Return to the main road, drive t.o Altar and cDntinue eastward
.on highway 2. Turn tD the left abDut 100 m befDre the road
tD the right tDward the MicrDDndas Cerro Altar tower. Park
1.5 km frDm Highway 2, 100 m beYDnd rDad junctiDn (keep
left) .
StDP 17
NDtice the remarkable change in cDIDr .of the terrane. TD
the northeast are reddish siitstDne and sandstDne .of the Bisbee
Group. The bedding is difficult tD recDgnize, but the average
strike is N60 degrees W with dips that range from 20 tD 60
degrees NE. TD the southwest are greenish sandstDne and cDnglDmerate .of the upper EI ArnDI member .of the Altar fDrmatiDn.
The schistose rocks are defDrmed, with stretched pebbles.
Between the two terranes is a generally shallDW fault dipping
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to the northeast, exposed in the third gulley from the road (walk
about 200 m toward N60W). The fault is presumably a Tertiary
extensional fault, but where did the Bisbee come from?
We return to highway 2, and drive to the Microondas Cerro
Altar transmission tower.
Stop 18
Excellent exposures of the Los Corrales member of the
Altar formation, a black, pelitic, carbonaceous rock. We will
discuss here why this rock is considered as a member of the
Altar formation. We may visit, north of highway 2 and about
25 m east of the road to rancho Los Corrales, the transition
of greenish sandstone of the upper El Arnol into the black pelite.
Drive about 5 km eastward on route 2, to the well-marked
"Puerta Negra" on the north side of the road (near km post
64). This is the only entrance to the La Bateyera Ranch. The
gate is normally locked, but for our GSA field trip the owner
of the ranch, Mr. Ramon Valencia of Caborca, has kindly
provided us with the key. Near the ranch are old mine workings;
copper minerals occurring in a 1.5 m north-south striking vein
were exploited. We follow a complex network of tracks until
we reach the first major exposure of conglomerate. We climb
the hill, look around, and then continue toward the end of the
road which is in an arroyo.
Stop 19
On both sides of the arroyo are excellent exposures of the
lower conglomerate of the El Amol member. The quartzite
clasts of the conglomerate are as much as 35 cm long. Other
clast lithologies are greenish foliated sandstone, dark gray sandstone
and, seldomly, quartz porphyry. The clasts are strongly stretched.
Below the conglomerate is a greenish to brownish-gray sandstone
which is locally boudinaged.
Stop 20
For those without a key from Mr. Valencia: park at north
side of road southeast from km post 63. Cross fence, and walk
50 yards to hills northeast of road. Sequence of schistose
sandstone, conglomerate, and sporadic limestone -all typical
of the upper part of the El Arnol member of the Altar formation.
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IN1RODUCTION
On this trip we will look at Paleozoic and Triassic strata and
structures of the Cordilleran continental margin in central Sonora.
Knowledge of this margin has increased rapidly in the past 10 years
following a description (Peiffer-Rangin, 1979; Peiffer-Rangin and
others, 1980) of two small areas of eugeoclinal graptolitic shale and
radiolarian chert that indicated for the first time that Paleozoic
offshelf deposits existed in northwestern Mexico. Since 1979,
studies have revealed: (1) uppermost Proterozoic and Paleozoic
carbonate and siliciclastic rocks in northwestern, central, and east.central Sonora are shallow-water continental-shelf deposits and are a
continuation, or an offset segment, of the Cordilleran miogeocline of
the Western United States, (2) Ordovician to Permian eugeoclinal
rocks crop out discontinuously in a east-west belt 140 km long and
50 km wide, rather than in only the two small outcrops of the
original discovery, and indicate an east-west trend of the continental
margin in central Sonora, (3) at least two different facies of
eugeoclinal rocks occur in Sonora, each of which is similar in part,
and dissimilar in part, to eugeoclinal assemblages elsewhere along
the Paleozoic continental margin of North America, (4) major
orogenic activity of early Late Mississippian and of Late Permian to
Middle Triassic age is recorded in Sonora, and the tectonic assembly
of the eugeoclinal sequences against North America was complete
by the time the Barranca Group was deposited in the Late Triassic,
and (5) the Upper Triassic Barranca Group may in part be a riftrelated deposit similar in some respects to Upper Triassic and Lower
Jurassic deposits in northeastern Mexico and the southern and
eastern United States and dissimilar to Upper Triassic rocks of the
Western United States. Although these advances in knowledge have
been significant, much remains to be done before a definitive
description and interpretation of the tectonics and stratigraphy of the
southern margin of North America can be presented. On the field
trip, we will see critical outcrops that highlight our present
understanding of the Paleozoic and Triassic history of Sonora.

SUMMARY OF REGIONAL SETTING
Late Proterozoic and Paleozoic Strata
Three facies (Figures 1 and 2) of Late Proterozoic and Paleozoic
rocks are recognized in Sonora: (1) relatively thin, shallow-marine
and intertidal, cratonal-platform strata in the northeastern and far
northwestern parts of the state, (2) relatively thick, shallow-water,
miogeoclinal strata in the northwestern and central parts, and (3) thin
to thick, generally deep-water, eugeoclinal sequences in the central
part of the state, largely south of the miogeoclinal belt. On this field
trip we will focus on the miogeoclinal and eugeoclinal rocks.
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The miogeoclinal rocks in Sonora consist of a thick sequence of
uppermost Proterozoic and Lower Cambrian siliciclastic and
carbonate rocks and of Middle Cambrian to Permian largely
carbonate rocks. The uppermost Proterozoic and Lower Cambrian
rocks are most completely exposed in the Caborca area (Figure 2)
(Cooper and others, 1952; Stewart and others, 1984) where they are
more than 3,000 m thick and lithologically are similar to the
uppermost Proterozoic and Lower Cambrian rocks in southern
Nevada and southeastern California. Middle Cambrian to Permian
miogeoclinal rocks are widely exposed in central Sonora but have
been little studied because of widespread metamorphism, structural
complexities, and poor exposures. The most complete sections
studied to date are in the Sierra Agua Verde (Figure 3) and in the
Sierra Lopez area (Figure 2). The Sierra Agua Verde section
studied by J. H. Stewart, F. G. Poole, A. G. Harris, J. M.
Morales-Ramirez, J. E. Repetski, B. R. Wardlaw, and A. K.
Armstrong, consists of a few hundred meters of Lower Cambrian
quartzite (the Proveedora Quartzite), separated structurally from a
3,600-m-thick sequence of mainly carbonate rocks of Middle(?) and
Late Cambrian, Early Ordovician, Late Devonian, Early and Late
Mississippian, and Early Pennsylvanian age. The Sierra Lopez
section consists of about 2,900 m of Cambrian and Ordovician
rocks that we will visit on the fourth day of the field trip (see
summary of geology of fourth day). Other important localities
include Cambrian and Ordovician rocks near Arivechi (AlmazanVazquez and others, 1986; Almazan-Vazquez and FemandezAguirre, 1987); Middle Ordovician to Early Permian rocks at Cerro
Cobachi (Ketner, 1986; Ketner and Noll, 1987); Early Ordovician to
Early Permian rocks near Rancho Las Norias (Vega and Araux,
1988; F. G. Poole, work in progress) and Sierra Martinez (F. G.
Poole and R. J. Ross, Jr., work in progress); and a nearly complete
section of Pennsylvanian and Permian rocks on Sierra Santa Teresa
(F. Peiffer-Rangin, written commun., 1988). Important new
localities of Paleozoic rocks are being discovered yearly, and future
studies will greatly increase our knowledge of the Paleozoic
stratigraphy of Sonora.
Eugeoclinal rocks occur in an east-west trending belt 140 km
long and 50 km wide in central and west-central Sonora (Figures 1,
2, and 3) and in isolated outcrops in western Sonora (Gastil and
Miller, 1984). The best studied outcrops are near Cerro Cobachi
an~ Barita d~ Sonora, fust examined by Peiffer-Rangin (1979) and
Pelffer-Rangm and others (1980) and subsequently studied in
greater detail by Noll (1981), F. G. Poole (unpub. data), Ketner
(19~6), Ketner and Noll (1987), and Poole and Madrid (1988a). At
B.anta de So~ora, w~ich we will visit on the second day of the field
trIp, the section consIsts of a mostly continuous stratigraphic
sequence about 700 m thick (see summary of second day) of Lower
and Middle Ordovician shale and minor amounts of limestone and
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Figure 1. Map of the Western United States and northern Mexico
showing distribution of facies of uppennost Proterozoic and
Paleozoic rocks, possible Permian or Mesozoic left -lateral strike-slip
faults, and late Cenozoic right-lateral faults. Symbols: A, B, C, D,
E, F, G, and H, points on hypothetical faults mentioned in text; AZ,
Arizona; BC, Baja California; CA, California; CB, Caborca; CO,
Colorado; CR, Chihuahua; DV, Death Valley; EA, EI Antimonio;
EAS, Ejido Aquiles Serdan; GH, Gila Mountains; IM, Inyo
Mountains; MD, Mojave Desert; NM, New Mexico; NY, Nevada;
PR, Peninsular Ranges; SA, San Andreas fault; SF, San Felipe;
SON, Sonora; UT, Utah. Distribution of facies in Baja California
and the Peninsular Ranges largely after Gastil and Miller (1984).
Original position of rocks in Baja California and Peninsular Ranges
of California relative to those in Sonora uncertain (see discussion in
text).
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sandstone; Upper Ordovician chert, shale, and dolostone; Upper
Devonian chert, shale, sandstone, and barite; Lower Mississippian
limestone; Upper Mississippian conglomerate, chert, and shale; and
Pennsylvanian chert, siltstone, sandstone, limestone, barite, and
conglomerate (Poole and Madrid, 1988a).
For several years, outcrops of eugeoclinal rocks near Cerro
Cobachi and Barita de Sonora were the only confinned Paleozoic
eugeoclinal rocks in central and east-central Sonora. Between 1984
and 1988, field work by J. H. Stewart, C. Bartolini, and L.A.
Navarro-Martinez and paleontological identifications by Claire
Carter, BL Murchey, A. G. Harris, Kirk Denkler, J.E. Repetski,
R. C. Douglass, and C. A. Ross, indicated that the sedimentary
rocks comprising much of the Sierra el Aliso (Figure 3) and part of
the contiguous Sierra San Javier were of Ordovician, Devonian,
Mississippian, and Penni an age. These rocks consist of chert,
argillite, quartzite, conglomerate, and limestone that are partly
correlative with rocks at Barita de Sonora and near Cerro Cobachi,
although of a somewhat different facies (see summary of third day).
In 1985 and 1986, students of the Universidad de Sonora under the
direction of Ricardo Amaya-Martinez and Thierry Calmus
discovered additional Ordovician graptolites (identified by Claire
Carter, written comrnun., 1986-87) in other areas of central Sonora,
and this data and other work (Radelli and others, 1987) have
contributed to the presently known widespread distribution of
eugeoclinal rocks in central Sonora (Figure 3).
A highly unusual sequence of Upper Pennian (Guadalupian)
rocks, the Monos Fonnation, occurs at EI Antimonio (Figure 2),
about 40 krn west of Caborca in northwestern Sonora. These rocks
(Cooper and others, 1953) are the only rocks of Permian age
younger than Leonardian presently known in Sonora and consist of
about 500 m of siltstone, limy siltstone, and sparse thin layers of
detrital limestone, which are probably debris-flow deposits
suggestive of moderate- to deep-water deposition. One limestone
bed contains gigantic fusulinids (Parafusulina anti17U)nioensis) as
long as 3 cm (Cooper and others, 1953). Such fusulinids are
similar to giant fusulinids from accreted Permian rocks in the eastern
Klamath Mountains of northern California and in northeastern
Washington (Ross and Ross,1983) and are unlike fusulinids in
Permian rocks of the North American Cordilleran miogeocline. The
rocks that contain giant fusulinids in the eastern Klamath Mountains
and northeastern Washington were deposited outboard of the
Paleowic continental margin of North America (Silberling and
others, 1987), and, on this basis, the EI Antimonio rocks may have
been also. If so, the Paleozoic North American continental margin
on which the Pennian rocks were deposited, or accreted, must lie
close to EI Antimonio, unless the margin was greatly modified by
tectonic truncation prior to the accretion of the EI Antimonio rocks.
The marine Permian rocks at EI Antimonio are unconfonnably
overlain by marine Upper Triassic rocks that are also analogous to
strata in the Western United States that lay outboard of the Paleozoic
and Triassic continental margin (see discussion below).
Upper Triassic Strata
After a hiatus in deposition sparming part, or all, of Late Permian
to Middle Triassic time, deposition resumed in Sonora during the
Late Triassic. Two contrasting facies of Upper Triassic rocks are
recognized. In the EI Antimonio area west of Caborca in
northwestern Sonora, Upper Triassic rocks are at least 1,400 m
thick and form approximately the lower half of the EI Antimonio
Fonnation, which is Early and Middle(?) Jurassic in the upper part
(Gonzalez-Le6n, 1980). The Upper Triassic part of the fonnation
consists of marine siltstone, calcareous very fine grained sandstone,
mudstone, limestone, and sparse conglomerate containing quartzite
clasts. A fauna mainly of ammonites, belemnites, pelecypods, and
corals indicates a Kamian and Norian (Late Triassic) age (GonzalezLe6n, 1980). The EI Antimonio Fonnation also contains
ichthyosaurs (Callaway and Massare, 1989) of a species known
elsewhere only from the Hosselkus Limestone of northern
California. In 1988, a new locality of Upper Triassic rocks, similar
to those at EI Antimonio, was discovered 35 krn southwest of EI
Antimonio at Lat. 30° 29.4' N., Long. 112° 50S W. The rocks at
this locality originally had been reported as Pennsylvanian in age
(Merriam and Eells, 1979), but corals collected in 1988 by R.
Amaya-Martinez, C. A. Stevens, and J. H. Stewart were identified
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Figure 2. Outcrops and facies of uppermost Proterozoic and Paleozoic rocks in central and ~orthern Sonora and ~oc~ties
mentioned in text. Position of hypothetical Mojave-Sonora megashear after Anderson and SIlver (1979); arrows mdicate
direction of relative movement.

by G. D. Stanley, Jr. (oral commun., 1988) as Late Triassic. The
Upper Triassic rocks at EI Antimonio and at the new locality are
similar lithologically and faunally to Triassic rocks of western
Nevada (Luning Formation) and the eastern Klamath Mountains
(Hosselkus Limestone) of northern California (Gonzalez-Le6n,
1980; G. D. Stanley, Jr., oral commun" 1988). In the Western
United States, these rocks occur in accreted terranes (Tozer, 1982;
Silberling and others, 1987) that originally lay outboard of the
Paleozoic and Triassic continental margin and, on this basis, the
Permian and Triassic rocks at EI Antimonio probably also occupied
a position outboard of the continental margin.
The Barranca Group (Figure 3) which we will see on the third
day (see summary of third day) is a completely different facies of
Upper Triassic rock in Sonora. This group is about 3,000 m thick
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and consists largely of marine-delta, fluvial, and alluvial-fan
siliciclastic deposits interpreted to have been deposited in a rift basin
(Stewart and Roldan, 1986; Stewart and Roldan-Quintana, 1990).
These strata are somewhat analogous to Upper Triassic rift basins of
northeastern Mexico and the southern and eastern United States.
The Barranca Group, in its present position, lies south of the Upper
Triassic Chinle Formation of Arizona, Utah, Nevada, Colorado, and
New Mexico, and near the presumed source of voluminous volcanic
detritus in the Chinle Formation (Stewart and others, 1986). This
relation is puzzling because the Barranca Group contains only a few
thin layers of tuff and is predominantly nonvolcanic. The exact
position of the source terrane for volcanic detritus in the Chinle
Formation of the southwestern United States and the relation of this
volcanic terrane to the Barranca Group of Sonora is unclear.
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Position of Latest Proterozoic and Paleozoic Continental Margin
Throughout North America, the predeformational boundary
between shallow-water miogeoclinal or cratonal-platform shallowwater carbonate-siliciclastic rocks and fringing eugeoclinal
sequences of deep-water siliceous and detrital rocks generally lies
close to the presumed position of the latest Proterozoic and
Paleozoic continental margin. The distribution of miogeoclinal and
eugeoclinal rocks (Figures 2 and 3) suggests that this boundary,
now modified by thrust faulting, extends east-west across central
Sonora. Such an orientation is consistent with the Late Permian to
Middle Triassic north-northwest direction of tectonic transport of
eugeoclinal rocks in the Barita de Sonora area (poole and Madrid,
1986, 1988a,b). Elsewhere in North America, such transport
directions were commonly orthogonal, or nearly orthogonal, to the
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existing margin.
In western Sonora, the position of the continental margin is not
well constrained. Unequivocal miogeoclinal rocks extend at least as
far west as Sierra Lopez (Figure 2), but rocks in coastal Sonora and
on several islands in the Gulf of California are not easy to classify as
either miogeoclinal or eugeoclinal. Chert, slate, and carbonate rocks
on Isla Turner and Isla Tiburon have been correlated with
eugeoclinal rocks of central Sonora (Gastil and Miller, 1984), and
we tentatively agree with this interpretation on the basis of our
examination of rocks on Isla Turner. Rocks at Punta Onah were
grouped by Gastil and Miller (1984) with the Isla Turner and Isla
Tiburon rocks, but we consider this grouping dubious because
medium-grained to very coarse grained quartzite at Punta Onah is
unlike eugeoclinal rocks in central Sonora. Elsewhere in coastal
Sonora, undated carbonate or quartzitic rocks can be assigned, with
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considerable uncertainty, to the rniogeoclinal sequence. We
tentatively place the Paleozoic continental margin across coastal
Sonora near latitude 29° N. (Figure 2), as did Gastil and Miller
(1984).
North of latitude 29° N, the position of the continental margin
(Figures 1 and 2) is uncertain but may trend north and originally
have been continuous with the margin in Baja California (Gastil and
Miller, 1984), if Baja California is palinspastic ally restored to its
presumed position opposite western Sonora prior to about 300 km
of right-lateral movement on the late Cenozoic San Andreas fault and
transfOlID faults in the Gulf of California. In this palinspastic
reconstruction, the margin may cross back into Sonora near latitude
30° 30' N, if the unusual Upper Permian rocks at EI Antimonio
represent a terrane originally outboard of the Paleozoic continental
margin (see discussion under stratigraphy, above). Continuation of
the continental margin from its postulated position near EI
Antimonio is problematical. It may trend northwestward from EI
Antimonio and, prior to movement on the San Andreas fault system,
have been continuous with the margin in California and Nevada, as
suggested by Poole and Hayes (1971) and Stewart (1970, figure
36). Alternately, the margin may have been originally nearly northsouth through what are now western Nevada, southern California,
and western Sonora, and was offset left-laterally by a fault (perhaps
the Jurassic Mojave-Sonora megashear, see below), or by a system
of faults, from southern California to the EI Antimonio area.
Intermixed with these speculations is the problem of the original
position of Paleozoic rocks in Baja California relative to those in
Sonora. Paleomagnetic studies by Hagstrum and others (1985)
indicate 9° of latitudinal northward translation of Baja California and
the Peninsular Ranges of southern California between Late
Cretaceous and late Tertiary time. Stewart concurs with Gastil and
Miller (1984) that some rocks in Baja California, particularly those
near San Felipe (Anderson, 1982) that are tentatively considered to
be uppermost Proterozoic and Lower Cambrian, are similar to those
in the Cordilleran miogeoclinal belt of the Western United States and
Sonora and thus may not be exotic. Poole and Madrid regards the
Paleowic rocks exposed in Baja California and west of the San
Andreas fault in California as exotic and unrelated to those in
Sonora, southeastern California, and Nevada.
The position of the continental margin east of central Sonora is
poorly constrained but has been interpreted to have extended
eastward, perhaps offset in places by major strike-slip faults such as
the proposed Mojave-Sonora megashear (see discussion below),
and to have joined with the Ouachita-Marathon belt in Texas
(Peiffer-Rangin, 1979; Stewart, 1988). Poole and Madrid (1988b)
conclude that some of the rocks of the Sonoran and Marathon
orogens were once continuous, although each orogen has some
differences in depositional and structural history. A tie between
Sonora and Texas rocks is supported by the east trend of the
continental margin in Sonora and the generally southwest trend of
the Ouachita-Marathon orogenic belt in Texas. These two belts
might join in a region of few outcrops of Paleozoic rocks in northern
Mexico. This concept is also supported by the widespread
distribution of uppermost Proterozoic and Paleozoic shallow-water
shelfrocks in the United States and northern Mexico as far south as
Lat. 28°, and by the lack of shallow-water rocks that can be tied with
assurance to the North American continental shelf south of this
latitude (Stewart, 1988).
Structure and Tectonics
We assume, as did Dickinson (1981), Stewart and others (1984,
figure 18), and Radelli and others (1987), that eugeoclinal rocks in
Sonora were emplaced originally as allochthonous thrust sheets
above miogeoclinal rocks. This assumption is based on the general
relation elsewhere in western North America where eugeoclinal
rocks have been thrust over miogeoclinal rocks. In parts of Sonora
that have been mapped in detail, however, the eugeoclinal rocks are
either structurally below miogeoclinal rocks (Ketner and Noll, 1987)
or are juxtaposed by faults, some of them high-angle late Cenozoic
extensional faults, which are kinematically unrelated to thrust
faulting that presumably initially juxtaposed the two assemblages
(Poole and Madrid, 1988a). Our present interpretation is that the
eugeoclinal rocks were originally structurally above the
rniogeoclinal rocks, and that this original structural position has been
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reversed locally by younger faults. Obviously, more work is
necessary to see if this assumption is correct.
The distance of presumed overthrusting of eugeoclinal rocks over
miogeoclinal rocks in Sonora is poorly constrained by present data,
but may be at least 40 to 50 km on the basis of north-south overlap
of the two facies in central Sonora (Figures 2 and 3).
In the Barita de Sonora area (see summary of second day), two
major Paleozoic deformational events are recorded in eugeoclinal
rocks (poole and Madrid, 1986, 1988a,b). The first is early Late
Mississippian in age and is characterized by southeast-directed
shortening, thrust faults, and internal deformation. Rocks involved
in this deformational event are unconformably overlain by younger
Upper Mississippian and Pennsylvanian rocks, and later northnorthwest-directed deformation of these Upper Mississippian and
Pennsylvanian rocks as well as the previously deformed older rocks
produced map-scale folds and thrusts. This younger deformation is
probably Late Permian to Middle Triassic in age because regional
deformation is younger than the youngest rocks (Lower Permian in
the Cerro Cobachi and Sierra el Aliso areas) that occur in the
allochthonous terrane in central Sonora and older than the Upper
Triassic Barranca Group that unconformably overlies, and is less
deformed than, the Paleozoic eugeoclinal strata (see summary of day
three).
We consider the Late Permian to Middle Triassic deformation to
be the main event that juxtaposed eugeoclinal rocks and miogeoclinal
rocks in central Sonora, presumably by emplacement of the
eugeoclinal rocks over the miogeoclinal rocks. These two rock
assemblages were geographically separated until the Late Permian
because they occur in separate stratigraphic sequences (they are not
interleaved stratigraphically) and both contain rocks as young as
Early Permian. The juxtaposition of the two assemblages is older
than the Upper Triassic Barranca Group that contains locally derived
clasts from both assemblages.
The eugeoclinal rocks of Sonora display some lithologic
similarities to those of the Antler orogen in Nevada and the
Marathon orogen of west Texas but differ in important respects from
both (Poole and Madrid, 1988b). In Sonora, Paleozoic eugeoclinal
rocks, although first deformed in the early Late Mississippian, were
emplaced over the miogeoclinal rocks in Late Permian to Middle
Triassic time. In Nevada, the Paleozoic eugeoclinal rocks occur in
two major allochthons (the Roberts Mountains allochthon emplaced
during the Antler orogeny in Late Devonian or Early Mississippian
time and the Golconda allochthon emplaced during the Sonoma
orogeny in Late Permian or Early Triassic time). In the Marathon
orogen in west Texas, the Cambrian to Mississippian strata and
overlying Upper Mississippian and Pennsylvanian flysch were
deformed in the Late Pennsylvanian and then overlapped by
uppermost Pennsylvanian molasse and Lower Permian shelf rocks.
After emplacement of the presumed allochthon, or allochthons,
of Paleozoic eugeoclinal rocks, and perhaps after a time of erosion,
the Upper Triassic Barranca Group was deposited in central Sonora.
The Barranca Group is a thick and laterally variable sequence of
coarse clastic rocks deposited mainly in a east-west elongated basin
about 125 km long and 25 km wide (Figure 3). This basin has been
interpreted to be of rift origin (S tewart and Roldan, 1986, 1990).
In the EI Antirnonio area of northern Sonora, the history of the
continental margin was different from that in central Sonora. The
Permian Monos Formation of EI Antimonio, as described above,
may have been deposited in moderate to deep water outboard of the
Paleozoic continental margin, but no outcrops of cherty eugeoclinal
rocks similar to those in central Sonora are known. The lack of
such cherty rocks is puzzling, if the continental margin once lay
close to EI Antimonio as proposed. Possibly eugeoclinal rocks may
yet be found in northwestern Sonora, or they may be covered
everywhere by younger rocks. Alternately, cherty eugeoclinal in
northern Baja California may have once been close to EI Antimonio
(Figure 1), provided that Baja California was west of Sonora in
Paleozoic time (Gastil and Miller, 1984) and not at a great distance
to the south as suggested by paleomagnetic information (Hag strum
and others, 1985). Still another idea is that the continental margin in
western Sonora was tectonically truncated, cherty eugeoclinal rocks
removed, and rocks from originally more widely spaced terranes
tectonically juxtaposed.
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Lateral Displacements (Mojave-Sonora Megashear and Other
Models)
Since it was first proposed by Silver and Anderson (1974), the
concept of the left-lateral Mojave-Sonora megashear has created
more controversy than any other subject of Sonoran geology. We
here outline the original concept, subsequently proposed
modifications, and arguments for and against the concept. With
present evidence, the existence of the Mojave-Sonora megashear, or
other faults of large left-lateral displacement, cannot be clearly
confirmed or denied. The leaders of this field trip include both
supporters and opponents of the concept, and the readers will have
to evaluate the data and come to their own conclusions.
The original proposal of Silver and Anderson (1974), Anderson
and Silver (1979), and Anderson and Schmidt (1983) was that a
major left-lateral fault (Mojave-Sonora megashear, A-B-C-G-H,
Figure 1) trends south-southeastward from Califomia, into Sonora,
and beyond. They noted an apparent disruption in northwest
Mexico of two Precambrian crystalline basement provinces and the
seemingly similar disruption of unconformably overlying uppermost
Proterozoic and Paleozoic Cordilleran miogeoclinal rocks. From
similarities between Cordilleran miogeoclinal rocks in the lnyo
MountainslDeath Valley region, eastern California, and in the
Caborca region, northwestern Sonora, on opposite sides of the
proposed megashear, they suggested that these areas originally were
close together and subsequently were displaced left-laterally about
700 to 800 km to their present positions. Movement on the
megashear was considered by Anderson and Silver (1979) to be
Jurassic in age on the basis of the apparent disruption of Upper
Triassic and Lower Jurassic rocks, possible tectonic relations of the
megashear to Middle Jurassic volcanism and plutonism, and the lack
of disruption of Cretaceous plutonic rocks. Stevens and Stone
(1988) also suggest that the Sonora rocks have been displaced
southeastward from California, but they interpret the age of
displacement as Pennsylvanian or Permian on the basis of their
interpretation of a change in trend of Pennsylvanian and Permian
facies belts compared with older rocks (also see similar arguments
by Walker, 1988).
A persistent criticism of the Mojave-Sonora megashear model as
originally proposed by Silver and Anderson (1974), Anderson and
Silver (1979), and Anderson and Schmidt (1983) is that the trace of
the proposed fault cuts across apparently continuous trends of
Paleozoic rocks in the Mojave Desert region of southern California
(Cameron, 1982; Walker, 1988). Also, craton ai-platform rocks
(Leveille and Frost, 1984; Fitts, 1986; Hamilton, 1987) at Ejido
Aquiles Serdan (also called El Capitan) in northwestemmost Sonora
(Figure 1) and in the Gila Mountains in southwestern Arizona
(Figure 1) occur west of the megashear and could have originally
been continuous with rocks in Arizona on the opposite side of the
proposed megashear. Various proposals have been made to
reconcile these apparent contradictions: (1) The megashear may lie
south of the Mojave Desert region (Cameron, 1982; Gastil and
Miller, 1984; Stewart and others, 1984) and may not cut across this
region as originally proposed. A fault in this position might
continue west from Sonora into Baja California (E-F, Figure 1),
provided the Paleozoic terrane of Baja California originally was
adjacent to Sonora, and not, as discussed previously, exotic. (2)
The megashear may curve westward through the western Mojave
Desert region (C-D) and then continue southeastward into Sonora,
perhaps along the proposed fault E-F. The C-D fault has been
considered a possible continuation of a fault (A-B) that truncated the
Cordilleran miogeoclinal belt (see summary by Walker, 1988). The
present westward curve of this proposed fault may be the product of
Cenozoic extension and strike-slip faulting (Walker, 1988), and the
original trend may have been essentially north-south, an orientation
compatible with proposed left-lateral displacements in the region.
(3) The megashear may have had two or more strands (Dickinson,
1981). Offset along the eastern strand (C-G) may have been
relatively minor, but sufficient to account for the proposed
displacement of basement terranes in westernmost Arizona and
adjacent parts of northernmost Sonora. In this model,
southeastward left-lateral displacement of the rocks in central Sonora
occurred primarily on other faults, such as the hypothesized fault EF-G-H. (4) The present distribution of rocks is due to southern
displacement along the proposed megashear, and a nearly
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comparable distance of post-megashear northward displacement, of
a tectonic slice that now forms the western part of the Mojave Desert
(Stewart and others, 1984), and (5) The possibly out-of-place rocks
in the western Mojave Desert, southwestern Arizona, and
north westernmost Sonora were transported in postmegashear time
along low-angle extensional faults from positions once east of the
megashear to positions west of the megashear (L.T. Silver, oral
commun., 1982).
Evidence cited by geologists supporting major left-lateral
transport along the Mojave-Sonora megashear, or along some other
fault or faults, is as follows:
(1) Precambrian crystalline basement rocks, as indicated by Silver
and Anderson (1974) when they originally proposed the idea of the
megashear, appear to be disrupted in northern Sonora and adjacent
parts of the United States. Basement rocks ranging in age from 1.7
to 1.8 Ga lie southwest of the proposed megashear in northern
Sonora and southwestern Arizona, and those ranging in age from
1.6 to 1.7 Ga lie northeast. This pattern, if real, cannot be
accounted for by outward continental accretion because older rocks
lie outboard of younger rocks, and some type of lateral displacement
appears to be necessary to account for the present distribution of
these rocks.
(2) Some stratigraphic sections south of the proposed megashear in
Sonora are similar to those in California on the opposite side of the
fault. For example, much of the uppermost Proterozoic and
Cambrian sequence in the Caborca region on the southwest side of
the faults can be correlated with strata in southern California and
southern Nevada (Stewart and others, 1984) on the northeast side.
Included in these correlations are the distinctive Lower Cambrian
Proveedora Quartzite of Caborca and the correlative Zabriskie
Quartzite of the United States, and a 2- to 3-m-thick oolite bed of the
Clemente Formation of the Caborca region and the possibly
correlative oolite ("Johnnie oolite") in the Johnnie Formation in the
United States. Close similarities also exist between a quartzite
(quartzite of Peria Blanca) in the Cerro Cobachi area, a possible
correlative Middle Ordovician quartzite in the Sierra Lopez area, and
the Middle Ordovician Eureka Quartzite of southeastern California
and southern Nevada (Ketner, 1986).
(3) The apparent termination of the Paleozoic continental margin in
the Mojave Desert region (D, Figure 1) and the apparent
reappearance of this margin to the south in either northern Baja
California (F, Figure 1) or northwestern Sonora (G, Figure 1) is
suggestive of left-lateral offset. This possibly once continuous
margin may have had a complex history of lateral dislocations prior
to this proposed left-lateral offset because removal of slices of
eugeoclinal and miogeoclinal rocks has been suggested in both
California (see Walker, 1988, for summary) and in the EI Antimonio
area of northwestern Sonora (see previous discussion). If rocks that
moved northward about 300 km on the west side of the late
Cenozoic San Andreas fault system are palinspastic ally restored, no
miogeoclinal rocks would occur along about 400 km of the
presumably continuous wraparound margin. This gap in the
distribution of miogeoclinal rocks is even more striking (D to G,
Figure 1) if all the Paleozoic strata in Baja Califomia and the
Peninsular Ranges are exotic and unrelated, as discussed above, to
Paleozoic rocks in Sonora. The gap in distribution of miogeoclinal
rocks is compatible with the concept of lateral displacement of a part
of the continental margin.
(4) Paleomagnetic data (Cohen and others, 1981, 1986) on Upper
Triassic and Lower Jurassic rocks at EI Antimonio (Figure 1)
support, but do not prove, postulated displacement on a major fault.
Those geologists not in favor of the concept of the megashear
give the following arguments:
(1) Information on the distribution of Precambrian basement terranes
cited by Anderson and Silver (1974), Anderson and Silver (1979),
and Anderson and Schmidt (1983) as evidence of the megashear is
incompatible, as discussed above, with information on the
distribution of Paleozoic miogeoclinal rocks in the western Mojave
Desert and of cratonal-platforrn rocks in southwestern Arizona and
northwestemmost Sonora. To place the megashear in the position
originally proposed by Silver and Anderson requires either (a) a
complex fault pattern such as the two-strand model of Dickinson
(1981) or (b) postmegashear displacements along low-angle
extensional faults that have disrupted Paleozoic miogeoclinal or
cratonal-platforrn rocks relative to the proposed megashear, as
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proposed by L.T. Silver (oral commun., 1982). Arguments based
solely on the distribution of Paleozoic rocks still permit speculation
of sizable left-lateral displacements along faults in California and
Sonora, but these arguments are not as convincing if information
from the distribution of Precambrian rocks is excluded.
(2) Miogeoclinal rocks that have been used to suggest 800 km of
offset are lithologically similar over large distances and do not
provide precise information on the amount of major lateral fault
offset. Units like the Lower Cambrian Zabriskie Quartzite and the
Middle Ordovician Eureka Quartzite may have been regionally
extensive quartzose deposits that once wrapped around the shelf
margin into northern Mexico and subsequently were disrupted by
faulting less severe than the postulated Mojave-Sonora megashear.
In addition, some miogeoclinal rocks in Sonora display differences
from time-equivalent rocks southeastern California and southern
Nevada, for example (a) the Upper Cambrian Dunderberg Shale that
is widespread in Nevada and southeastern California has not been
positively identified in time-equivalent rocks in Sonora, (b)
Ordovician to Mississippian rocks in the Caborca region and in
central Sonora display many differences from time-equivalent rocks
in eastern California and southern Nevada, according to F. G. Poole
(unpub. field work, 1980-1985), (c) Mississippian rocks in the
Caborca region are reported by Armstrong and others (1981) to
more closely resemble rocks in southwestern New Mexico and
southeastern Arizona, than those in southeastern California, and (d)
the Ordovician to Mississippian rocks at Rancho Las Norias do not
closely resemble the Ordovician to Mississippian rocks in
southeastern California (F. G. Poole and R. J. Ross, Jr., unpub.
field work, 1984- 1989).
(3) Poole and Madrid (1988b) have shown that Paleozoic
eugeoclinal rocks in the Sonoran orogen of central Sonora are
significantly different from time-equivalent rocks in the Antler
orogen of Nevada and southeastern California. The different
depositional and structural histories of the rocks in the two orogens
present serious problems to any hypothesis that suggests that the
two orogens have been offset directly.
(4) The trace of the proposed megashear in Sonora and California
has not been clearly located. Dejong and others (1988) have
recently suggested that a possible fault occurs in the Caborca region
where the megashear has been positioned, but they infer that this
fault is a thrust and not a strike-slip fault. On the other hand, T.H.
Anderson and C. D. Conners in Tosdal and others (1990) report that
the megashear can be located in the field at a few places in the region
of northernmost Sonora from 90 to 150 km northwest of Caborca.
SUMMARY OF GEOLOGY OF THE FIRST DAY
(Stewart, Roldan, Poole)
On the fust day of the field trip we will look at Lower Permian
and Upper Triassic rocks in Sierra la Flojera about 10 km southeast
of Hermosillo. Two contrasting types of Lower Permian rocks
(Figure 4) are exposed in the Sierra la Flojera area: (1) massive,
thick-bedded, shallow-water limestone exposed in small hills
(Figure 4) surrounded by alluvium in and near quarries of the
Calhidra de Sonora about 1/2 km east of Sierra la Flojera and (2)
deep-water siltstone, silty limestone, detrital limestone, and
conglomerate well exposed on the east flank of Sierra la Flojera.
Upper Triassic rocks consist of limestone, siltstone and limy
siltstone, and conglomerate that crop out in an isolated hill at the
north end of Sierra la Flojera.
The Lower Permian massive limestone that crops out in the small
hills east of Sierra la Flojera is recrystallized and contains poorly
preserved fusulinids, possibly Schwagerina youngquisti (C. H.
Stevens, written commun., 1989) of Permian (Wolfcampian) age.
An estimated 100 meters of this limestone is exposed.
The deep-water Lower Permian strata on the east flank of Sierra
la Flojera is about 290 m thick (Figure 4) and consists largely of
siltstone, silty very fine grained sandstone, limy siltstone, and silty
limestone. These silty strata are indistinctly laminated to thin bedded
and contain sparse thin beds exhibiting an upward progression from
parallel laminated, small-scale cross-laminated, to parallel laminated
strata, representing Bouma B, C, and D turbidite sequences. Small
grazing trace fossils of the Nereites association occur in siltstone in
the middle part of the section (Figure 4). Interstratified with the silty
strata are sparse lO-cm- to 4-m-thick turbiditic detrital limestone and
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debris-flow conglomerate. The detrital limestone consists of
medium to very coarse grains of limestone, pelmatozoan debris, and
fusulinids, minor amounts medium grains of quartz, and sparse
medium to coarse grains of angular chert, all set in a limy matrix.
The detrital limestone commonly occurs in upward-fining graded
beds which are considered to be debris-flow or sand-flow deposits.
Three conglomerate layers occur in the lower half of the section
(Figure 4). The lower conglomerate is 30 cm thick and contains
clasts of limestone and chert as large as 14 cm in diameter; the
middle conglomerate is about 4.3 m thick and contains limestone,
siltstone, and chert clasts as large as 25 cm. The middle
conglomerate is divided into two parts by a 30-cm-thick siltstone
layer. The upper conglomerate is 1.8 m thick and is similar to the
middle conglomerate. Except for the siltstone layer in the middle
conglomerate, the tluee conglomerate layers contain no internal
bedding. This massive character and the association with turbidite
deposits suggest that the conglomerate beds were deposited as
debris flows.
Fusulinids in detrital limestone in the lower part of the deepwater sequence are broken, but free of matrix and are considered to
have been deposited soon after they died; they are middle and late
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Wolfcampian in age and consist of Schwagerina diversiformis,
Schwagerina youngquisti?, and Schwagerina grandenis (C. H.
Stevens, written commun., 1989).
About 1.3 kIn north of our measured section ofl..ower Pennian
rocks is a small outcrop (Figure 4) of mixed lithologies from which
Late Triassic gastropods and pelecypods (Plicatula sp., Halobia sp.,
Ostrea sp.) have been reported (Roldan-Quintana and GonzalezLe6n, 1985). An ornate ammonite impression was collected from
this outcrop in March 1989, and identified by N.J. Silberling
(written commun., 1989) as closely resembling Discotropites of
early Late Triassic (late Karnian) age. The rocks consist of
limestone (commonly shelly), siltstone and limy siltstone, and
conglomerate containing rounded to angular clasts as large as 10 cm
in diameter composed of limestone, chert, and sparse quartzite set in
a limy matrix. Because these Upper Triassic rocks occur in an
isolated outcrop, their stratigraphic and structural relation to the
Lower Penni an rocks is unknown. In the description of Sierra la
Flojera by Roldan-Quintana and Gonzalez-Loon (1985), the
fossiliferous Triassic strata in this isolated outcrop were correlated
with rocks in the main part of Sierra la Flojera. On this basis,
Roldan-Quintana and Gonzalez-Le6n (1985) interpreted the unit we
here consider deep-water Lower Pennian rocks in the main part of
Sierra la Flojera to be Triassic. Their correlation is now considered
invalid because of lithologic differences between the Triassic rocks
on the isolated hill and those in the main part of the Sierra la Flojera,
and because rocks dated by fossils on the isolated hill are Late
Triassic in age and those in the main part of the Sierra la Flojera are
Early Pennian.
The deep-water Lower Penni an rocks in Sierra la Flojera
illustrate a major unsolved problem of Sonora geology. These rocks
can be interpreted either as part of a major allochthon consisting of
deep-water Pennian rocks that has been thrust over shallow-water
Paleozoic carbonate rock, or they can be interpreted as
autochthonous and as deposited in deep toughs formed in Early
Penni an time on a ripidly subsiding continental shelf, analogous to
Pennsylvanian and Pennian toughs within Cordilleran miogeoclinal
shelf areas in eastern California and southern Nevada (Stone and
Stevens, 1984) and shelf areas of northern Chihuahua (Bridges,
1964) and west Texas (Handford, 1981). This problem cannot be
resolved in the Sierra la Flojera area because the contact between the
shallow-water and deep-water rocks is covered by alluvium;
however, the relatively undeformed character of the deep-water
rocks and the similar strike and dip of the shallow- and deep-water
rocks suggest that the two sequences could be in sedimentary
contact. The possible sedimentary contact leads us to favor the idea
that the deep-water rocks were deposited in a deep trough that
formed rapidly on a subsiding shelf in Early Pennian
(Wolfcampian) time.
A similar history of Wolfcampian trough development may apply
to a broader area of Sonora. The Mina Mexico Formation, for
example, which occurs in the northern part of the Sierra el Encinal
(Figure 3) 145 kIn east of Sierra la Flojera, consists largely of
turbiditic siltstone and very fine grained sandstone containing
abundant Nereites association trace fossils (cf. Lophoctenium).
Conodonts from silty limestone collected by K B. Ketner and J.H.
Stewart in 1984 and identified by B.R Wardlaw and RG. Stamm
(written commun., 1984) indicate an Early Pennian (Wolfcampian)
age for the Mina Mexico Formation. Schmidt (1978) and Hewett
(1978) considered the Mina Mexico Formation to be in sedimentary
contact with underlying shallow-water limestone dated by fusulinids
as Wolfcampian or Leonardian in age. They noted a general
similarity of the stratigraphic succession from place to place in rocks
directly below the Mina Mexico Formation and cited this relation as
evidence for a depositional contact rather than a fault. Radelli and
others (1987), however, consider the Mina Mexico Formation to be
allochthonous, perhaps because they grouped it with Ordovician
siliceous and detrital rocks. They presented no field evidence that
the Mina Mexico is allochthonous. If the Mina Mexico Formation
was deposited on underlying carbonate-shelf rocks, it records the
development of a deep-shelf trough at approximately the same time
(Wolfcampian) as the strata in the Sierra la Flojera
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SUMMARY OF GEOLOGY OF SECOND DAY (poole and
Madrid)
On the second day we will examine Paleowic siliceous and
detrital rocks in the Barita de Sonora mine area (Figure 3). This
summary is based on detailed mapping (1:15,000 scale) by F.G.
Poole and R.I. Madrid of about 1oo km2 during 1- to 3-week field
seasons in 1981-85 and 1988. Initial field work by F.G. Poole
(1981-84) and paleontological work by W.B.N. Berry, A. I.
Boucot, RC. Douglass, A.G. Harris, B.L. Murchey, and B.R.
Wardlaw contributed to the resolution of the stratigraphy. Several
progress reports on the geology of the Barita de Sonora area have
been presented in abstracts (Poole and others, 1983; Poole and
Madrid, 1986; Poole and Dutro, 1988; Poole and Madrid, 1988a,b;
Madrid and others, 1988; Poole and others, 1988) and in a previous
guidebook report (Poole and Madrid, 1988a), which is partly
repeated here.
Geologic Setting
Both miogeoclinal and eugeoclinal Paleozoic strata are recognized
in the Barita de Sonora mine area. Miogeoclinal rocks consist of
limestone and dolostone and minor arnounts of sandstone, siltstone,
and mudstone, and they form conspicuous high ridges in the area.
Strata within these carbonate sequences consist of Ordovician to
Pennian shallow-subtidal to supratidal continental-shelf deposits.
Eugeoclinal rocks (Figure 5) consist of chert, mudstone, siltstone,
and subordinate limestone, sandstone, conglomerate, dolostone,
barite and tuff. These strata represent Ordovician to Pennsylvanian
deep-water offshelf continental-rise and oceanic deposits that were
deformed and obducted cratonward onto the continental shelf.
The contrasting deep-water eugeoclinal and shallow-water
miogeoclinal facies, which are in fault contact in the Barita de
Sonora area, were presumably deposited in widely separated areas
and subsequently juxtaposed by faulting. We have not yet mapped
the bounding fault zones in detail nor analyzed the structures in the
rocks adjacent to the bounding faults. Radelli and others (1987)
interpreted these faults to be mainly thrust faults that transported
basinal eugeoclinal over miogeoclinal strata. However, on the basis
of our limited work, we consider some of these faults to be
kinematically unrelated to the main fold systems in the eugeoclinal
rocks of the Barita de Sonora mine area.
Stratigraphy
We will focus on the eugeoclinal rocks in the Barita de Sonora
mine area and vicinity. The rocks represent moderately deep water
deposits. Most of the rock units contain conodonts, radiolarians,
and trace fossils. In addition, the Ordovician rocks contain
graptolites, Upper Devonian rocks contain sparse brachiopods, and
Pennsylvanian rocks contain fusulinids. Fossils were used for
determination of ages and interpretations of environments, and
sedimentary structures and lithofacies were used for interpretation of
depositional settings.
Lower Ordovician rocks (Figure 5) consist of interbedded
mudstone, siltstone, sandstone, conglomerate, and carbonate rocks
(formation of El Quemado). Middle Ordovician rocks consist of
shaly mudstone and siltstone and minor sandstone interbeds (shale
ofEl Mezquite). Uppermost Middle and Upper Ordovician rocks
consist of chert with siltstone partings and minor interbedded
siltstone, dolostone, and tufflayers (chert ofEl Yaqui). A
discontinuous thin silty dolostone to limestone generally marks the
top of the Upper Ordovician (dolostone ofEl Torote). A major
unconfonnity occurs between Upper Ordovician and Upper
Devonian rocks, and alteration and enrichment of some metals are
localized in strata directly above and below the unconfonnity.
Upper Devonian rocks consist of interbedded mudstone, siltstone,
chert, turbiditic sandstone, turbiditic and exhalative barite, and
minor amounts of limestone and tuff (formation of Los Pozos).
Lower Mississippian rocks consist of turbiditic limestone and minor
amounts of chert, mudstone, siltstone, and sandstone (limestone of
Cerro Tasajo). A regional angular unconfonnity between the Lower
and Upper Mississippian records major deformation and erosion of
the pre-Upper Mississippian sequence. Upper Mississippian chertgravel conglomerate (conglomerate of Los Chinos) rests on the
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Figure 5. Generalized stratigraphic chart of eugeoclinal rocks in the Barita de Sonora mine area (see Figure 3 for
location). From Poole and Madrid (1988a).

folded and-faulted pre-Upper Mississippian sequence. This
conglomerate is overlain by Upper Mississippian mudstone,
siltstone, chert, and minor barite and Lower to Upper Pennsylvanian
interbedded chert, mudstone, siltstone, turbiditic sandstone,
conglomerate, barite, and limestone, and some dolostone (formation
of Rancho Nuevo).
Structure
Two major tectonic events are recorded in rocks of the Sonoran
orogen in the Barita de Sonora mine area (Poole and Madrid, 1986,
1988a,b). The fIrst event occurred in the early Late Mississippian
when Lower Ordovician to Lower Mississippian rocks were
deformed by southeast-directed compression, resulting in a series of
thrust nappes with signifIcant internal deformation as will be seen in
the chert of EI Yaqui at stop 4 (Figure 6). These folded and faulted
rocks were eroded and depositionally overlapped by younger Upper
Mississippian and Lower Pennsylvanian conglomerates and flyschlike siliciclastic deposits of Pennsylvanian age. The second event
deformed all these rocks into map-scale folds and fold thrusts that
indicate north-northwest-directed compression. Regional evidence
suggests that this later (Sonoran) deformation occurred in the Late
Permian to Middle Triassic, evidence that we will view on day three.
The allochthonous Paleozoic eugeoclinal sequence is intruded by an
early Tertiary pluton (granite ofEI Estribo) about 7 km eastsoutheast of the Barita de Sonora mine area. Zircons from the
granite collected by F.G. Poole and R.J. Madrid in 1984 yielded a
uranium-lead age of 62±1 Ma (R.E. Zartman, 1986, written
commun.).
Barite Deposits
Commercial-grade stratiform barite deposits of Late Devonian
age and latest Mississippian to Early Pennsylvanian age occur in
eugeoclinal rocks in the Barita de Sonora mine area (Poole and
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others, 1983; Poole and Madrid, 1988a). These synsedimentary
barite units occur within sequences of chert, mudstone, silicified
mudstone, siltstone, and minor amounts of sandstone and detrital
carbonate rock. Both units contain sedimentary features diagnostic
of clastic deposition within southwest-trending turbidite-fan systems
(Madrid and others, 1988). In-situ communities of the Late
Devonian brachiopod Dzieduszyckia sonora (Noll and others, 1984)
occur in some barite beds within the dominantly clastic barite facies,
suggesting local exhalative-vent sites within the submarine-fan
system (Poole and Dutro, 1988).
The Upper Devonian barite unit forms an extensive facies that
has a minimum strike length of 25 km and a thickness of 1 m to
more than 20 m. All of the clastic Devonian barite beds are
stratiform and interbedded within silicified mudstone and chert
sequences in thinning- and fining-upward depositional cycles and
channel-fill deposits typical of a submarine middle-fan facies
(Madrid and others, 1988). The bases of the cycles are
characterized by clast-supported and minor matrix -supported baritic
conglomerate, both with barite matrix, in beds as thick as 2 m,
grading upward into baritic sandstone and siltstone beds. These
beds generally alternate with, and are overlain by, minor chert,
mudstone, and siltstone, which are veined by crystalline barite or
replaced by secondary rosette and nodular barite. Because of
repetition of this facies due to complex thrusting and map-scale
folding during both mid-Mississippian time and Late Permian to
Middle Triassic time, the Upper Devonian barite unit constitutes one
of the world's largest concentrations of medium- to low-grade
barite. Below the barite unit, clasts within a channel-fill
conglomerate consist of barite, angular chert, argillite, mudstone,
siltstone, and sparse quartzose sandstone. Most of the finer grained
clasts lithologically resemble Paleozoic rocks that underlie the
Devonian sequence. The Upper Devonian barite unit also contains
turbiditic sandstone layers composed of abundant coarse- and
medium-size quartz grains that are inferred to have had a source
outside the area of deposition because similar materials are absent in
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Figure 6. Sketch diagram of folds and faults in uppermost Middle and Upper Ordovician chert of El Yaqui exposed in roadcut at
stop 4 in the Barita de Sonora mine area. Sketch prepared by R.J. Madrid (unpub. data).

the underlying pre-Devonian strata.
The uppermost Mississippian-Lower Pennsylvanian barite unit
at the Barita de Sonora mine represents a major channel-fill sequence
in the upper part of a basal conglomerate that marks a regional
unconformity across folded and faulted Lower Ordovician to Lower
Mississippian strata. The currently mined, higher grade, channel-fill
barite-rich interval is part of a well-exposed, 2-km-long outcrop that
contains minable barite as much as 30 m thick. The basal bed in the
mine consists of a clast-supported conglomerate, as thick as 4 m,
composed of angular clasts of redeposited fine-grained barite, baritic
sandstone, abundant fragments of rosette and nodular barite,
siltstone, radiolarian-bearing chert, and black argillite. Many clasts
exhibit tectonic folding. Composition of this clast assemblage
indicates derivation from the Upper Devonian stratiform barite unit
and underlying Ordovician rocks. Above the basal conglomerate,
but within major submarine channels, are 2- to 4-m-thick barite
debris flows composed almost entirely of barite clasts within a fmegrained barite matrix. These debris-flow deposits become finer
grained and thinner bedded up section and grade into baritic
sandstone and siltstone containing isolated clasts mostly of barite.
In addition to the thinning- and fining-upward cycles, the
channelized baritic beds within predominantly shaly mudstone
intervals probably represent middle and upper submarine-fan
environments. The uppermost Mississippian to Lower
Pennsylvanian barite deposits of the Barita de Sonora mine are
interpreted to be mostly reworked Upper Devonian sedimentary
barite beds.
Paleocurrent data, sedimentary features, clast types, tectonic
relief inferred from clast types, and syndepositional high-angle
normal faults suggest that both the Upper Devonian and uppermost
Mississippian to Lower Pennsylvanian barite units were
predominantly turbiditic in origin (Madrid and others, 1988). The
ultimate source of the detrital barite may have been seafloor
exhalative barite deposited along major extensional faults that were
conduits for barium-rich hydrothermal fluids.
SUMMARY OF THIRD DAY (Stewart, Roldan, Amaya)
On the third day of the field trip we will examine Paleowic
eugeoclinal rocks in Sierra el Aliso and Sierra San Javier (Figure 3)
that are correlative in part with, but mostly of a different facies than,
eugeoclinal rocks in the Barita de Sonora area. We will also look at
the Upper Triassic Barranca Group that unconformably overlies
significantly more deformed Paleozoic eugeoclinal rocks. The
Ban'anca Group, which is interpreted to be a rift-basin deposit,
postdates a major deformational event that emplaced eugeoclinal
rocks onto the continental margin.
Paleowic eugeoclinal rocks occur in Sierra el Aliso, and the
Barranca Group occurs in the southern part of this range and in the
contiguous Sierra San Javier (Figures 3 and 7). The eugeoclinal
rocks were first dated by graptolites, radiolarians, and conodonts
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from samples collected by J. H. Stewart in 1984. The area was
studied by Barrera-Moreno and Dominguez-Perla (1987), SotoContreras and Navarro-Martinez (1987), Bartolini (1988), Bartolini
and others (1988), and J. H. Stewart (unpub. field studies, 19841987). Field work by these geologists, in particular by Bartolini
(1988), and paleontological work by Claire Carter, B.L. Murchey,
Kirk Denkler, A.G. Harris, J.E. Repetski, R.C. Douglass and C.A.
Ross have contributed to the development of a preliminary
stratigraphy. Contacts between most units are faults, and the
stratigraphic relation between units is poorly understood. The area
is structurally complex, outcrops are generally poor, and much more
work is necessary to more fully understand the stratigraphy and
structure ofthe eugeoclinal rocks in Sierra el Aliso.
To date, rocks of Ordovician, Devonian, Mississippian to
Pennsylvanian(?), and Permian age have been identified (Bartolini,
1988; Bartolini and others, 1988). Rocks of Ordovician age consist
of (1) a thin sequence of Lower Ordovician graptolitic shale and
minor amounts of siltstone and quartzite (2) a loo-m-thick cliffforming Middle Ordovician quartzite that forms the crest of most of
Sierra el Aliso, and (3) an overlying(?) thin sequence of Middle
Ordovician graptolitic shale, argillite, siltstone, and chert, and (4) a
thin poorly known sequence of Upper Ordovician limestone, shale,
and chert. Devonian rocks consist of an unknown thickness of
siltstone and turbiditic limestone of late Middle Devonian age and of
an approximately 50-m-thick radiolarian chert of Late Devonian age.
Mississippian (Osagean to Chesterian) to Lower Pennsylvanian(?)
rocks consist of approximately 30 m of thin-bedded, locally
convoluted and turbiditic, limestone containing some bioclastic beds
and chert-clast conglomerate. Permian rocks consist of a single
small outcrop of limestone turbidite containing Wolfcampian
fusulinids.
The most conspicuous unit in the Sierra el Aliso is the
compositionally mature Middle Ordovician quartzite. This unit is
dated by graptolites discovered by L. A. Navarro-Martinez in
siltstone layers within the quartzite and is strikingly similar to
quartzite of the Ordovician Valmy Formation of Nevada. We will
see this quartzite in the northern part of Sierra el Aliso on the first
stop of the third day.
Unconformably overlying the eugeoclinal rocks in the southern
part of Sierra el Aliso and contiguous Sierra San Javier are clastic
rocks of the Upper Triassic Barranca Group (Figures 7 and 8;
Alencaster, 1961a,b; Wilson and Rocha, 1949; Weber, 1985; Potter
and Cojan, 1985; Stewart and Roldan, 1986; Stewart and RoldanQuintana, 1990). Barranca Group rocks are much less deformed
than those of the underlying eugeoclinal sequence, indicating major
deformation of the eugeoclinal rocks prior to Late Triassic time. The
Barranca Group is about 3,000 m thick and consists of, in
ascending order, the Arrayanes, Santa Clara, and Coyotes
Formations (Figure 8). The Arrayanes and Santa Clara FOmlations
are composed of fluvial and marine-delta deposits of quartzose and
arkosic sandstone. conglomerate. shale, and siltstone; the Santa
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Figure 7. Reconnaissance geologic map of Sierra San Javier and Sierra el Aliso areas (see Figure 3 for location. From Stewart and Roldan (in press).
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Clara Formation contains minor amounts of coal and tuff. A sharp
contact (perhaps an unconformity) separates the Santa Clara
Formation from the overlying Coyotes Formation, which consists of
alluvial-fan deposits of pebble-ta-boulder conglomerate. The Santa
Clara Formation has been dated paleontologically as Late Triassic
(Alencaster, 1961a,b; Weber, 1985), and the underlying Arrayanes
is most likely approximately the same age because it is gradational
with, and lithologically similar to, the Santa Clara Formation, The
age of the Coyotes Formation is less certain because it is
lithologically dissimilar to and perhaps lies unconformably above the
dated Santa Clara Formation. It is commonly assumed to be Late
Triassic, but it could be younger. The Coyotes Formation is
particularly significant because it contains abundant chert clasts
presumably derived from the cherty eugeocJinal rocks that underlie
the Barranca Group, as well a sparse limestone clasts, some of
which contain the North American Permian (Leonardian) fusulinid
Schwagerina guembeli Dunbar and Skinner (R. C. Douglass,
written commun., 1985). These limestone clasts resemble
miogeoclinal rocks in Sonora and were probably derived from them.
The occurrence of large clasts derived from rocks of both the
eugeoclinal and miogeoclinal terranes indicates that these two
terranes were most likely tectonically juxtaposed before deposition
of the Coyotes Formation.
The thick, coarse, and laterally variable deposits of the Barranca
Group indicate deposition in a basin, or series of basins, flanked by
areas of high relief. Much of the Barranca in Sonora, however,
appears to have been deposited in a single basin that is delineated by
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the occurrence of extensive outcrops of the Barranca Group in an
east-west-trending belt about 125 km long and 25 km wide (Figure
3). The elongate shape of this basin and the interpretation of
flanking areas of high relief is suggestive of a rift basin, If so, the
Barranca Group may be part of a broad zone of rift-related Upper
Triassic sequences in northern Mexico and into the southern and
eastern United States that apparently formed by transtensional
and(or) extensional faulting (Stewart, 1988; Stewart and Roldan,
1990),
SUMMARY OF GEOLOGY OF FOURTII DAY (Stewart, Ketner,
Amaya)
The most complete exposures of Cambrian and Ordovician strata
yet discovered in Sonora are near Sierra Lopez, 50 km northwest of
Hermosillo (Figure 2), Strata consist of a few hundred meters of
Lower Cambrian quartzite, limestone, siltstone, and shale and a
geographically and structurally separate sequence of about 2,700 m
of Middle Cambrian to Upper Ordovician limestone, dolomite,
chert, and quartzite. These strata are all shallow-water miogeoclinal
deposits lithologically similar to, and correlative with lower
Paleozoic Cordilleran miogeoclinal deposits of Califo;rua and
Nevada of the Western United States,
Previous work in the Sierra Lopez area consisted of
reconnaissance studies by Flores (1929), Menicucci and others
(1982), and Amaya-Martinez and Calmus (1985), who all noted
widespread Paleozoic, or presumed Paleozoic, carbonate rock and
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quartzite in the Sierra Lopez area. Avila-Angulo (1987) mapped the
area at a scale of 1:50,000 and fIrst found Ordovician fossils in the
stratigraphic sequence. Our work, partly reported earlier (Stewart
and others, 1988), consisted of reconnaissance mapping of the
northern part of the Sierra Lopez area (Figure 9), measurement of a
detailed section of Cambrian and Ordovician rocks (Figure 10), and
collecting of fossils from both Cambrian and Ordovician rocks. The
Cambrian fossils are the fIrst reported from the area and signifIcantly
extend the distribution of Cambrian strata in Sonora. Cambrian
trilobites were identifIed by A. R. Palmer, Ordovician brachiopods
and trilobites by R. J. Ross, Jr., and Ordovician conodonts by J. E.
Repetski.
Strata West and North ofPozo Nuevo

)

)

The oldest rocks (unit 1, Figures 9 and 10) recognized in the
Sierra Lopez area crop out in low hills west and north of Pozo
Nuevo (Figure 9). These rocks consist of pinkish-gray to yellowgray fIne- to medium-grained vitreous quartzite. The quartzite
commonly contains scattered coarse grains and rare very coarse
grains and granules. Skolithos (a vertical burrow) is common. This
quartzite is undated paleontologic ally but appears to be in
stratigraphic contact with an overlying shale and limestone sequence
(described below) containing Early Cambrian fossils. The vitreous
character of the quartzite, the presence of Skolithos, and the Early
Cambrian age of adjacent rocks strongly suggests correlation with
the Lower Cambrian Proveedora Quartzite in the Caborca region,
northwestern Sonora, and in the$ierra Agua Verde, east-central
Sonora (Stewart and others, 1984). The Proveedora Quartzite is
correlative with the Zabriskie Quartzite of southern Nevada and
eastern California (Stewart and others, 1984).
In stratigraphic contact with unit 1 is a sequence of interstratifIed
shale, silty limestone, and limestone (unit 2, Figure 10),
metamorphosed to argillite, calc-silicate hornfels, marble, and skarn.
The limestone locally contains spherical oncoliths (so-called
Girvanella), conical shells (cf. Salterella), and trilobites. The
trilobites occur in a shale (locality B, Figure 9) and consist of an
Early Cambrian olenellid that seems to represent Olenellus
puertoblancoensis Lochman (A. R. Palmer, written commun.,
1988). This trilobite, according to A. R. Palmer, occurs in the
Western United States low in the Carrara Formation, which overlies
the Zabriskie Quartzite. If unit 2 correlates with the Carrara
Formation and unit 1 correlates with the Zabriskie Quartzite, as
described above, then the section north of Pozo Nuevo is
overturned. This is required because unit 2 lies structurally below
unit 1, the opposite of that indicated by the stratigraphic succession
of the Zabriskie Quartzite and Carrara Formation. This overturning
north of Pozo Nuevo has not been confIrmed in the fIeld; no
sedimentary structures that clearly indicate a facing direction have
been seen north of Pozo Nuevo.
A possible problem with the stratigraphy and structure presented
above concerns trilobites collected at locality A (Figure 9) in a
stratigraphic position that appears to be within the lower part of, or
below, unit 1, and thus Lower Cambrian if the units are overturned.
These trilobites consist of two species of simple ptychoparioids, one
of which, according to A. R. Palmer (written commun., 1989), fits
the description of Syspacephalus. These trilobites could be either
Early or Middle Cambrian in age, but the lack of any ollenellid
scraps is puzzling if they are indeed Early Cambrian as predicted by
the stratigraphy and structure outlined above. Present information
does not allow resolution of the problem.
Strata South of Pozo Nuevo
South of Pozo Nuevo, about 2,700 m of Cambrian and
Ordovician strata crop out (Figure 10). This sequence of rocks
apparently nowhere includes strata correlative with strata north of
Pozo Nuevo, so that a complete stratigraphic sequence of Cambrian
and Ordovician strata in the Sierra Lopez area has not been found.
South of Pozo Nuevo, sedimentary structures and domal
stromatolites indicate that stratigraphic tops are to the west and the
section is mostly overturned. This facing direction is confIrmed by
paleontologic information that indicates a younging of the strata to
the west.
Cambrian strata (unit 3, Figure 9 and 10) south of Pozo Nuevo
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consist of about 1,000 m of dark-gray limestone and light- to dark
gray, and yellow-gray dolomite, and minor amounts of shale,
siltstone, and limy siltstone. A preliminary estimate (Stewart and
others, 1988) of the thickness of this unit was 1,650 m on the basis
of measurements from structural cross sections. The lesser
thickness of 1,000 m reported here is based on a more accurate
measurement of about 900 m using a Jacob staff and an estimate of
100 m of additional strata. Unit 3 forms high cliffy outcrops. The
limestone and dolomite commonly form light- and dark-colored
bands that are conspicuous from a distance. In detail, much of the
rock is thin to thick bedded, commonly with abundant mottled
structures that probably resulted from bioturbation. Cross-stratifIed
oolitic grainstone occurs from 60 to 120 m below the top of the unit.
Irregular fmely laminated dolomite (algal mats?) and associated ripup clasts occur from about 150 to 210 m below the top of the unit,
and small stromatolites occur from about 50 to 60 m and 205 to 210
m below the top of the unit. In the eastern part of Sierra Lopez,
yellow-brown, grayish-yellow, greenish-gray, or pinkish-gray
shale, siltstone, and limy siltstone are interstratilled with the
limestone and dolomite. These shaly strata are near the base of
exposed unit 3 in areas south of Pozo Nuevo and may occur in a
single layer, or more likely in two or more closely associated layers.
At one outcrop, the shaly strata are about 70 m thick, whereas at
another outcrop possibly different shaly strata appear to be only a
few meters thick. Three trilobite collections were made from these
shaly strata. At locality C (Figure 9), A. R. Palmer (written
commun., 1988) has identifIed a trilobite that seems to represent
Ehmania. This trilobite indicates approximately the Middle
Cambrian Lower Bolaspidella zone. At locality D (Figure 9), only
poorly preserved trilobites were found that were identifIed by A. R.
Palmer as a long-eyed corynexochid with narrow thorax somewhat
like ~ zacanthoidid. According to Palmer, this trilobite is
undoubtedly of Middle Cambrian age, probably no younger than the
middle part of the Middle Cambrian, but is possibly slightly older
than the trilobites at locality C. At locality E (Figure 9), the trilobites
were tentatively identified (A. R. Palmer, written commun., 1988)
as Glyphaspis cf. G. parkensis Rasetti, Pagetides? sp., Peronopsis?
sp., and 2 or 3 undetermined ptychoparioids that suggest
kochaspids. The form that looks like G. parkensis is reported from
the medial Middle Cambrian Bathyuriscus-Elrathina zone, whereas
the pagetiid and ptychoparioids are generally early Middle
Cambrian. If the identifIcation of G. parkensis is correct, these
trilobites might be slightly older than those at locality C.
Unit 3 is considered to be entirely Cambrian, or almost entirely
Cambrian, because it contains Middle Cambrian trilobites (described
above) in the lower part, and is overlain by fossiliferous strata (unit
4, described below) considered to be either latest Cambrian or
earliest Ordovician in age. Parts of unit 3 resemble the Middle and
Upper Cambrian Bonanza King and Nopah Formations of southern
Nevada and eastern California. The Middle Cambrian trilobitebearing shaly strata in the lower part of unit 3 are comparable
lithologically and faunally with shaly strata in the middle part of the
Bonanza King Formation. The stratigraphic succession at Sierra
Agua Verde (Stewart and others, 1984), 140 km east southeast of
Sierra Lopez, contains a 150-m-thick unit of siltstone and limy
mudstone that was correlated with the lower Upper Cambrian
Dunderberg Shale of Nevada and California. If a correlative of the
Dunderberg were present in the Sierra Lopez area, it should be
within unit 3, but no comparable shale unit is recognized in unit 3.
We now think that the 150-m unit at Sierra Agua Verde was
erroneously correlated with the early Late Cambrian Dunderberg
Shale and that the Sierra Agua Verde unit instead correlates with
unit 4 of Early Ordovician or possibly latest Cambrian age in the
Sierra Lopez area (Figure 10). This relation is suggested by the
abundl.ID.ce o~ shale in "?th units, the occurrence of dated Early
OrdOVICIan limestone directly above the 150-m unit in the Sierra
A.gua Verde, and the possibility that the acrotretid brachiopods in the
SIerra Agua Verde area originally cited as evidence that the unit was
Dunde.rberg could range upward in age to nearly Early Ordovician.
The WIdespread Dunderberg Shale of Nevada and California has not
been found in Sonora, indicating that some Sonoran Cambrian
sequences are different from time-equivalent miogeoclinal rocks in
the southwestern United States.
~bout 1,700 m of Ordovician rocks are exposed on the west side
of SIerra Lopez. These strata are divided into seven units (units 4-
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Figure 9, Geologic map of part of the Sierra Lopez area (see Figure 2 for location). From Stewart and others (1988).
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10, Figure 10). Unit 4 is about 510 m thick and consists of thinbedded limestone and shale and minor amounts of chert and
dolomite. The unit is poorly exposed across much of the area. At
locality F (Figure 9), shale of unit 4 contains phyllocarid crustaceans
(commonly referred to as "Caryocarus") discovered in 1986 by E .
Barrera-Moreno and R. Amaya-MartInez and identified by R. J.
Ross, Jr., (written commun., 1987). These fossils, according to
Ross, are either latest Cambrian or earliest Ordovician in age. At
locality G (Figure 9), poorly preserved trilobites occur in thinbedded limestone of unit 4 that Ross (written commun., 1988)
identified as "large olenid trilobites, lacking distinctive cephalic
parts, possibly Hypermecaspis, and therefore possibly of Early
Ordovician age." Unit 5 is about 320 m thick and consists of ridgeforming thin- to thick-bedded limestone having argillaceous and
cherty layers in the lower two-thirds. Unit 6 is about 110 m thick
and consists of argillite and siltstone in the lower quarter and thinly
laminated argillaceous limestone in the upper three-quarters. Unit 7
is about 335 m thick and consists of interbedded limestone and
chert. Bioclastic beds and limestone-clast conglomerate are
common. Unit 8 is 170 m thick and consists of limestone, cherty
limestone, and a 1-m thick quartzite near the top. Rocks
approximately correlative with unit 8 at locality H (Figure 9) contain
Middle Ordovician (Whiterockian) conodonts 0. E. Repetski, oral
commun., 1987), the brachiopod Orthidiella? and the trilobite
Ectenonotus (R. J. Ross, Jr., written commun., 1987). Closeby,
and probably overlying, strata contain large gastropods (probably
Maclurites and/or Palliseria). About 300 m north of the line of our
measured section (Figure 9), R.J. Ross, Jr. (written commun.,
1989) identified the following Middle Ordovician fossil zones,
Orthidiella Zone about 80 m below the top of unit 8, the
Anomalorthis Zone about 78 m below the top, and fossils equivalent
to the Lichenaria-Opikina Zone about 30 m below the top. Unit 9
is about 170 m thick and consists of fine- to medium-grained
quartzite that forms a conspicuous light-colored ridge. The quartzite
is thin to thick bedded, locally cross bedded, and contains abundant
vertical and diagonal burrows and other bioturbation features. Unit
10 is more than 80 m thick (the top is not exposed) and consists of
medium-gray to black thin- to thick-bedded dolomite and limestone.
At locality l, unit 10 contains Late Ordovician conodonts (R. J.
Repetski, oral commun., 1988).
Units 4 to 8 at Sierra Lopez are here correlated with the Pogonip
Group of the Western United States, unit 9 with the Eureka
Quartzite, and unit 10 with the Ely Springs Dolomite. These
correlations are supported by similarity in lithologic types, similarity
of faunas, and similarity of stratigraphic sequences in Sierra Lopez
and the Western United States.

EXPLANATION
Dolomite
Limestone
Silty limestone
Limestone- clast conglomerate
Chert
Siltstone or shale
Quartzite

B

Fossil locallty-Location shown on Figure 9
and mentioned in text

Figure. 10. Stratigraphic column of comp.osite measure~ ~ection
(see Figure 9 for location) through Cambnan and ~dovlclan
miogeoclinal rocks in the Sierra Lopez area. Modified from Stewart
and others (1988).
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DAY ONE: SIERRA LA FLOJERA
Mileage
Incre- Cumumental lative
0.0
0.0 Begin mileage in Hermosillo, Sonora, at traffic circle
(near Holiday Inn) at intersection of Boulevard Kino
(Highway 15) and Periferico Oriente. Note statue of
Padre Kino. Go south on Periferico Oriente.
4.6
4.6 Turn left (east) onto the road to Sahuaripa.
3.0
7.6 Turn right (south) onto Pimacal road to Calhidra de
Sonora.
1.3
8.9 Calhidra de Sonora parking lot. Proceed through
mining area to stop 1 on east side of Sierra la Flojera.
1.2 10.1 STOP 1. Hike west up hill to examine Lower
Permian deep-water siltstone, limy siltstone,
turbiditic detrital limestone, and debris-flow
conglomerate. See discussion of geology of first day
for details. Return to Calhidra de Sonora parking
lot.
1.2 11.3 From parking lot, go north on road toward main
highway.
1.2 12.5 Turn left (west) on small dirt road just short of main
highway and proceed to stop 2 at low hill to
southwest.
0.5 13.0 STOP 2. Look at outcrops of Upper Triassic rocks.
See description under summary of geology of first
day. Return to main highway.
0.6 13.6 At main highway, turn left (west) and return to
Hermosillo.
8.1 21.7 Hermosillo
DAY TWO: BARITA DE SONORA
0.0
0.0 Begin mileage at traffic circle (near Holiday Inn) in
Hermosillo at intersection of Boulevard Kino
(Highway 15) and Periferico Oriente. Go south on
Periferico Oriente.
4.6
4.6 Turn left (east) onto the road to Sahuaripa.
7.0 11.6 Sierra Santa Teresa on right (south) contains
fusulinid-bearing Lower Permian rocks in the upper
part. On east side of range, a poorly known section
of probable Mississippian and Pennsylvanian rocks
occurs. Probably one of the more complete sections
of upper Paleozoic rocks in Sonora.
7.8 19.4 Cement plant on the left (Cementos Tolteca). Hills
north of plant are limestone and quartzite of
Devonian age and limestone of Mississippian and
Pennsylvanian age.
5.0 24.4 Rancho las Norias on right (south). Mountains to
south and east are composed mainly of Ordovician to
Permian carbonate rocks.
21.0 45.4 Mountain to northeast is Sierra Mazatan, a
metamorphic core complex. Note the dome shape.
Cliffy rocks on southwest side of mountain are
relatively unmetamorphosed Paleozoic rocks of the
upper plate, and the top of the range consists of
metamorphic and granitic rocks of the lower plate.
10.9 56.3 Pemex gas station in Mazatan. Continue on main
highway south and east of town.
3.6 59.9 View to south at sharp peak of Cerro Cobachi
composed of Paleozoic carbonate rocks.
7.7 67.6 Entrance to Barita de Sonora mine. Turn right
(south) into mine and mill area. Continue south on
gravel road along west side of office and mill area,
turn south on small dirt road to stop 3.
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STOP 3. Round hill (Cerro Redondo) south of
maintenance shop. Basal conglomerate of the Late
Mississippian (conglomerate of Los Chinos) rests
unconformably on Ordovician chert and argillite
containing Climactograptus and is overlain
conformably by Upper Mississippian chert and
argillite containing radiolarians. Note imbricate
gravels inclined toward west side of channel fill.
Return to gravel road and turn right.
STOP 4. Strongly deformed thin-bedded Middle and
Upper Ordovician chert and argillite in 15 to 30 cm
beds (chert ofEl Yaqui). Chert overlies graptolitebearing argillite (shale ofEl Mezquite). Most of the
folds and faults in this exposure are midMississippian in age and display southeast-directed
deformation (Fig. 6).
Continue north on gravel road to stop 5.
STOP 5. Graptolites in argillite partings between
chert layers (chert ofEl Yaqui) include
Dicellograptus ornatus of Late Ordovician (Ashgill)
age. Continue north and then west on gravel road to
stop 6.
STOP 6. Las Torres open pit on left (south); drive
into pit bottom bearing left. View of dip slope of
Upper Mississippian and Lower Pennsylvanian
barite debris-flow conglomerate with barite matrix on
south wall of pit. Fault (N5°W, 62°W) on left side of
channel is down to the west. Dike (E-W, 57°N) on
north wall of pit is several meters thick. Continue
north on gravel road to main highway at mine
entrance.
At main highway, turn right (east).
Turn l<:ft (north) onto dirt road to Cerro de las Papas
open pit.
STOP 7. Lower Pennsylvanian argillite and chert
containing radiolarians dated by Benita Murchey.
Park and walk to a trench exposure just beyond
south end of pit.
Cerro las Rastras (N800E) and Sierra Martinez
(N600E) are carbonate-shelf deposits structurally
juxtaposed against eugeoclinal rocks. Return to main
highway.
Turn left (east) onto main highway.
Deformed Upper Ordovician chert and argillite in
roadcut.
S~O~~ . <?utcrop on right side of road is Upper
MissIssIppian chert-pebble conglomerate overlain by
Lower Pennsylvanian argillite and chert containing
radiolarians. Slope on south is bare of trees because
it is underlain by barite of the Upper Devonian
formation of Los Pozos. Continue east on main
highway.
Cliffy outcrops capping ridge on right (south) are
Lower Mississippian limestone turbidites (limestone
of Cerro Tasajo).
Tum off on dirt road to left (north) to Los Chinos
ranch. Tum left at ranch and proceed west on dirt
road paralleling highway for about 1.3 miles; turn
right at road junction and proceed north on dirt road
for about 0.7 mile to gate at fence near stop 9.
STOP 9. Go just beyond fence to examine cyclic
sedimentation in Lower Permian carbonate-shelf
rocks of Cerro las Rastras. Continue east and
northeast on dirt road up wash (Los Chinos) and
onto ridge to park for short hike to stop 10.
STOP 10. Examine measured section of Upper
Ordovician to Upper Mississippian eugeoclinal rocks
along swath across ridge. Return to main highway.
Tum right (west) on main highway. Return to
Mazatan for night.
Mazatan.

DAY THREE: SIERRA EL ALISO AND SIERRA SAN JAVIER
0.0 Begin mileage at Pemex gas station in Mazatan.
0 .0
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Entrance to Barita de Sonora mine on right.
Continue on main highway.
Granitic pluton dated by U-Pb method on zircon as
62±1 Ma (R.E. Zartman, 1986, written commun.).
Continue on main highway.
Turn right (south) on gravel road leading to San
Antonio de la Huerta.
Rebeico, a picturesque village. Eucalyptus trees line
lane leading to village.
Good outcrops of middle Tertiary Baucarit
Formation.
Road junction; tum left (east).
Good outcrops to the southeast of massive Middle
Ordovician quartzite.
Puente Soyopa across tributary of Yaqui River
Turn off main road onto a minor road to right
(southwest). Continue through outcrops of eastdipping middle Tertiary Baucarit Formation to stop
11.
STOP 11 . Outcrops of massive, compositionally
mature Middle Ordovician quartzite; Quartzite is
mostly fine- to medium-grained and commonly
contains 2- to-4 mm flakes of shale. Sparse quartzite
with 2- to 8-mm clasts of quartzite, black chert, and
dolomite.
Impressive big trees with large white roots
penetrating the rocks are called "chalate" and are
related to fig trees. Trees with purple flowers are
called "amapa".
Return to main valley road.
At main valley road to San Antonio de la Huerta, tum
right (south).
Road to Soyopa on left; keep to right. Higher ranges
in front are capped by Middle Ordovician quartzite.
STOP 12. Highly sheared black shale, cut by dikes.
Up small canyon a short distance (about 30 m) is
fme- to medium-grained quartzite that is apparently
part of the same sequence as the shale. [sograptus
(Claire Carter, oral commun., 1984) of late Early to
early Middle Ordovician age was collected about 0.5
km west in similar shale; several graptolites of the
late Early Ordovician zone of Paraglossograptus
tentaculatus identified by Claire Carter (written
commun., 1986) were collected by Claudio Bartolini
in road cuts on the main road about 0.2 km
southeast.
Road on left (east) leads to nearby San Antonio de la
Huerta. Continue straight ahead.
Mine buildings. Take road to right (west) to old
copper mine (Luz del Cobre) and new gold mines.
Keep to right of cement-post line and continue on dirt
road to stop 13.
STOP 13. Upper Triassic red beds. Examine
middle member of the Arrayanes Formation of
Barranca Group consisting of silty fine-grained
sandstone and siltstone interstratified with 5-cm to 1m beds of fine- to coarse-, poorly sorted,
feldspathic, sandstone with sparse granules and
small pebbles. Local channels as much as 2 m deep.
Probably mostly fluvial and floodplain deposits.
Note difference in texture and composition of
sandstone here compared with compositionally
mature Middle Ordovician quartzite seen at stop 11.
Strata are relatively undeformed compared with
folded Paleozoic eugeoclinal rocks that lie
unconformably below the Barranca Group. We will
see these folded eugeoclinal rocks at stop 15.
On skyline to west is Luz del Cobre mine,
interpreted as part of a deeply buried porphyry
copper system in altered Paleozoic eugeoclinal rocks.
Outcrop of Laramide (50-70 Ma) quartz diorite and
granodiorite that intruded Paleozoic and Triassic
rocks. Continue on dirt road to stop 14 at pass at
crest of hill.
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STOP 14. Road cut exposing altered Paleozoic
siltstone. Good view to west at skyline ridge
showing angular unconformity separating highly
deformed Paleozoic eugeoclinal rocks from the less
deformed Upper Triassic Barranca Group. Highest
peak (reddish tint) is in the Barranca Group which
dips approximately 20° south. Paleozoic rocks
(massive outcrops are Middle Ordovician quartzite)
have variable strikes and dips, but generally dip
northward. Continue on dirt road.
STOP 15. Roadcut exposing thin-bedded, altered,
and folded Paleozoic black chert and olive-gray and
black siltstone and shale. Fold axes trend northeast.
One fold indicates southeastward transport, perhaps
related to the mid-Mississippian folding in the Barita
de Sonora area.
In the canyon to the west are active gold and
silver mines of Minera Sanex.
Continue on dirt road. Note thin metacarbonate
units in siltstone, shale, and chert sequence.
Tum around at bottom of canyon. Return on same
road to mine buildings.
At mine buildings tum right (south) on main gravel
road.
Junction with paved road (Sonora Highway 16).
Turn right (west). Note black graphite stockpile
from San Enrique mining area in meta-coal in the
Barranca Group east of the Yaqui River. The Yaqui
River is about 2 km to east near cliff-fonning
outcrops of the mid-Tertiary Baucarit Formation.
Beyond Yaqui River are outcrops of Laramide
granitic rocks.
Graphite stock pile at tum-off to Rancho de Flores.
Continue on paved road.
Begin outcrops of Upper Triassic Santa Clara
Formation of Barranca Group.
STOP 16. Upper Triassic plant fossils (Weber,
1985) in deltaic Santa Clara Formation of Barranca
Group. Starting about 300 m to west along road and
continuing for a short distance east of the fossil plant
locality, about 250 m of the Santa Clara Formation is
exposed and consists of an upward-coarsening
sequence starting with a lower siltstone and very fine
grained sandstone, a middle massive siltstone with
thin medium- to coarse-grained feldspathic
sandstone, and an upper thick, locally crossstratified, medium- to coarse-grained feldspathic
sandstone and minor siltstone. Cross-strata in upper
part of sequence indicate flow toward southeast
(Potter and Cojan, 1985). Abundant plant material
and a few coal beds occur in the middle and upper
parts. The upward-coarsening sequence is
interpreted to be a prograding delta system.
Village of La Barranca on right (north).
Outcrops of Tarahumara Volcanics consisting of
andesitic volcanic rocks of Jurassic, Cretaceous, or,
possibly, even early Tertiary age.
Channel of sandstone cut into finer grained rocks in
Santa Clara Formation of Barranca Group that is
overlain further west by the Tarahumara Volcanics.
STOP 17. Matrix- and clast-supported conglomerate
interstratified with silty sandstone in the Upper
Triassic(?) Coyotes Formation of the Barranca
Group. Clasts of quartzite, chert, limestone, and
sandy siltstone as large as about 25 cm. A few of the
limestone clasts contain fusulinids; clasts in a similar
conglomerate in an outcrop 0.7 km to the north
contain Schwagerina guembeli Dunbar and Skinner
(R. C. Douglass, written commun., 1985), which
occurs widely in Permian (Leonardian) rocks of the
southwestern United States and northern Mexico.
Other clasts in this conglomerate were derived from a
variety of source rocks including chert from
eugeoclinal rocks underlying the Barranca Group,
quartzite from the Middle Ordovician quartzite of this
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same eugeoclinal terrane, and other coarser quartzite
(scattered coarse grains to granules of quartz)
perhaps from uppermost Proterozoic and Lower
Cambrian miogeoclinal strata. The mixture of coarse
clasts derived from eugeoclinal and miogeoclinal
rocks indicates that these two terranes were
structurally juxtaposed by the time the conglomerate
was deposited.
Tum right (north) onto paved road to San Javier.
Continue through outcrops of sandstone and siltstone
of Upper Triassic Santa Clara Formation of Barranca
Group to stop 18.
STOP 18 (OPTIONAL). Tuff near or at contact of
Santa Clara and Coyotes Formations of Barranca
Group. Tuff is 4 m thick and composed of angular
quartz fragments in an ash matrix that contains sparse
fragments of flattened brown pumice and black
charcoal. A few 1- to 2-cm layers of ashfall tuff,
interstratified with siltstone and sandstone, occur as
much as 50 m below the main tuff unit.
Walk up road and look at pebble to cobble
conglomerate with clasts of chert and quartzite in the
Coyotes Formation. Most, or all, of these clasts
could have been derived from rocks of the
eugeoclinal terrane. Local channels can be seen.
Probably an alluvial-fan deposit.
Continue north on paved road.
Contact between Coyotes Formation and andesitic
flows and breccias of the Tarahumara Volcanics.
Entering San Javier. Turn around and return to main
highway (Sonora Highway 16).
Junction with main highway (Sonora Highway 16).
Tum right (west) and return to Hermosillo.
Intersection of Boulevard Kino and Periferico
Oriente in Hermosillo.

DAY FOUR: SIERRA LOPEZ
0.0
0.0 Begin mileage at intersection of Boulevard Kino and
Periferico Oriente in Hermosillo.
5.9
5.9 Go west on Boulevard Kino and tum right onto
Boulevard Transversal (road to airport and Bahia
Kino). Go past Pemex gas station "El Sahuaro"
(mileage 4.1) at intersection of Boulevard
Transversal and Periferico Poniente. Continue on
Boulevard Transversal and tum right (north) onto
road to Cementerio (Cemetery) and Rancho Pozo
Nuevo.
34.4 40.3 Rancho Pozo Nuevo. Continue through ranch on
main dirt road to stop 19.
0.8 41.1 STOP 19. Quartzite along road is unit 1 correlated
with the Lower Cambrian Proveedora Quartzite of
the Caborca area of northern Sonora.
Compositionally mature fine- to coarse-grained
quartzite containing local Slwlithos (vertical burrow).
To northeast are east-dipping (overturned) argillite
and meta-carbonate rock (mostly skarn). Early
Cambrian trilobites occur at base of hill about 1 km
northeast. To south are east-dipping (overturned)
limestone and dolomite of Middle and Late
Cambrian(?) age.
1.6 42.7 Road divides. Take left fork and then in about 100
m take another left on poor grassy track. Drive south
and then east across sandy wash to corral. Without
4WD do not attempt to drive across sandy wash;
park on west side of wash and walk short distance to
corral.
3.3 46.0 STOP 20. From corral walk north about 1.4 km to
east-dipping (overturned) strata. On west side of
small hill are poor outcrops of about 80 m of darkgray limestone and dolomite of Late Ordovician age
(unit 10). Higher on hill and continuing across hill
to the east side are 170 m of fine- to mediumgrained, locally crossbedded, and mostly burrowed
quartzite (unit 9). In the lower part of the east side of
the hill and continuing in outcrops across a covered
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area are Middle Ordovician (Whiterockian) carbonate
rocks (unit 8) containing large gastropods
(Maclurites and lor Palliseria) and the trilobite
Ectenonotus. The Middle Ordovician rocks are
correlated with the upper part of the Pogonip Group,
the quartzite with the Eureka Quartzite, and the
Upper Ordovician rocks with the Ely Springs
Dolomite of the Great Basin region of Nevada and
California.
Return to Hermosillo.
Intersection of Kino Boulevard and Periferico
Oriente in Hermosillo.
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