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/\BSTRACT
The 110hawk 110llntains of southwestern Arizond
contain a major low-angle normal fault, or detachment fault, of Tertiary age. The fault is <'larked
by brecciation, alteration and locally miner'll ization. This northeast-dipping fault is defined by
the location of numerous klippen on the eastern
side of the range, which are exposed south of Interstate 8 for approximately 25 km. The fault
separates a lower plate composed of heterogeneous
Precambrian gneiss from an upper plate composed of
both crystal1 ine and sedimentary units. These
include a hornblende-biotite granite and a biotite
granite, both of which are depositionally overlain
by a northnorthwest-dipping sequence of interbedded
mid-Tertiary sediments composed primarily of debrisflow conglomerate, sedimentary breccia, and arkosic
sandstone of fluvial origin.

Arizona. This low-angle normal fault, herein called
a detachment fault, is associated with several
distinct structural features. The purpose of this
\york was to determine, through field study of these
structural features, the overall structural history
of the Ilohawks and the genet i c link, if any, to
regional crust'll extension and detachment faulting
of mid-Tertiary age. Some of the structures
studied include the detachment fault, itself; upperplate antithetic and synthetic faults; and arching
or re-orlentation of the detachment surface. Also
studied was the altered and mineralized zone of
breccia and microbreccia, which is present directly
below the faul t.
Access
Overall access to the I~ohawks is generally poor,
with none extendina south of the freeway except by
foot. Permission is needed to enter any land south
of the freeViay from severa I sou rces, inc Iud i ng the
Cabeza Prieta Wildlife Refuge, the Gila Bend
Auxilliary Air Force Base (Luke Air Base), and the
U.S. Army Proving Grounds. Access to the range
north of the freelvay is much better since permission
is not needed to entcr this area. A well-graded
road, Avenue 52, extends from Mohawk Pass to the
northern tip of the range providing relatively easy
access. Extreme caution must be exercised when
traversing the northern part of tne range due to the
ruggedness of the terrain and the abundance of loose
rock.

Upper-plate antithetic and synthetic faults
exposed along the crest of the range north of Interstate 8 cut all three upper-plate units and extend
them in a northeast-southvJest direction. The anlount
of upper-plate extension displayed by these faults
does not appear great. However, there arrears to be
a gross mismatch of upper and lower-plate units,
suggesting significant offset across the detachment
fault. The actual amount of this offset is unknown.
The lower-plate rocks have a well-developed
fol iation that consistently dips to the southeast,
and is truncated at a high angle by the detachment
fault. These fol iated lower-plate rocks are not
mylonitic and do not contain the well-developed
I ineat ion characterist ic of the "core complex"
terrane to the north and east. The presence of welldeveloped detachment faulting without mylonitic or
1 ine~ted rocks suggests that mylonitization and
detachment faulting are not genetically related.
The presence of detachment faulting this far to the
southwest in Arizona significantly increases the
known area of detachment faulting and indicates the
strong possibil ity of seeing such mid-Tertiary
extension in northern Sonora and In the vicinity of
the San Andreas transform system in southern
Cal ifornia and Baja Cal ifornia.

Previous Work
Little previous work has been done on the
Mohawk Mountains and its surrounding region. In
their study of the Cenozoic stratigraphy of southwestern Arizona, Eberly and Stanley (1978) consider
the upper-plate sedimentary rocks of the Mohawks to
belong to their older sequence of Tertiary units.
They interpret these rocks to have been deposited
before the onset of local basin and range, highangle normal faulting. Tucker (198D) studied the
geomorphic expression of faulting within this region
and concluded that the margins of the Mohawk
Mountains have been tectonically inactive since
late Miocene or early Pl iocene time. Geophysical
study of the region by Oppenheimer and Sumner (1980)
and T. Brmm (written commun., 1981) indicates that
the basin west of the Mohawks drops off sharply just
west of the range and then rises gradually to rock
outcrops in the adjacent Baker Peaks-Antelope Hill
area. Ongoing Survey work for the Ajo two-degree
sheet, under the supervision of Gordon Haxel, has
produced a regional reconnaissance of most of the
ranges east and south of the Mohawks. Geochronological study of the Precambrian rocks of the range has
been undertaken by L. T. Silver, but results of his
work are not yet available.

INTRODUCTION
The northern Mohawk Mountains lie approximately
90 km east of Yuma, Arizona, along Interstate 8.
The freeway crosses the range at Mohawk Pass,
(Fig. 1) from where the range extends some 65 km
southeast of the pass and approximately 7 km northwest of the pass.
This study involved mapping the northern ~lohawk
Mountains to determine the extent and character of a
locally exposed portion of a regional fault inferred
to be present in most of southwestern and central
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LITHOLOGIC UNITS
A diverse assemblage of igneous, sedimentary and
metamorphic rocks is exposed in the Mohawk Mountains.
South of the freeway, most of the rocks are metamorphic except for smal I klippen composed of a variety
of igneous rocks. The majority of the igneous and
sedimentary rocks crop out north of the freeway and
are contained within the upper plate. Only a single
small body of 100~er-plate, metamorphic rock exists
north of Interstate 8 on the western side of the
range adjacent to the abandoned town of Owl Station.
The upper-plate rocks are composed of a variety
of igneous and sedimentary units. The oldest igneous
rock Is composed of a dark hornblende-biotite granite
which has been named the Owl Station granite. This
unit was intruded by a leucocratic biotite granite
that varies in color from bright red to white, depending on the amount of henatite staining and
weathering present. This I ighter intrusion has been
termed the Mohawk granite. Both of these granitic
rocks are extensively fractured and faulted, giving
them a blocky, crumbly appearance. These plutonic
rocks are depositional Iy overlain by a sequence of
debris flows and conglomerates (Fig. 2), which are
in turn overlain by, and interbedded with, a section
of arkosic sandstone. The thickness of the combined
sedimentary units is only apparent because of the
intense deformation of the units. However, the
exposed thickness of rock, without structural correction, is approximately 300 m. In their initial
work with simil iar rocks in the adjacent Baker Peaks
area, Pridmore and Craig (1982) consider this package of sediments to be derived from the south from
a regional high. According to their model, sedimentary transport of these sediments was northward
towards the Gila trough of Eberly and Stanley (1978).
The large size (up to 6m) and angularity of the
clasts within the debris flows and conglomerates
(Fig. 2) in the Mohawks seem to indicate very minor
transport of the sediments. Just as in the Baker
Peaks area (Pridmore and Craig, 1982), the sedimentary units in the Mohawks have a pronounced absence
of volcanic clasts or flow units, even though thick
sequences of volcanic units occur just north of the
range in the Castle Dome, Kofa, Tank, and Muggins
Mountains. All these ranges are on the opposite
side of the Gila Trough of Eberly and Stanley (1978)
as the Mohawks and Baker Peaks area.

Figure 2

Below the detachment fault is a very distinctive
package of heterogeneous gneiss, whose upper boundary
is well defined by an intense zone of cataclasis and
mineral ization below and adjacent to the detachment
fault. This unit is composed of alternating bands
of mafic and leucocratic minerals, which produces
spectacular outcrops of highly deformed migmatitic
gneiss (Fig. 3a, b). Where Interstate 8 crosses the
range, the roadcuts expose excellent cross sections
of this gneiss and its attendant small-scale folds,
boudinage, and intrusive dikes and sills. The foliation within this unit is very well developed, and
dips rather uniformly to the east and southeast.
This fol iation is variably disrupted near the detachment fault and is clearly truncated by the northweststriking fault.

Upper-plate megabreccias and conglomerates
north of Mohawk Pass. The majority of the
clasts are composed of local granitic rocks
with a few uncommon gneissic clasts.
Volcanic clasts are not present. Section
attains a minimum of 300m without structural
correction.

This fault, inferred to be present in almost all of
southwestern and central Arizona, crops out extensively along both sides of the Mohawks and is best
defined by the location of klippen on the eastern
side of the range (Fig. 5). This northeast-dipping
fault extends from the Mohawk Pass area at least
25 km to the south on the eastern side of the range.
Because acceSs to the southern part of the Mohawks
is so difficult, it is not yet known how far the
fault continues to the south. The fault crOSseS
the range at Mohawk Pass and extends north of the
freeway along the western side of the range to where
it passes beneath the alluvium in the Gila River
area.

STRUCTURAL GEOLOGY

The fault is also exposed on the western side
of the Mohawks south of the freeway. However, this
geometry appears to be a product of later normal

The major structural feature of the Mohawk
Mountains is the local expression of a regional,
low-angle normal fault, or detachment fault (Fig.4,5).
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Figure 3a

Lower-plate gneiss showing consistent NIUE, 45SE fol iation.

Figure 3b Closer view of lower-plate gneiss showing attendent sma! 1scale folds, boudinage and differentiation of felsic and chloritic
bands. Both figure 3a,b 1 ie approximately 100m below the detachment
fault.
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Figure 4 Vievi of arched detachment surface looking south from
110haYlk Pass along the eastern scarp of the Ilohaviks.

faulting that offsets the north-west dipping detachment fault. This offset appears to be approximately
950 m (Fig. 6). The dip of the fault on the western
side of the Mohawks is much less than the fault In
the range itself. This difference can be accomodated
by post-detachment normal faults rotating the detachment fault to its present orientation.

Another important aspect of the lower plate
is the conspicuous absence of a mylonitic fabric,
suggesting that mylonitization is not genetically
linked with detachment faulting in this portion of
Arizona. Thin-section analysis of these lower
plate rocks has shown minor ductile flow of quartz
during metamorphism of these lower-plate rocks.
However, the well developed mylonitic fabric and
I ineation found in the "core complex terrane" to
the north and east of the Mohawks (Rehrig and
Reynolds, 1980, Reynolds and Rehrig, i980; Davis,
1980; Davis and others, 1980) is clearly not present.

The detachment fault itself is marked by fault
gouge and rock flour in the zone adjacent to the
fault. This deformation extends into the lower
plate and forms a zone, approximately I to 10 m
thick, where the gneissic lower plate has been
crushed and mineral ized forming a chlorite breccia
zone. This zone, which is composed of gneissic
fragments, is highly variable in its extent and
charac'ter of deformation. In some places below the
fault It is nonexistent, while In other places it
forms a dark green, extremely chloritized microbreccia. In still other localities below the fault,
it crops out as alight to dark green, mottled
breccia \'iith small (usually less than 5 mOl in diameter), angular leucocratic rock fragments. An extensive fol iation present in the lower plate is truncated at a high angle by the detachment fault, indicating that this foliation was formed before the
initiation of the detachment fault.

Upper-Plate Structure
The extensional deformation that produced the
detachment fault is clearly indicated by the geomet ry of the rocks in the upper plate. In the
portion of the range north of Interstate 8, antithetic and synthetic faults (Fig. 7) within the
upper plate are abundant and tilt the sedimentary
units to varying orientations. An excellent example
of this antithetic and synthetic fault system crops
out in the first east-west trending ridge north of
the freeway on the eastern side of the range
(Fig. 8 a,b). This ridge consists of a series of
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Figure 5 Close-up vieVi of detachment surface juxtaposing upper-plate
granitic rocks against lower-plate gneiss. Chlorite breccia zone below
the fault varies in extent and character over a scale of meters.

small-offset antithetic faults, which impart a
distinct fabric to the rock that is accentuated by
eros ion.

fault since the mineral ization is contained in
upper-plate normal faults. How, or why, the barite
mineral ization is related to detachment faulting
is not as yet understood.

The deformation responsible for the antithetic
and synthetic fault system also manifests itselt in
a complex array of minor fault surfaces whose orientations, striae, and sense of movement vary radically
over very short distances. These minor fault surfaces have an anastomozing, intertwinning geometry
much 1 ike a braided-stream pattern. These faults
do not always end abruptly at the junction of an
adjacent fault but often continue past nearby faults
and die out in the relatively undeformed neighboring
rock. The actual geometry of upper-plate extension
Is thus very complicated and is not approximated by
simple models of 1 istric or domino-style faulting.
Similarly complex patterns of upper-plate faulting
have been documented in other portions of the detachment terrane (Gross and Hi I lemeyer, 1982).

POST-DETACHMENT DEFORMATION
The detachment faul t in the Mohawk 110untains
appears very simil~r to detachment faults in other
ranges such as the Whipple and Buckskin Mountains
(Davis and others, 1979,1980), except that the dip
of the fault surface is more than usually seen in
these other ranges. Offset of the detachment fault
by later normal faults (Fig. 2) m"y have rotated the
detachment fault to its present orientation. One
such normal fault offsets the detachment fault
near Mohawk Pass approximately 950 m (Fig. 2), as
judged from the repetition of the detachment fault
at almost pediment level on the western side of the
range. Further west, the steep gravity gradient and
thick valley fi 11 (Oppenheimer and Sumner, 1980)
suggest that more normal faults are present.

Numerous barite prospects and mines are present
in the upper plate adjacent to the detachment fault.
These mineral deposits appear to be directly related
to the deformation associated with the detachment

Rotation of the detachment fault indicates a
complex history of extension in this region, probably
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Figure 6

Figure 7

Diagrammatic cross section looking south from Mohawk Pass of normally faulted detachment
arch with included chlorite breccia zone. Throw of the normal fault is approximately
950 m.

Diagrammatic cross section looking north from Mohawk Pass shovling antithetic and synthetic
fault systems associated with the detachment fault.

ment terranes such as the Whipple-Buckskin-Rawhide
Mountains (Shackelford, 1976, 1980; Davis and others,
1979, 1980), the Harcuvar-Harquahala Mountains
(Rehrig and Reynolds, 1980), and the Santa CatalinaRincon Mountains (Davis, 1980). The Mohawks contain
a well-developed fault surface, a chlorite breccia
zone, upper-plate antithetic and synthetic faults,
and rotation of upper-plate crystall ine and Tertiary
units into the detachment fault. Lower-plate rocks
appear to be devoid of the Mesozoic mylonitic fabric
and I ineation exposed In other ranges in Arizona
and Cal ifornia, indicating the non-genetic relationship between mylonitization and detachment faulting
(Haxel and others, 1982). Offset of the detachment
fault by later normal faulting suggests that detachment faulting is just one component of the regional
extension that affected this region in mid-Tertiary
time.

much I ike that described in the lake Mead area by
Anderson (1971, 1977, 1978) and in the Yerington
district of Proffett (1977). Tilting of earlyformed faults also makes it difficult to determine
the original morphology of the detachment surface.
How the Mohawks fit into the system of regionally
developed, detachment related antiforms and synforms
(Cameron and Frost, 1981; Otton and Dokka, 1981),
is thus not intuitively obvious without correlation
to neighboring ranges.
REG 10NAl CORRElAT ION MID CONCLUS IONS
Detachment faulting of mid-Tertiary age has
affected much of western Arizona and southeastern
Cal ifornia. As exposed in the Mohawk Mountains
of southwestern Arizona, this low-angle normal fault
appears very similar to those in well known detach-
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Figure 8 A, B View looking north from 11ohav-Ik Pass of antithetic fault system
and detach~ent surface. The majority of antithetic faults in
the Mohawks crop out in the first large east-west trending ridge
north of 1-8 on the eastern side of the range. Upper photo is
an expanded view of a portion of the lower photo.

Correlation of the Mohawk detachment fault to
other ranges is difficult because so little is known
of this portion of southwesternmost Arizona. An
extremely well-developed detachment fault is exposed
in the Baker Peaks-Copper Mountains to the west
(Pridmore and Craig, this volume), where a thick
Tertiary redbed sequence is truncated by the fault.
To the northwest, detachment faults or detachment
related deformation are present in the Castle Dome
110untains (Gutman, 1981, this volume; Logan and
Hirsch, this volume), Kofa Mountains (Dahm and

Hankins, this volume), Trigo Mountains (Garner and
others, this VOlume), and Midway 110untains (Berg
and others, this volume). To the south. little is
known about the extent of detachment faulting,
although Tertiary normal faults are abundant in
northern Sonora (Merriam. 1972; Gasti 1 and
Krummenacher, 197 11, 1975, 1977). Determining
how far south and west this style of mid-Tertiary
extension continues should provide a focus for
much future research in this region.

456

REFERENCES CITED
Gutmann, J. T., 1981, Geologic framellOrk and hot
dry rock geothermal potential of the Castle Dome
area, Yuma County, Arizona: Los Alamos Scientific Laboratory in-house report, LA-8723-HDR,
UC-66b, 23 p.
Gutmann, J. T., 1982, Geology and regional setting
of the Castle Dome Hountains, southwestern Arizona:
this volume.
Haxel, G., and others, 1982, Mid-Tertiary detachment
faulting in the northernmos t Mohal~k llountains,
southllestern Arizona, Geol. Soc. America Abstracts
l-,ith Programs.
Logan, B., and Hirsch, D., 19iJ2, Geome ry of detachment faulting and dike e1!lplacement in the central
Castle Dome Mountains, Yuma County, Arizona: this
volume.
lferriam, R., 1972, Reconnaissance geologic map of
Sonoyta Quadrangle, northwest Sonora, Mexico:
Geol. Soc. America Bull., v. 83, p. 3533-3536.
Oppenheimer, J. N., and Sumner, J. S., 1980, Depthto-bedrock Nap, Basin and Range Province, Arizona:
Laboratory of Geophysics, University of Arizona,
Tucson, Arizona 85721.
Otton, J. K., and Dokka, R. K., 1981, The role of
stretch folding in crustal extension in the Mojave
and Sonoran Deserts: A 101-' strain ra Le mode:
Geol. Soc. America Abstracts with Programs, v. 13,
no. 7, p. 524.
Pridmore, C., Craig, C., and hintzmann, K., 1982,
Upper-plate structure and sedimentology of the
Buker Peaks area, Yuma County, Arizona: this
volume.
Proffett, J. N., Jr., 1977, Cenozoic geology of the
Yerington district, Nevada, and implications for
the nature and origin of Basin and Range faulting:
Geol. Soc. America Bull., v. 88, p. 247-266.
Rehrig, W. A., and Reynolds, S. J., 1980, Geologic
and geochronologic reconnaissance of a northlJesttrending zone of metamorphic complexes in southern
Arizona, in Tectonic significance of metamorphic
core complexes of the North American Cordillera,
Crittenden, M. D., Jr., Coney, P. J., and Davis,
G. n., eds., Geol. Soc. Ameriea Memoir 153.
Reynolds, S. J. and Rehrig, H. A., 1980, Mid-Tertiary
plutonism and mylonitization, South Hountains,
central Arizona: Geoi. Soc. America Memoir 153,
p. 159-176.
Shackelford, T. J., 1976, Structural geology of the
RalJhide llountains, Mohave County, Arizona: Unpub.
Ph.D. dissertation, University of Southern California, Los Angeles, California, 175 p.
Shackelford, T. J., 1980, Tertiary tectonic denudation
of a Mesozoic-Early Tertiary (?) gneiss complex,
Ra"hide Mountains, western Arizona: Geology, v. 8,
no. 4, p. 190-194.
Tucker, H. C., 1980, Tectonic Geomorphology of the
Luke Air Force Range, Arizona: Arizona Gear.
Soc. Digest, v. 12, p. 63-37.
Hilson, E. D., 1960, Geologie nap of Yuma County,
Arizona: Arizona Bureau of Hines.

Anderson, R. E., 1971, Thin-skinned distension in
Tertiary rocks of southeastern Nevada: Geol.
Soc. America Bull., v. 82, p. 43-58
Anderson, R. E., 1977, Geologic TIap of the Boulder
City IS-minute quadrangle, Clark County, Nevada:
U. S. Geological Survey, Geol. Quad. Map CG-1395.
Anderson, R. E., 1978a, Geologic map of the Black
Canyon IS-minute quadrangle, Mohave County,
Arizona, and Clark County, Nevada: U. S. Geol.
Survey, Geol. Quad. Map CG-1394.
Berg, L., Leveille, G., and Geis, P., in press, MidTertiary detachment faulting and manganese mineralization in the Mid,.;ay !1ountains, Imperial
County, California: Colorado River Tectonics
Volume.
Cameron, T. E., and Frost, E. G., 1981, Regional
development of major antiforms and synforms
coincident with detachment faulting in California,
Arizona, Nevada, and Sonora: Geol. Soc. of
America Abstracts "ith Programs, v. 13, no. 7.
Davis, G. A., Anderson, J. L., Frost, E. G., and
Shackelford, T. J., 1979, Regional Miocene
detachment faulting and early Tertiary (?) myloni tization W:lipple-Buckskin-Rmehide Mountains,
southeastern California and western Arizona, in
Geologic excursions in the southern Californi;area, Abbott, P. L., ed., San Diego State Univsity, San Deigo, California.
Davis, G. A., Anderson, J. L., Frost, E. G., and
Shackelford, T. J., 1980, Mylonitization and
detachment faulting in the \fuipple-RuckskinRawhide Mountains terrane, southeastern California "nd ,.;estern Arizona, in Tectonic significance
of metamor?hic core compl;Xes of the North American Cordillera, Crittenden, M. D., Jr., Coney,
P. J"
and Davis, G. H., cds., Geol. Soc. America
Hemoir 153.
Dahm, J. B., and Hankins, D., 1982. Preliminary
Geology of a portion of the southern Kofa Mountains, Yuma County, Arizona: this volume.
Davis, G. H., 1980, Structural characteristics of
metamorphic core complexes, southern Arizona:
Geoi. Soc. America He1!loir 153, p. 35-78.
Eberly, L. D., and Stanley, T. B., Jr., 1978,
Cenozoic stratigraphy and geologic history of
southwestern Arizona: Geol. Soc. America Bull.,
v. 89, p. 901-920.
Frost, E. G., 1981a, Mid-Tertiary detachment faulting in the Hhipple Mountains, California, and
Buckskin Mountains, Arizona, and its relationship
to the development of major antiforms and synforms: Geol. Soc. of America, Abstracts with
Programs, v. 13, no. 2, p. 57.
Garner, H., Tanges, S., and Germinario, M.• in
press, Detachment faulting and mineralization in
the southern Trigo :lountains, Yuma County,
Arizona: Colorado River Tectonics Volume.
Gastil, R. G., and Krummenacher, D., 1974, Reconnaissance geologic map of coastal Sonora: Geol.
Soc. America Hap and Chart Series, NC-16.
Gastil, R. G., and Krullilllenacher, D., 1977, Reconnaissance geology of coastal Sonora hetlJeen
Puerto Lobos and Bahia Kino: Geol. Soc. America
Bull., v. 88, p. 189-198.
Gross, H. H., and Hillemeyer, F. L., 1982, Geometric
analysis of upper-plate fault patterns in the
\Vhipple and Buckskin detachment terrane, California and Arizona: (this volume).

457

PRELININARY GEOLOGY OF A PORTION OF THE SOUTHERN
KOFA MOUNTAINS, YU}~ COUNTY, ARIZONA

Jerry B. Dahm and David D. Hankins
Department of Geological Sciences
San Diego State University
San Diego, California 92182

ABSTRACT
The Kofa Mountains consist of Tertiary volcanic
and intrusive rocks that unconformably overlie Mesowic
(?) metasediments in the area of this study. A massive,
north"est-trending dike s"arm intrudes the metasedimentary rocks and indicates major northeast-southwest extension in mid-Tertiary time.
Intense deformation
occurred in mid-Tertiary time that produced a north'vest trending antiformal fold "hich deforms the metasediments and dikes. Overlying sedimentary and
volcanic rocks that were originally deposited on the
metasediments are similarly domed by the same fold.
This older group of steeply tilted rocks yields a K-Ar
age (w/r) of 19.5±O.3 myBP.
Overlying this tilted
sequence is a more gently tilted sequence of thick
volcanic flows and ash-flow tuff, which make up most
of the range. These younger flo"s are gently tilted
and cut hy northwest-trending normal faults.
The basal
unit of this assemblage yields a K-Ar age of 17.3+0.5
myBP (bio), suggesting that large-scale folding o~cur
red during mid-Miocene time. Mineralization in the
King of Arizona and North Star districts is concentrated along breccia zones intruded by dikes at or near

the metasediment-volcanic contact. These dikes are
highly mineralized, altered, and replaced by calcite
and silica.
Deformation "ithin the Kofas appears to
fit into a regional picture of intense mid-Tertiary
extension and crustal \?arping.
A detachment fault like
those seen in neighboring ranges is inferred to be at
a shallm" depth belm" the range.
INTRODUCTION
This paper is a preliminary summary of the character and geochronology of the structure and mineralization within the "estern KoIa Mountains of southwestern
Arizona.
The study area is located in a portion of the
range that contains metasedimentary rocks of Mesozoic
(?) age that are in contact with a voluminous pile of
mid-Tertiary volcanic rocks. A well-developed dike
s"arm is exposed in the metasedimentary rocks and
appears to have been significantly tilted since its

o
. . ·'.·

0..

.

TERTIARY

VOLCANICS

CRETACEOUS
METASEDIMENTS·

STONE
CAB I N

)
\

'- KING of ARIZONA
MINE

N

-

0

1- .

MILES

10

Figure 1. Location map for the Kofa Mountains, showing the study area (boxed), and the distribution of
Cretaceous (?) sediments and Tertiary volcanic intrusive rocks.
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intrusion.
The metasedimentary rocks and dikes are
folded into a large-scale, northwest-trending antiform,
as is an older sequence of sedimentary and volcanic
rocks originally deposited on the metasediments.
Relatively flat-lying volcanic rocks unconformably
overlie this deformed assemblage. Mineralization in
the area appears to be associated with both the dike
swarm and the Tertiary volcanic-Mesozoic metasediment
contact. The purpose for undertaking this study ",as
to describe the mid-Tertiary structural history of this
region and to try to discern the causes of the mineralization.

Location and Access
The Kofa, or S. H. Mountains, are located 100 km
northeast of Yuma, Arizona (Fig. 1). The southern portion of the range encompasses the King of Arizona and
Kofa Hining Districts, ",hich are easily accessible via
a graded road that intersects Arizona State Highway 95
at Stone Cabin, a small settlement 85 km north of Yuma.
The Kofa Mountains are composed chiefly of volcanic
ac.Q volcaniclastic rocks. The upper portion of this
volcanic assenililage dips gently to the north (Keith,
1978; Shafiqullah and others, 1980), ",hile the lo",er
volcanic package dips steeply to the northeast.
The
highest peaks top 1200 meters (4000 ft) above sea level
and form buttes that are dissected by steep canyons.
The t",o largest mines in the southern Kofa Mountains
are the King of Arizona and the North Star Mines
(Fig.l), ",hich '''ere high-grade gold and silver producers
at the turn of the century (Keith, 1978). Permission
to "'ork in the area must be obtained from the mine
otvners, ",hile "'orking in the surrounding area requires
permission from officials of the Kofa Game Range.

Previous Hark
There are fe", published papers concerning the Kofa
Mountains. A reconnaissance of the mining districts by
Jones (1915) described the geology, structures and
host rocks that contain the mineralization. Wilson
(1933, 1960) studied the range as part of his mapping
of Hestern Arizona, and his conclusions are S110"..,U on
the present state geologic map of Arizona (Wilson and
Moore, 1969). Harding (1980; LIds volume) has done
detailed work on the Mesozoic Livingston Hills Formation which is exposed north of this study area in the
Livingston Hills, Plomosa, and Dome Rock Mountains.
These Mesozoic clastic rocks may be correlative with
the metasediments present in the Kofa Mountains.
Shafiqullah and others (1980), in their study of the
geologic history of southwestern Arizona, described
tlvO distinct packages of volcanic rocks in the Kofa
Mountains of mid-Tertiary age. Gutmann (1981; this
volume) investigated the geochemistry and geochronoloy
of the Kofa Volcanics (terminology of Wilson, 1933) in
the Castle Dome Mountains, immediately south and "'est
of the Kofa Mountains.
REGIONAL GEOLOGIC SETTING IN RELATIONSHIP
TO THE KOFA MOUNTAINS
The Kofa Volcanics of Wilson (1933, 1960) crop
out extensively in the mountains of central Yuma
County, Arizona.
In the Castle Dome Mountains, Gutman
(1981) found that the Kofa volcanics are one half to
one kilometer thick and composed of about 60% rhyolite,
",ith equal volumes of andesite and dacite making up
the remainder. Most of the silicic flows are ash-flow
tuffs, ",ith the youngest flo",s being more mafic in
composition. These rocks are part of an extensive
accumulation of mid-Tertiary volcanic units present in
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Figure 3. Rhzodacite dike, within the metasedimentary package, which trends
0
north 30 west and dips 60 northeast. Along this dike mineralization has occured.
occurred. Many prospect pits trace its location adjacent to the volcanic
and metasedimentary rocks.
most of western Arizona and southeastern California.
Although mapped as Cretaceous in age by Wilson, (1960)
these volcanic rocks are late Oligocene to Miocene
in age based on regional correlations and geochronology
(Eberly and Stanley, 1978; Shafiqullah and others,
1980; Gutmann, 1981, this volume) and K-Ar age dates
reported in this paper. The enormous thickness of
volcanic material present in the Kofa Mountains may
suggest that this region was A major volcanic source
terrane during the passage of the mid-Tertiary arc
through western Arizona (Coney and Reynolds, 1977).
Mesozoic rocks that are exposed in Lhe Kofa Mountains are of unresolved affinity.
Thick sequences of
Mesozoic clastic rocks of the Livingston Hills-McCoy
Mountains-Palen Formation, have been described to the
north of the Kofa Mountains by Miller (1970), Miller
and McKee (1971), Pelka (1973), Marshak (1980), Robison
(1980), Harding (1980; this volume), and Harding and
others (1980).
Other thick sequences of Mesozoic
clastic rocks have been described in southwestermuost
Arizona and southeastern California by Haxel and Dillon
(1978). Haxe1 and Dillon describe gray schists of the
Winterhaven Formation that appear lithologically
similar to parts of the Mesozoic metasedimentary rocks
of the Kofa Mountains. The regional correlation between the Livingston Hills-McCoy Mountains-Palen Formation and the Winterhaven Formation is not kno,m, nor is
the correlation of the Kofa metasediments to either of
these units.

have been affected by this mid-Tertiary deformation is
a major focus of this study.
The largest gravity low in Arizona is centered
just south of the Stone Cabin settlement on State Highway 95 (Lysonski and others, 1980). This low is
roughly circular in shape and is 4S kilometers indiameter (Gutman, 1981; this volume). Pre-Tertiary
rocks are not exposed within the area of the gravity
low but are present at the margins, which are often
sharply defined.
This has been interpreted by Gutman
as being a possible cauldron complex that produced the
thick ash-flow tuffs present in this area.
GENERAL GEOLOGY AND LITHOLOGIC UNITS
Metasedimentary schist and phyllite crop out on
the southern flank of the Kofa Hountains (Hilson, 1933,
1960) where the King of Arizona and Kofa Mining
Districts arc situated.
Several hundred meters of
schist are exposed structurally below the volcanic
interface. The schist defines a broad antiform with a
gentle west-dipping foliation and also contains a
northeast-trending lineation.
The metasediments are
quartz-rieh but also contain abundant muscovite,
biotite, chlorite, epidote, and garnet indicating
greenschist-grade metamorphism. The chlorite appears
to,be the result of retrograde metamorphism because it
occures as an alteration of biotite as seen in thin
section.

Both the Mesozoic metasediments and the midTertiary volcanic rocks have been deformed during
Tertiary time.
This deformation produces an extensive
network of high-angle, northwest-striking normal faults,
which appear to be the result of major northeast-south"est crustal extension that affected western Arizona
in Miocene time (Reynolds, 1980; Rehrig and Reynolds,
1980; Davis and others, 1979, 1980). On a regional
scale, the products of this crustal extension appear to
be the development of normal faults, a low-angle
detachment fault, and detachment-related crustal folding (Frost and Martin, 1982). How the Kofa Mountains
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The metasedimentary rocks are intruded by several
sets of dikes that appear to be of different ages.
The oldest dikes are composed of pegmatitic material
with
compositions ranging from granite to monzonite
porphyry (nomenclature of Streckeisen, 1979). These
dikes are weakly foliated parallel to the foliation
of the metasedimentary rocks and are thus probably
Mesozoic in age.
Cutting these older dikes is a
voluminous pile of silicic to intermediate dikes that
crop out as dark bands within the lighter-colored
metasediments (Fig. 4).
These dikes strike generally

Figure 4. View looking southeast at "schist mountain", shm-ling the extensive
0
dike swarm which has an overall dip of 60 to the south. The dikes seen
in this area are entirely within the metasedimentary package.

Figure 5. Oblique areal photo of the youngest (mid-Hiocene), least deformed volcanic floHs overlying
older (early Hiocene) tilted volcanic flows and ash-floH tuffs. (mesa is approximately 0.75 km
,vide)
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Figure 6. Oblique areal view of older (early Miocene) highly tilted volcanic rocks, unconformably overlain by
near horizontal, younger (mid-Miocene) volcanic rocks (bar scale is 0.5 km).

northwest and most dip to the southwest. Untilting of
the overlying volcanic rocks brings most of the dikes
to a near vertical orientation. The northwest orientation of these dikes is consistent with late-Tertiary
regional dike patterns described by Rehrig and Heidrick
(1976) for western Arizona.
Associated with this voluminous dike swarm are
zones of brecciation and mineralization. The breccia
zones involve both the metasedimentary rocks and the
dikes themselves. Clasts are angular to subrounded
and are intermixed between the dike and metasedimentary
rocks. Mineralization is preferentially concentrated
along these zones of alteration and silification.
Most of the mines in this district are along the dike
and breccia contacts, suggesting that the mineralizing
fluids were localized by these structures during the
mid-Tertiary.
Some of the largest of these mineralized dikes
are along the metasedimentary-volcanic rock contact as
at the North Star mine. West of the mine, well developed cobble to boulder conglomerates composed of clasts
of the metaRedimentary rocks are exposed above the
mineralized and faulted dike separating the metasediments from Tertiary rocks. These conglomerates are
well bedded and are oriented parallel to the steeply
tilted (60°) dike and Mesozoic-Cenozoic rock contact.
Similar parallelism between the steeply tilted base of
the Tertiary section and the contact with the meta-

sediments is seen as at the North Star Mine. The
basal Tertiary-Mesozoic metasedimentary rock contact
thus appears to be an unconformity that has experienc.ed
later fault motion.
The volcanic rock sequence (Figs. 5 and 6)
comprising Polaris Mountain (site of the North Star
Mine) consists mostly of rhyolitic to dacitic ash-flow
tuff and flow material. Within this 1400 meter thick
volcanic pile, two distinct volcanic units are present
and are separated by an unconformity. The lowermost
flows consist of steeply dipping rhyolitic to
rhyodacitic lava flow material, intermixed with thin
units of ash-flow tuff of the same composition. Often,
very well-developed flow banding is present in these
lower volcanic units further testifying to their flow
nature. Petrographic and chemical analyses to determine
the exact composition of these lower volcanic units are
in progress. This lower package of steeply dipping
volcanic rocks is 22 million years to 24 million years
old (Shafiqullah and others, 1980) in the northwestern
Knfa Mountains, while an age of 19.5+0.3 million years
,,,as obtained (K-Ar, '·lhole rock) in this study area.
Unit two of this volcanic sequence unconformably
overlies the lower volcanic section, and has a very
shallO\ol dip to the northeast as shOlm in Figure 5.
Like the lower unit, the younger sequence consists of
rhyolitic flows, which exhibit flow banding on a large
and continuous scale. The ash-flo,", tuffs appear to be
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fault beneath the volcanic mass of the main range is
",ell exposed. Closely associated with the fault at
this mine is a dacite dike, ",hich also dips steeply
northward (Fig. 3).
STnVCTURE
The overall structure of the area under investigation is that of an antiform as shol·m by Figure 2.
One limb dips steeply north, while the other limb dips
shallowly to the south and thus makes up more of the
exposed antiform.
The metasediments exhibit gentle
east-and west-dipping foliation and a variably developed northeast-trending lineation. The foliation is a
result of layering of feldspars and a recrystallization of quartz.
These foliated rocks contain joints,
tension fractures filled with quartz, small faults,
and small-scale folds.
Structurally, there appears to
be over 1200 meters of metasediments in the area of
investigation. Numerous north",est-trending dikes cut
the metasedimentary package, many dipping about 60°
to the south in the area of the King of Arizmna Mine.
Some of these dikes are associated Ivith zones of
brecciation. These breccia zones, dikes, associated
faults, joints and mineralized veins are usually subparallel, and strike north 25° west and dip 60° south.
The contacts of the metasediments and volcanic
rocks form a northwest-trending antiform ",hich has
steep limb dips. This "Kofa Antiform" may be part of
a regional north",est-trending fold set seen in Arizona
(Reynolds, 1980; Cameron and Frost, 1981).
Changes in
the orientation of the contact bet",een the metasediment and volcanic rocks in the area southeast of
the North Star Mine suggest that there may be other
fold sets or other structural complexities superimposed
on this area.

Figure 7. Dike contact ",ith metasediments to the left
0
(south) sholving the steep (60 . north) dip seen
near the North Star Hine.

of a thicker nature (8 to 100 meters thick) in these
upper, nearly horizontal units than they are in the
10l"er, more steep ly dipping volcanic package. The
upper, nearly horizontal rhyolitic units appear to
be correlative over much of the Kofa Mountains, and
perhaps many of the surrounding ranges.
Within this
unit are several plug-like bodies of rhyolitic to
rhyodacitic composition, ",hich "'ere probably vents for
the nearly horizontal volcanic flows in the area of
the North Star-Hine. These small plugs can be seen
scattered throughout the southern Kofa Mountains, and
may account for a large volume of the volcanic material.
These may be associated with Gutmann's (1981, this
volume) suspected caldera complex. These upper volcanic
rocks yield an age of 18.3+0.4 million years old
(Shafiqullah and others, 1980) in the northernmost Kofa
Mountains, and 17.3+0.5 m.y. in this study area.
Thus,
there are clearly t~o pulses of volcanic extrusion,
separated by a period of deformation and erosion. The
two age dates from this study area, along I"ith the
three reported by Shafiqullah and others (1980),indicate that this deformation reached its peak about 18
myBP.

Within the study area (Fig. 1), thp lo",er, steeply
dipping rhyolites trend northwest with an average. dip
of 50° to the northeast.
The dip of this lower pack~
gradually decreases as they approach the unconformity
but remain tilted enough to define an angular unconformity with the overlying volcanic units.
The upper
rhyolite flows and tuffs exhibit dips of 10° to 20° to
the northeast ",hile trending north to northwest. The
unconformity separating the two volcanic units in the
Southern Kofa Hountains is very subtle to observe in
most locations and is best seen from a distance (Figs.
Sand 6).
Normal faults are present in the Kofa Volcanics
and metasedimentary rocks, but are difficult to see
and even more difficult to determine their offset.
In
several areas, near vertical normal faults cut the
lower Kofa Volcanics, while not affecting the upper
assemblage. However, the majority of faults that have
been identified cut both upper and lo",er units.
Rotation of the Tertiary volcanic units has obviously
occurred, but is not as clearly related to the normal
faults as it is in neighboring ranges (Garner and
others, this volume; Hueller and others, this volume;
Pridmore and Craig, this volume; Logan and Hirsch, this
volume).
Instead, rotation of the Tertiary strata
appears to be more clearly related to large-scale folding of the region.
Such folding may reflect the same
extensional deformation seen in ranges with exposed
detachment faults and may suggest that such a detachment fault is at depth beneath the Kofas.
GEOCHRONOLOGY

The lower contact bet",een the rhyolitic volcanic
rocks and the metasediments consists of a steeply dipping (approximately 60°), highly mineralized fault.
At the North Star Mine, the northeast dip of this

The field relationships provide a relative geochronology of the major units ",ithin the range ",ith KAr ages providing some absolute age constraints on the
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Figure 8. Metasedimentary schist showing the pervasive foliation and lineation
present through this package of rocks (lense cap in upper left corner for
scale),

geologic history of the Kofas. The oldest rocks are
the well foliated and varia!:'ly lineated metasedimentary
rocks. The granitic to monzonite porphyry dikes appear
to have intruded prior to the devleopment of the foliation and lineation. The rhyodacite to quartz latite
to andesite dike swarm intruded after the formation of
the foliation and lineation, and appears to be contained solely in the metasedimentary sequence. Some
of these dikes are brecciated and others contain metasedimentary inclusions surrounded by flow banding.
Brecciation appears to have occurred during the intrusion of at least some of the dikes. The timing of the
deposition and subsequent deformation of the lower
volcanic flows and tuffs is indicated by the 19.5±0.3
myBP age on a unit near the base of the Imver volcanic
sequence near the North Star Mine. Folding of the
metasedimentary rocks into an anti formal shape occurrffi
after the deposition of the older volcanic units and
is thus mid Miocene in age. Deposition of the younger
sequence of rocks largely post-dates the anti formal
deformation. An age of 17.3+0.5 myBP on the upper
sequence provides a mid-Mioc~ne upper age limit for
most of the deformation.
MINERALIZATION
In the King of Arizona and Kofa Mining districts,
the majority of-mineralization is found in the zones
of brecciation associated with dikes within sedimentary
rocks near the contact of the volcanic rocks.
The two
large mines in the area, the King of Arizona and the
North Star, produced gold and silver at the turn of
the century. Jones (1915) reported that the mineralized zone at the King of Arizona Mine trends westnorthwest and dips at 60· to the south. The mine is
stoped out to the surface for over 450 meters along
its strike and is up to 10 meters wide. The host
rock is brecciated rhyodacitic to quartz latite
porphyry. Veins of quartz and calcite parallel the
stoped area, "itll the calcite often being brmm in
color. The King of Arizona vein is cut by numerous

cross faults (Stone and Kuhn, 1945). The major set of
these faults strike north 30· east and dip 90 to 70·
to the south. Psilomclane and calcite are also
abundant along these faults.
Much of this calcite is
brmm, while some of it is black in color and is
probably highly manganiferous.
The vein at the North Star lfine is just below the
volcanic-metasediment interface in a brecciated dike
similar to that at the King of Arizona Mine. According
to Jones (1915) and Keith (1978), the vein strikes
east-west and dips at 60· to the north. The brecciated
dike material is cemented with chalcedony and cointains
vuggy quartz, disseminated pyrite, minor adularia,
and fluorite.
Minor galena is found in northeast-striking veins
in the metasedimentary schist between the two mines.
Jones (1915) reports that one such vein is associated
with a monzonite porphyry dike, with associated
minerals including fluorite and calcite. An epidotemalachite vein with a similar orientation is found east
of the King of Arizona Mine.
The same mineralogy is
found on strike with this vein in the lower volcanic
rocks in some areas.
CONCLUSIONS
A brecciated and mineralized unconformity with
later fault motion forms the contact bet,,,een the metasedimentary rocks of Mesozoic (?) age and the midTertiary Kofa Volcanics in the southern Kofa Mountains.
This contact is folded and has a northern limb dip of
about 60·, indicating intense northwest-trending folding. The age of the folding is inferred to be 17-20
myBP based on K-Ar ages of the two volcanic units
above the metasediment rocks. This folding clearly
took place coevally with volcanism, but the relationship between the two is unclear. The Kofa Mountains
record a complex mid-Tertiary history of volcanism
and large-scale crustal warping that is correlative

465

....

--------===

(J)
(J)

~
~--''--~

~

Tkv1

POLARIS

~

Mt.

~

Tkv
1
NORTH STAR

MINE

~",,/tt51~
Kms

0.5 km

------,

~\

Figure 9. Oblique areal composite, and drawing, showing the North Star Mine, Polaris Mt, the lower, high-angle volcanics (Tkv ) unconformably overl
lain by near horizontal volcanic rocks (Tkv ). The metasediment (Kms) contact with this volcanic package is concealed in many areas by slope
2
wash or alluvium, while the dikes (xxx) within the metasediments are clearly more resistant to weathering (bar scale is 0.5 km).

with simiar phenomena seen elsewhere
Arizona and neighboring California.
volcanism and associated deformation
sage of the mid-Tertiary arc through
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INTERRELATIONSHIP OF LATE IlESOZOIC THRUST FAULTING AND
HID-TERTIARY DETACIllIENT FAULTING IN TilE RIVERSIDE ~10UNTAINS,
SOUTHEASTERN CALIFORNIA

JOliN ll. LYLE
Department of Geological Sciences
San Diego State University
San Diego, CA. 92182

ABSTRACT
The Riverside Hountains of southeastern,
California are perhaps the clearest example of the
superposition of ~[esozoic compressional features with
mid-Tertiary extensional phenomena in the lower
Colorado River region.
Hamilton (1964, 1971) describes
isoclinally folded complexes of thrust sheets involving Precambrian basement interlayered with Mesozoic and
Paleozoic metasediments of the Grand Canyon sequence,
which are overprinted by a Tertiary low-angle fault on
the southern side of the Riversides.
Carr and Dickey
(1980) label the lm.,-angle fault the Hhipple detachment fault and also show Mesozoic and Paleozoic thrust
stacks on Precambrian units in the lower plate.
The Riverside Mountains resemble a horse-shoe
morphology open to the north.
The eastern Riversides
define a major southwest-plunging antiform with several
minor antiforms and synforms forming the rest of the
range as a result of mid-Tertiary crustal warping.
The
detachment fault is locally exposed and flanks the
southern margin of the Riversides conforming to the
folded geometry of the range.
The detachment fault
separates a brittley distended upper plate consisting
of Tertiary volcanics, fanglomerates, fluviallacustrine deposits and Precambrian schist and gneiss
from a non-mylonitic, relatively unaffected lower plate
consisting of interleaves of upright and overturned
Paleozoic and Mesozoic sequences between Precambrian
crystalline units that reflect deep-seated Mesozoic
compressional deformation. Kinematic indicators suggest
upper-plate transport to the northeast above a lower
plate that shows partial K-Ar resetting to 38 myBP
just below the fault.
Lower plate metamorphic mineral
assembleges suggest greenschist grade metamorphism
0
and physical conditions of formation of 350-450 and
Z-7kb. As a result, Paleozoic sequences display a
highly ductile deformation fabric, yet remain relatively
intact.
The lower-plate Mesozoic deformational history
has been interpreted by palinspastically removing the
mid-Tertiary deformation. Two distinct episodes of
Mesozoic folding and thrusting (fl,fZ) have been recognized on the basis of superposed large-and small-scale
folds and their associated structural elements. Northeast-verging folds (fZ) are most conspicuous in all
lower-plate rocks as they refold previously formed fl
folds and thrusts and produce a locally developed
northeast-trending lineation.
Fl folds are east to
southeast vergent, generally recumbent and fold inverted thrust limbs.
Although geochronologic data is
poorly constrained, the fl east-to southeast-vergent
folds seemingly reflect elements of the late Mesozoic
Sevier foreland fold and thrust belt.

The thick Precambrian section and interleaved
metasedimentary rocks appear to be structurally higher
than rocks below the detachment fault in the adjacent
['hippIe and Buckskin Mountains. This may suggest that
the coeval mylonitic fabric and northeast-trending
lineation that are so widely exposed in ranges northeast and east of the Riversides is of simple-shear
origin.
If so, the origin of the northeast-trending
lineation associated with northeast-vergent folds (fZ)
in the Riversides may be explained as a result of
antithetic overthrusting in conjunction with late
Mesozoic synthetic underthrusting. This underthrusting appears to have produced the mylonitic horizons so
widely exposed as tectonic windows throughout southeastern California and western Arizona. These
tectonic windows are products of the mid-Tertiary
crystal warping associated with the development of
detachment-related antiforms and synforms.

INTRODUCTION
The Significance of Mid-Tertiary Overprint
Ernie Anderson's study (1971) of low-angle faulting in the Eldorado Mountains, Nevada, 100 km north of
Needles, California, was geologically, a revolutionary
breakthrough. His work was the first to attribute the
low-angle faults of the Colorado River area to noncompressional tectonics. He described an area characterized by Miocene imbricate normal faults, ,;hich involved pronounced eastward rotation of Tertiary strata
and interpreted these faults as flattening dO\'1llward
and merging with a subhorizontal basal fault surface
below which extension by normal faulting had not
occurred.
Further south in the 1'hipple-Buckskin-RaHhide
Mountains of southeastern California and western
Arizona, Davis and others (1979) studied a terrane Hith
geological characteristics similar to those described
by Anderson (1971) in the Eldorado Hountains, nearly
ZOO km to the north.
They described the low-angle
faulting as being extensional in origin and as having
formed at shalloH depths « 5 km).
They also pointed
out that this low-angle normal fault, or detacllment
fault is a Have-like surface folded into an antiformalsynformal geometry that coincides roughly with the
general morphology of the ranges and valleys covering
tens of thousands of square kilometers.
Recent studies by a number of workers (Frost,
1981; Otton and Dokka, 1981; Frost and Cameron, 1981)
:i_udicate that many ranges in southeastern California
and southern and Hestern Arizona probably O\;e their
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morphology to the development of northwest-and/or
northeast-trending antiformal-synformal basement warps,
which appear to be related to the origin of regional
detachment faulting.
The recognition of this Tertiary
deformational overprint has provided the geometric and
kinematic constraints to palinspastically remove the
penetrative Tertiary deformation from the exposed geologic record.
In areas that involve Sevier and/or
Laramide related folding and thrusting, Tertiary
crustal warping has exposed these features allowing
the deciphering of pre-detachment structural configurations and kinematics.
It is extremely important
therefore, that low-angle faults be correctly identified as either mid-Tertiary "extensional" detachment
faults or "compressional" Hesozoic thrust faults, in
order to correctly interpret the geologic history of
an area.
This paper describes the geologic characteristics
and kinematics of detachment faulting and the effects
of their superposition on Hesozoic deep-seated compressional deformations that are recorded in the Riverside
Hountains of southeastern California.
The Riversides
are unique in that they are perhaps the clearest example of the mid-Tertiary extensional overprint on
Hesozoic compressional features in the 10l"er Colorado
River region.

Regional Mesozoic (Sevier-Laramide) Folding and Thrusting
Several works in the recent literature describe
thrust faults related to compressional tectonics in the
lower Colorado River region and adjacent areas (Fig.l)
Burchfiel and Davis (1971) describe east-directed thrust
faulting and folding in the Clark Hountains, California
as a continuum of the Sevier (Hesozoic) foreland fold
and thrust belt.
In a later paper (1977) they extend
thp thrust belt further south to the New York Mountains,
California. Like the Clark Hountains, the same sense
of eastward-fold vergence and thrusting prevails but
with a different structural style, \"hich they attribute
to the change in tectonic setting from a miogeoclinal
to a cratonal environment.

Howard, Miller and Stone (1980) and Howard (1981)
describe southeast-vergent folds and associated thrusts
in the Little Piute Mountains, Old Woman Hountains and
Kilbeck Hills, and suggest the continuance of the
foreland fold and thrust further to the south.
They
note that deformation is highly ductile with local metamorphism reaching sillimanite grade, which they attribute to "deep-seated expressions of the Sevier orogenic
belt exposed to the north."
Thrust faults exposed in the Big Maria Mountains
have been described as being both northeast (Hamilton,
1971; this volume) and southvrest vergence (Ellis, 1981;
this volume) and southwest vergence (Ellis, 1981; this
volume; Ellis and others, 1981).
Southwest-to southvergent folds and associated thrust faults have also
been described in the Little Haria Hountains (Emerson,
1981), Palen Hountains (Demaree, 1981), and Arica Hountains (Baltz, this volume) and seem to be associated
with southwest-vergent ductile nappes, which Krummena~r
and others (1981) attribute to northeast-directed underthrusting.
In the Chocolate and Peter Kane Hountains further
south, Haxel and Dillon (1978) describe thrust faults
related to the Vincent-Chocolate Mountains thrust sysrem.
Considerable controversy exists about the kinematics of
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this system, with both northeast underthrusting and
overthrusting as possibilities (Haxel and Dillon, 1978;
Jacobson, 1980).
Thrust faulting in the Plomosa Hountains, Arizona,
has been described by Hiller (1970) and Hiller and
McKee (1971) although data describing kinematics and
timing are loosely constrained.
Thrust faults dip east\"ard separating upper-plate fossiliferous Paleozoic
sections from lower-plate deformed Paleozoic sections.
They suggest that the eastward dip and spatial relationships of Paleozoic sections in western Arizona indicate
that the upper plate moved westward relative to the
10l"e r plate.
The Harquahala Hountains of \"estern Arizona, contain many thrusts that can be related to compressional
tectonics as described by Reynolds, Keith, and Coney
(1980).
In the Harquahalas, southeast-vergent folds
are discordantly severed by a later episode of thrusting that Reynolds and others interpret as having northerly to northeast tectonic transport.
The thrust faults in ranges described above and
shown in Figure 1 are unequivocally of compressional
origin.
Several other ranges shown in Figure 1 may
actually contain thrust faults as well, but Tertiary
extensional deformation makes original genetic inference
difficult.
The ages of the thrust faults described
above are not tightly constrained, making it difficult
to correlate faults in one range to those in other ranges.

Regional Mid-Tertiary Detachment

Faulti~

Mid-Tertiary detachment faults in the Colorado
River area and adjacent ranges (Fig. 1) are well documented in the literature. \1here detachment faulting
and associated deformation are superposed on Meso7.oic
and Tertiary mylonitic terranes, the term "metamorphic
core complexes" has been used (Davis and Coney, 1979;
Crittenden and others, 1980).
Shackelford (1975, 1976a, 1976b, 1980) was the
first to describe this relationship in the lower
Colorado River region in his studies of the Rawhide
Mountains of western Arizona. Davis and others (1977,
1979, 1980), Rehrig and Reynolds (1980), Dickey and
others (1980), Frost and Otton (1981), and Lucchitta
and Suneson (1977, 1980) have also described extensive
areas of detachment faulting in the Whipple, Buckskin,
Rawhide, Harcuvar, and Harquahala Hountains of \"estern
Arizona and eastern California.
In these ranges, midTertiaIy clastic and volcanic rocks dip rather uniformly
to the southwest, suggesting northeastward transport
above the regionally subhorizontal detachment fault.
This detachment fault is folded into a series of major,
antiformal-synformal structures, which expose the lower
plate by creating the mountain ranges in this terrane
(Davis and others, 1979, 1980).
In the Riverside Mountains a detachment fault is
locally exposed along the southern margin of the range.
This low-angle fault is folded into an antiformal-synformal geometry.
Northeast-dipping normal faults in
the upper plate rotate strata to the southwest indicating motion to the northeast (Carr and Dickey, 1980;
Carr, 1981).
Detachment faults are also seen to the south of
the Riversides in western Arizona in the Trigos (Garner
and others, this volume), Hohawks (Hueller and others,
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this volume), Baker Peaks - Copper Hountains (Pridmore
and Craig, this volume), and Castle Dome Hountains
(Gutmann, 1981, this volume; Logan and Hirsch, this
volume).
Detachment faults or detachment-related
deformation is also present in California in the Big
Haria Hountains (Hamilton, this volume; Ellis, 1981;
this volume) and Midway Hountains (Berg and others,
this volume).

GEOLOGY OF THE RIVERSIDE t10UNTAINS
General Description

Previous Studies In The Riverside Mountains
Previous geological studies of the Riverside
Hountains of southeastern California are extremely
limited.
Gold was discovered in the Riversides in
1898 and active mining continued in several underground mines until about 1920. Mining resumed in the
1930's but again faded, leaving the extensive workings
in the range in total disuse.
Several short paragraphs have been published (Merril, 1919, 1929; Tucker
and Sampson, 1945) in California Division of Mines and
Geology's Report of the State Mineralogist in referenre
to the Bendigo or Riverside Mountains mining district.
Most of these summaries describe the mining operations
and conclude that ore bodies are replacement-type zones
that occur along south,,,est-to north",est-dipping limestone-schist contacts. These tectonic contacts are
host to gold, copper, silver and manganese mineralization.
Some of the ore deposits described are "as much
as 15 feet thick, and extend to depths of 200 feet."
Brief mention is also made of extensive gypsum deposirn,
which are sporadically located throughout the range.
Hamilton (1964, 1971) has described isoclinally
folded complexes of thrust sheets involving Precambrian basement interleaved with Paleozoic metasedimentary rocks, which are overprinted by Tertiary
lm,,-angle faulting in the southern portion of the
range.
Besides his 1964 map, which includes part
of the southern Riversides, Hamilton has mapped the
entire Riverside Mountains (Fig. 2) in reconnaissance
0
fashion (unpublished mapping shown on the Needles 2
Geologic Sheet, Bishop, 1963).

The Riverside Hountains are located approximately
50 km north of Blythe, California (Fig. 1). The range
is horse-shoe shaped, with its open end facing north.
This distinct morphology is a product of mid-Tertiary
deformation, and the development of large-scale northeast-trending antiforms and synforms (see Figure 2,
northeast-trending f 3- fold axes).
A lm,,-angle normal
fault, or detachment fault, divides the range into two
distinct structural provinces: an upper plate characterized by brittley distended Tertiary volcanic and
clastic rocks, Precambrian basement, and minor occurrences of Paleozoic and Hesozoic metasediments; and a
lower plate that reflects deep-crustal deformations
with interleaves of upright and overturned Paleozoic
and Mesozoic sequences bet",een Precambrian crystalline
units (Fig. 2).

Stratigraphy
The lithologic units within the Riverside Mountains are diverse and range in age from Precambrian
crystalline rocks to recent alluvial deposits (Fig.3).
Precambrian Metamorphic Rocks
Precambrian metamorphic rocks exposed in the
Riverside Mountains consist of quartzo-feldspathic
metasedimentary rocks and a variety of granitic metaplutonic units similar to those described in the
\Vhipple Mountains by Davis and others (1979, 1980).
These units are highly deformed, locally migmatitic and
are generally much coarser than Paleozoic and Hesozoic
metasedimentary units found in the range.
A large body of the 1.4-1.5 byBP rapakivi granite (Silver and
others, 1977; Anderson and other, 1979) is present on
the soutb"estern side of the Riversides.
Paleozoic Metasedimentary Rocks

Carr and Dickey (1976, 1977, 1980) and Carr (1981)
describe stacks of imbricate thrust faults of Mesozoic
and Paleozoic rocks on Precambrian basement in the
Riverside Mountains. They label Hamilton's (1964)
low-angle fault in the southern Riversides as the
Hhipple detachment fault.
Carr (1981) and Carr and
Dickey (1977, 1980) also suggest that Hamilton's
interval of Coconino Sandstone in ilie Paleozoic section
may be equivalent to the Queantm"eap Sandstone of
McNair (1951).
They also defined a number of Mesozoic
(?) units in their efforts to unravel the complicated
structure of the range.
Recent ",ork by Stone, Ho",ard, and Hamilton (in
press) in various ranges throughout southeastern
California suggests that the metasedimentary section
exposed in the Riverside Nountains probably correlates
more accurately "lith tI,e classic Paleozoic Grand Canyon
sequence. Many of the units defined by Carr and Dickey
(1980) are assigned Paleozoic formation names correlative ",ith exposures in the nearby Big Maria Mountains
(Stone and others, in press).
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Paleozoic metasedimentary rocks are exposed predominately in the eastern Riversides. Although impressively deformed in most localities, the Paleozoic section remains relatively intact ",ithin individual, faultbounded sheets.
On a lithologic basis, the sequence
correlates with the classic Grand Canyon sequence
described by McKee (1976). Hamilton (1971) and Stone,
Ho",ard and Hamilton (in press) suggest that, although
there are minor stratigraphic variations in Paleozoic
sections exposed in the Riverside, Big Haria, Little
Maria, Arica and Palen Pass areas in southeastern,
California, a remarkable lithostratigraphic correlation
exsists with the Grand Canyon section. Ductile deformation and greenschist-grade metamorphism have destroyed nearly all macro and micro fossils and make any
accurate estimation of the original depositional thickness very difficult. The units are still lithologically
distinct and therefore are of enormous aid in deciphering the structure of the range.
The base of the Paleozoic section in the
Riversides is always in tectonic contact ",ith either
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Precambrian or Mesozoic metamorphic rocks.
Both the
Tapeats Sandstone and Bright Angel Shale were originally present, but are faulted out of the Paleozoic sections in most parts of the Riversides. 1fuere they are
exposed, these units are relatively thin, well-foliated
micaceous quartzite and phyllite. They tend to be
highly deformed with small-scale folding and are best
recognized by their stratigraphic position between the
Cambrian Muav Limestone and Precambrian crystalline
rocks.
Overlying the Tapeats and Bright Angel is the
metamorphosed Huav Limestone, which consists of mottled
bluish-gray and yellow dolomitic and calcite marbles.
Gradationally above this unit is a relatively thick
section of massive, orange-brown dolomitic marble.
Stone and others (in press) describe this unit and

point out that is has no recognized nonmetamorphic
equivalent in the eastern Mojave.
Several workers have
suggested that these thick (50-200 m) dolomitic marbles
may represent the Cambrian Bonanza King or the Devonian
Martin Formations.
Overlying these massive dolomitic marbles is a
sequence of interbedded black-varnished quartzite and
brOlm dolomitic marble, which is correlated with the
Temple Butte Limestone.
The quartzite and marble
interbeds are consistently 5 to 15 em thick, making
this unit quite distinctive.
This unit has not been
recognized in neighboring ranges (Emerson, 1981; Ellis,
1981), but may have been removed along the unconformity
that typically bounds this unit (McKee, 1976), removed
by faulting, or simply not recognized.
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Figure 3. Diagrammatic stratigraphic column of nonplutonic rocks exposed in the
Riverside Mountains area. Column does not necessarily suggest relative
depositional thicknesses as exposures reflect Tertiary and 11esozoic
deformation.
Mesozoic metatuffs and metaarenites are undifferentiated.
Tertiary units are exclusively upper plate ("ith respect to the detachment
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Massive white calcite marble overlies the unit
that has been described as Temple Butte.
This calcite
marble is extremely variable in thickness (0-60 m) due
to pronounced attenuation by duc:tile flow, but is very
distinctive because of its pure 1vhite color and coarse
grain size.
This white marble is interpreted to be the
equivalent of the Mississippian Redwall Limestone of
the Grand Canyon or the Escabrosa Limestone of southeastern Arizona.
Overlying the massive calcite marble is a unit
composed of resistant, dark bro1Vll, massive, poorly
bedded quartzite and calc-silicate layers. This unit
is very diagnostic and typically forms steep, imposing
cliffs.
Of all the Paleozoic formations, this one
maintains its thickness and identity the best. This
formation is correlative with the Pennsylvanian and
Lower Permian Supai Group of the Grand Canyon section.

Quartz monzodiorite tectonites are found locally
between thrust sheets (Fig. 2). These intrusives
appear to have been inj ected synkinematicali1y Hith
thrusting and may have, in part, facilitated the lowangle motion along fault surfaces. Large (2-8mm)
porphyroclasts are nested in a matrix of biotite,
chlorite, orthoclase and smeared quartz.
Relatively nontectonized Mesozoic granite and
quartz monzonite dominate the western Riversides as
described by Carr and Dickey (1980, 1981). A K-Ar date
of 98.52: 4.0 myBP on the granites of the \Vest Riversides
is reporeed by Bishop (1963) on the Needles 2° Geologic
Map.
Tertiary Rocks
The Tertiary rocks exposed in the Riverside Mountains consist of sedimentary breccia, fa.nglomerate,

Above the Supai Group is a greenish-white,
porcelaneous, chloritic schist, 'vhich can be correlated
to the Hermit Shale of Permian age. This unit has a
maximum thickness of 5 m, but is usually much thinner.
A massive maroon and white orthoquartzite ove.rlies the porcelaneous schist and is interpreted as the
metamorphic equivalent of the Coconino Sandstone. The
Coconino is a non-resistant unit that usually forms
rubbly outcrops due to the penetrative fractures that
characterize this unit. Large-scale cross stratification has not been recognized in the Coconino, probably
because of the metamorphism and deformational overprint
on the sedimentary fabric.

fluvial-lucustrine sediments and a variety of bimodal
volcanic rocks (Fig.3). (Carr and Dickey, 1980;
Hamilton, 1964). Stratigraphic sections composed of
these units range in age from latest Oligocene (?) to
Miocene and are exclusively found in an upper-plate
position with respect to the detachment fault (Fig.2).
In the lower plate, olivine diabase dikes, similar to
olivine tholeiitic dikes described by Davis and others
(1979) yield a K-Ar age of 26.3+0.8 myBP.
A rhyolite
intrusive plug also found in the lower plate intruding
a thrust fault contact gave an age of 42.9±1.3 myBP.

Detachment Faulting
Overlying the quartzite is a white to gray, massive marble with local cherty and dolomitic horizons
that can be roughly correlated "Jith the Kaibab Limestone of the Grand Canyon area.
The uppermost horizon
is locally gypsiferous but this may be in part due to
thermal remobilization of gypsiferous metasediments
which directly overlie this unit described below.

Geometry

Mesozoic Rocks

Mesozoic: rocks exposed in the Riverside Mountains
include a variety of metasedimentary metavolcanoclasti~
and metaplutonic rocks as well as plutonic units
(Hamilton, 1964; Carr and Dickey, 1980; Stone and
others, in press).
Unlike the Paleozoic section, the Mesozoic section is not characterized by a "layer-cake" of diagnostic lithologies. Recent work by Miller (1981) in the
Big Maria Mountains and adjacent ranges suggests that
the Mesozoic section is extremely variable even on a
local scale due to both original depositional patterns
and later deformational events. Except for a
gypsiferous phyllite and sericitic quartzite (described
as Aztec Sandstone by Meitzner, 1981, in the Big Maria
Mountains), which locally overlie the Paleozoic sections, only a general inference to the relative Mesozoic
stratigraphy has been made in figure 3. The gypsiferous
phyllite is a very enigmatic unit.
In most areas, the
gypsum does not appear depositional, but rather seems
to have been remobilized or generated by later metamorphism and/or hydrothermal activity associated with
sulfide mineralization.
Sericitic quartzite (Aztec
Sandstone?) that overlies the gypsiferous phyllite is
locally present in Mesozoic sections. Above the
locally present Aztec Sandstone (?) are undifferentiated
metatuff, metaarenite, thin metadolomitic calc-silicate
layers and thin (1 meter) metaconglomerates.
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The eastern Riversides are defined by a large,
sOllth1vest-plunging arch (Fig. 4) Hith several minor
superposed northeast-trending anti forms and synforms
(see Figure 2, f3 fold axes). This geometry is supported by the folded nature and exposed expression of
the detachment fault along the southern flank of the
range and the arched nature of the Mesozoic tectonite
fabrics and thrusts. From geomorphic and structural
data, the dominate fold axes trend N55°E. Smallscale (F 3 ) antiforms and synforms have wavelengths on
the order of 2 to 4 km and amplitudes of200 m.
The
large-scale folds likely have wavelengths and amplitudes an order of magnitude larger.
Fold limbs dip
variably from 0 to 40' depending on the relative distance from the axis of the central arch.
The relative
structural position of any feature on the major arch
is quite important, therefore, for palinspastically
removing the mid-Tertiary deformation. Northwesttrending folds in the Riversides are not pronounced so
that they were not included in the palinspastic corrections.
Upper-Plate Kinematics
Upper-plate kinematics in detachment terranes of
adjoining ranges all indicate that upper-plate distension is facilitated by northeast-dipping synthetic
normal faults and accompanying southwest-dipping antithetic normal faults which effectively rotate units to
the southwest while translating them to the northeast
(Davis and others. 1979; Shackelford, 1979, 1980;
Rehrig and Reynolds, 1980).

'~

lal

Figure 4.
Southwest view of the eastern Riversides expressed as a gently southwest-plunging arch and exposed as a consequence of mid-Tertiary
crustal warping.

N

Very similar structural characteristics are common in the upper-plate terrane of the Riversides.
Striations on several northeast-dipping normal faults
Fig. 5) that cut southwest-dipping Tertiary strata
were measured and all (Fig. 6) indicate that the hanging walls moved to the northeast.
In some localities
where southlvest-dipping upper-plate strata are truncated by the detachment fault, drag folds are present and
suggest northeast translation of the upper plate (Fig.

7, 8).

Although upper-plate normal faults have not been
traced across the entire upper-plate terrane because of
recent alluvial cover, they must exist or the Tertiary
section would be on the order of 5000 m thiclc

Collectively, the kinematic indicators in the
allochthonous upper-plate terrane (northwest-striking
normal faults, northeast-trending striae on normal
faults, southwestHard rotation of hanging-Hall strata,
sense of northeast drag on strata against the detachment fault) consistently indicate that displacements
along the detachment fault and coeval extension In the
upper plate Here to the northeast (N 25-65 E, ave. N
50 E).

n=11
Figure 6. Equal-area stereographic projection (loHer
hemisphere) of upper-plate normal faults (great
circles) with striations (diamonds) indicating
hanging-Hall kinematics to the northeast. Range
of dOHn-plunge striae strike are N25-6SE Hith an
average being NSOE.

Figure 5.
Typical upper plate normal fault surface displacing a silicified volcanic breccia.
Slickensided mullions are parallel to striae (orientation of rock hammer) on northeast
dipping synthetic normal fault, typical of those measured (Figure 6).
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Figure 7.
Tilted upper-plate Tertiary strata hydrothermally altered and discordantly in tectonic contact with a sub-horizontal detachment fault (Figure 8).
Local drag folding of Tertiary strata against the detachment surface
(deflected to the right) suggests upper plate translation to the left
(northeast). Llote Nark Adams for scale.

Figure 8.
Exhumed detachment fault showing the polished and ledge-like detachment
surface.
The background just above the fault shows the hydrothermally
altered fault breccia and illustrates the intense shearing commonly
associated \vith detachment faulting (note scale on the foot ,vall).
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Timing and K-Ar Resetting
The timing of detachment faulting in the Whipple,
Buckskin and Rawhide Mountains immediately north of the
Riversides (Fig. 1) is known from extensive K-Ar dating
of upper-and lower-plate rocks Martin and others, 1980;
Davis and others, this volume). Upper-plate units that
are involved in growth-fault motion in the Whipples
indicate that detachment faulting was well under way
hy 18 myBP and that it ceased about 13 myBP. The time
of initiation of detachment faulting is not known, but
is inferred to extend back at least to earliest Miocenelatest Oligocene time.
Tertiary units in the Riversides are
lithologically similar to those described by Davis and
others (1979, 1980) and suggest the same timing for
detachment faulting in the Riversides as determined for
the Whipples. One of the units involved in the upperplate rotation has been dated at 23.s-c1.0 myBP indicating that faulting was active after-this time. The
presence of the Peach Springs tuff in the Riversides
Carr, 1981; Young, 1981), in a tilted, upper-plate
position further indicates that detachment faulting
continued ,mtil after the 17-18 myBP age of the Peach
Springs tuff.
The oldest unit not involved in detachment faulting is the latest Miocene-Pliocene Bouse
Formation (Metzger, 1968; Smith, 1970; Carr and Dickey,
1980), indicating that faulting was over prior to Bouse
time.
The timing of the formation of the antiforms and
synforms can be inferred based on the Tertiary
stratigraphic sections in the same ,;ay as the timing
of detachment faults_
In the Whipple Mountains, the
older Tertiary units are preserved in the synclines
with the younger units deposited across the already
partially developed antifoDms ~nd synforms. The
growth of the large-scale antiforms and synforms
appears to have occurred at the same time as detachment faulting, during at least most of Miocene tIme
(Frost, 1981; Otton and Dokka, 1981; Frost and Otton,
1981).

lesser degree and gives early to mid-Tertiary and older
ages. The degree of resetting appears related to
several factors that include thickness of the zone of
brecciation along the fault and the degree of hydrothermal activity along the fault (Martin, pers. comm;
1981) .
In the Riverside Mountains, nonmylonitic rocks
just below the detachment fault with near absence of
any hrecciation give ages of 36-38 myBP, while rocks
further away from the detachment fault (up to 100 m)
give ages of 60-120 myBP (Martin and others, 1981;
this volume).
These ages suggest that only partial
K-Ar resetting has occurred in the Riversides. This
is consistent with the geologic characteristics
(nonmylonitic nature and absence of major brecciation)
of the Riverside detachment fault and is similar to
that seen in other ranges with nonmylonitic lower
plates (Martin and others, 1981, this volume).
Pre-Detachment Thrust Faulting and Folding
General Statement
Lower-plate units in the eastern Riversides
record multiple episodes of deep-crustal compressional
deformation.
Calcite-epidote-tremolite-quartz to
alhite-epidote-actinolite mineral assemblages in the
calc-silicates are common in the Paleozoic section.
These assemblages indicate middle greenschist grade
metamorphIsm at physical conditions of 350-4s0°C and
P
values from 2-7 Kb as suggested by Winkler (1978).
H2 0

These parameters suggest minimal depths of metamorphism at 7-12 km.
The ductile behavior of the
Paleozoic strata and the formation of metamorphic
tectonites suggest that metamorphism accompanied defor~
mation.
The lower-plate Mesozoic deformational history
can largely be divided into two distinct episodes of
folding (see Figure 2:
f l , f 2 fold axes) and thrusting on the basis of superposed large-and small-scale
folds and other structural elements, and the deformational characteristics of the superposed tectonite
fabrics.
These studies include using kinematic indicators such as fold axes, fold asymmetries, axial surfaces, and synkinematic lineations, all associated with
the thrust faults.
Palinspastically removing the midTertiary synforms and antiforms is of tremendous assistance in interpreting these Mesozoic kinematic elements.

This same timing is inferred for the Riversides,
where the preserved Tertiary section is much smaller.
In addition, the culmination of crustal warping is
interpreted to have post-dated the last recorded
movement of the detachment fault.
This is suspected
because of the lack of evidence supporting any
divergent radial movement of upper-plate rocks about
the developing antiform.
Therefore, it seems unlikely
that the maximum amplitude of the presently exposed
antiform could have been reached during detachment
faulting.

II

The use of K-Ar dating on detachment faulting has
proven to be a powerful tool for analyzing the presence
or absence of the mid-Tertiary extensional deformation.
Recent work by Krummenacher and Martin (Martin and
others, 1980; 1981 a,b, and c) in the ~~ipple-Buekskin
Mountains and several other ranges in the lower
Colorado River region has shown that pronounced
isotopic resetting appears to be characteristic of
detachment faulting.
Dates of samples taken in the
lower plate show a progressive younging tmvard the
detachment fault, indicating that isotopic resetting is
associated with the faulting.
\{here adjacent lowerplate rocks are mylonitic, resetting yields ages as
young as mid-Miocene on a regional basis. \{here the
rocks arc nonmylonitic, res~tting appears to be to a
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Folds and Associated Structural Features

Multiple folding and thrusting events have made
structural relationships very complex in the Riverside
Mountains.
Northeast-verging folds (f 2 ) are most
conspicuous in Mesozoic, Paleozoic and Precambrian
rocks but detailed mapping and structural data indicate
that thes", folds refolded and thrust earlier-formed
(f l ) folds (Figs. 2,9,10,12).
Large-scale f l folds are generally recumbent
except where axial surfaces dip to the west associated
with west-dipping thrusts (Fig. 10). Most of the
north-northeast striking thrusts shown on Figure 2 are
related to fl-thrusting.
This can also be inferred
because the orientations of north-east trending
structures are relatively unaffected by mid-Tertiary
rel Rted folds since they also trend northeast.

...

00

I\>

Figure 9.
Northwest view of isoclinally folded recumbent fold displaying highly ductile character and extreme attenuation in some fold limbs, more
The Whipple detachment fault,
so in f
folds where the Redwall Marble (Prw) and Temple Butte (Ptb) are locally absent (see figure 10 below).
WhiPple~ountains (WDF) can be seen in the background (upper right). Photo width represents approximately 2km.

sw

NE

WDF

Figure 10. Tracing sketch of geologic features illustrated in Figure 9 (above) showing line contacts of Paleozoic formations and superposition of
f and f
fold hinge lines (see figure 3 for Paleozoic key and description).
l
2

Ductile behavior of the Paleozoic section is expressed
by extreme attenuation in some of the fold limbs.
In
Figures 9 and 10, Redwall Marble and Temple Butte are
missing from limb portions of some f l folds but
gradually reappear in the fold toward the hinge.

mid-Tertiary arching did not need to be considered as
data were collected near the crest of the arch.

Mesozoic units are usually involved in folding with
Paleozoic sections and form well-developed axial surface schistosity.
Schistose to phyllitic Mesozoic
units commonly yield to thrust transfer zones (described by Dahlstrom, 1977) where thrust faults los~
displacement and die out along strike. The shortening
represented by these structures is then taken up or
transferred to an adjacent structure that increases
in displacement in the same direction.
Precambrian units are not as involved in folding
as Paleozoic or Mesozoic units.
This is due in part
to the nonplanar, isotropic nature of these rocks in
addition to the fact that Precambrian units do not
yield to ductile flow as readily as the Paleozoic or
Mesozoic units.
Structural data that lends insight to f -related
folds and deformations are limited to a few ~omains
where f2 deformation has not been too severe. FI data
"ere collected in areas where effects of later
deformation are minimal. Palinspastic correction from

FOL
XES

F l folds are the earliest structurally distinct
feature in the eastern Riversides. However, geometric
relationships suggest pre-fl deformation must have
taken place. The fold displayed in Figure 9 is
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An analysis of small-scale fold axes was completed
using the Hansen method (Hansen, 1971) and shows that
transport related to these folds was east-directed
(Fig. 11). A bimodal distribution of the maxima of
poles to axial surfaces indicates that the small-scale
folds were progressively rotated into the plane of
foliation of the large-scale, fl folds. This data
(Fig. 11) thus suggests that the small- and large-scale
(fl) folds '''ere synkinematic and that the tectonic
transport was to the east. About 2 km south of ,.,here
these data were collected, f l fold axes make a slight
change in trend from north to slightly northeast.
In
this area there is a very strong f2 overprint on f l
structure which serves to mask any study of the fl
structures in this area. Because east-directed transport is related to north-trending fold axial traces,
northeast-trending axial traces related to this same
deformation imply southeast-directed transport. This
extends the range of fl-related tectonic transport to
the east to southeast.
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Figure 11.
Equal-area stereographic projection of (lower hemisphere) asymmetric fold axes and poles to axial
surfaces of small-scale folds related to f deformation.
Open circles = axes of folds that show a counterl
clock,.,ise (viewing down plunge) sense of rotation (S-folds).
Solid circles = axes of folds that show a
clockwise (viewing down plunge) sense of rotation (Z-folds).
The distribution of asymmetric fold axes and
axial surface pole maxima suggests east-directed tectonic transport indicated by an east-west trending slip
line and eastward fold vergence supported by west-dipping axial surfaces.
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actually a refolded inverted allochthonuous section.
In fact, most of the exposures of folds in the
Riversides are within inverted sections.
Sections
that are upright, appear to be a product of refolding
of inverted sections. One possible explanation for
this is that most sections of Paleozoic rocks were
initially thrust in place as inverted sections on
overturned fold limbs prior to the formation of f
l
folds.
If pre-fl thrusts are present, then they are
not cut by fl-related thrusts, or at least these
relationships have not been identified.

Another characteristic structural feature associated with f 2 deformation is the tectonite fabric.
This southwest-dipping fabric is commonly found exposed in rocks throughout the range superposed on
earlier-formed fabrics.

F kinematic studies were done at several local2
ities throughout the range. F 2 data included in this
paper (Fig. 15) came from an area adjacent to Figure
13. Although these data are relatively clean (Column
A, Fig. 15) the effects of mid-Tertiary arching had to
be removed to correctly interpret the kinematic history
of the area.

!2 Folds and Associated Structural Features
F folds are the most obvious Mesozoic structures
2
in the range because they are "relatively" undeformed.
Small- and Large-scale f 2 folds are characteristically
northeast vergent.
In many cases f2 folds can be found
refolding fl-related thrusts and folds (Fig. 9,10,12).

To correct for arching effects, data were unfolded
about a N55E antiformal axis (Fig. 15). Data were
collected on the northwest limb of the mid-Tertiary
arch.
Fold axes, axial surfaces (poles) and lineations
associated with f2 folds were unfolded for effects of
an approximately 35° dipping mid-Tertiary fold limb
(Fig. 15).

The characteristics of large-scale, f2 folds are
different than f l folds.
F folds formed by extreme
l
ductile flow whereas f 2 folds usually show both a
ductile and brittle character (Fig. 13, 14).
In one
area, folds formed as Hermit Shale failed and acted as
a decoupling zone for the shortening of an inverted
Paleozoic section above (Fig. 13, 14). As displayed
in Figures 13 and 14, thrusts commonly form as the
folds tighten; the fold is unable to continue folding
because of the space problem. Thrusts break out of the
backlimb and thin adjacent strata by ductile necking.

The most dramatic changes came from the correction of fold axes orientations. As data points were
unfolded, the fold axes orientations grouped into the
southeast quadrant.
This fold axes distribution can
then be interpreted using the method described by
Hansen (1971).
The corrected fold data suggest northeast-directed transport. The orientation of axial

Figure 12. Northwest view of f
fold axis oblique to f
structures.
2
l
Early formed f
folds and thrusts are refolded about an f
fold
l
2
axis (see also figure 2, f and f
fold axes).
l
2
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Figure 13. Northeast view of thrust-folded f
isoclinal folds in as inverted
2
Paleozoic limb show a brittle-ductile character and developed here above
a shear zone within the Hermit Schist (just below photo).
Below this
shear, folding was not as involved (see figure 12 index frame to figure
13).
Redwall Marble (Prw) is less than 1m thick and commonly thins out
completely in fold limbs associated with thrusting (see also below).
Tertiary diabase dike (Td) crosscuts f
structures (see also belo,v).
2

SSW

NNE

Figure 14. Tracing sketch of geologic features illustrated in figure 13 (above)
showing line contacts of Paleozoic formations and brittle-ductile
character of f
folds.
2
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surfaces (Fig. 15, Column B) agrees well with the
orientation of large-scale f 2 axial surfaces. These
surfaces which dip southwest (northeast vergence) suggest similar kinematic relationships. A related
structural element is the occurance of a northeasttrending lineation within the deformed Paleozoic rocks.
Because this lineation is almost parallel with the
northeast trend of the mid-Tertiary arching axes, the
lineation is relatively unaffected by data correction.
This lineation is most pronounced in f 2 thrust zones
specifically those described in figure 14. This suggests that the lineation, tvhich formed within the
thrust zones, is associated with simple shear.
Some
evidence for progressive rotation of the fold axes
into the direction of thrusting may be suggested by
the number of fold axes data points which trend northeast. This relationship described above has been shown
in many thrust terranes throughout the world (for
example see Bryant and Reed, 1969; Escher and
Watterson, 1974; Williams, 1978).

Bracketing the timing of the Mesozoic deformation
exposed in the Riversides is difficult. The maximum
age for the deformation is that of the youngest knotvn
units involved in the deformation.
The Aztec Sandstone
of earliest Jurassic age is overlain by a thick
sequence of Mesozoic clastic rocks. The fact that
these Mesozoic metasediments were probably deposited
during mid-Mesozoic time and were themselves involved
in later deformation at considerable depths, suggests
that deformation is probably not older than middle
Jurassic.
The minimum age is constrained by the relatively
nontectonized quartz monzodiorite in the western
Riversides dated at 98 myBP. This K-Ar date indicates
the time of cooling, rather than crystallization, and
is therefore only a minimum age.
This pluton may also
have been faulted into its present structural relationship with the southern and eastern Riversides (Fig. 2)
as Hamilton shows on the Needles 2° Geologic Sheet.
If this were the case, pre-faulting spatial relationships between the highly deformed eastern Riversides
and relatively undeformed western Riversides may not
warrant using this age as a minimum age bracket.
Lower-plate diabase dikes (mineralogically and texturally similar to olivine tholeiitic dikes described
by Davis and others, 1979) yield ages of 26.3±0.8 myBP
and cross cut the Mesozoic structure clearly indicating
that thrusting is premid-Tertiary.
Presently only the relative age of the two
distinct Mesozoic deformations can be documented.
Work is in progress to more clearly determine the
absolute ages of these deformational events.

CONCLUSIONS
Regional Implications of Mesozoic Thrusting and Folding
The loosely constrained f
and f 2 related Late (?)
l
Mesozoic deformations fit the regional tectonic picture
quite well. The description by Howard (1980) of a
southeast-vergent nappe in the Old Woman Mountains to
the north (Fig. 1) is comparable to east-southeast
vergent fl folds in the eastern Riversides.
An inference could be made then that elements related to the
Sevier orogeny are present as far south as the
Riversides. The southeast-vergent folds in the
Harquahalas (Fig. 1) of western Arizona as described
by Reynolds and others (1980) may also be Sevier
related.
The northeast-vergent folds expressed in the
Riversides are related to a later Mosozoic event.
Keith (1982) and Reynolds and others (1980) describe
northeast-vergent folds and thrusts within western
(Harquahalas) Arizona which appear very similar to
those in the Riversides.

Relationship of Mid-Tertiary Crustal Warping and
Detachment Faulting with Adjacent Ranges
Recently discovered detachment faults in southeastern California and western Arizona indicate that
vast areas may be underlain by this mid-Tertiary
feature.
The continuity of the detachment fault in the
\fuipple Buckskin, Ratvhide and Chemehuevi l'ountains
indicates that the detachment fault in the nearby
Riverside Mountains may be part of the same system.
This may also be true of detachment faults in adjoining ranges to the east and south. The mylonitic gleiss
where associated with detachment faults (metamorphic
core complexes) may in fact "not be related to detachment faulting." Detachment faulting clearly extends
outside the corridor of "metamorphic core complexes."
This disassociation and the fact that mylonites appear
to be much older than detachment faults in the Whipple
Mountains (Davis and others, 1979, 1980), suggests
that a genetic relationship with detachment faulting
does not exist. Recently, several workers have suggested that the formation of these rr~lonites may not
be from pure shear but simple shear.
If so, much of
southeast California and western Arizona could be
considered allochthonous. They suggest that this
relationship can explain the Orocopia-Pelona schist
problem. Viewing the Vincent thrust as part of the
mylonitic terrane exposed throughout much of the southeastern California and western Arizona, suggests a
major underthrust zone associated with lotv-angle
subduction during Laramide orogeny. The southwest
vergent folds and thrusts in the Big Marias and
adjacent ranges can be viewed as products of underthrusting (Frost, 1981; Krumrrenacher and others, 1981;
Keith, 1982).

Figure 15 (facing page). Equal-area (lower hemisphere) stereographic projections of asymmetric fold axes and poles
to axial surfaces of small scale folds related to f 2 folding and, lineations formed by f
thrusting. Column
2
A represents raw data. Column B represents data corrected for Mid-Tertiary overprint (f 3 folding).
For fold
axes, open circles = axes of -folds that shotv a counterclockwise (viewing dotvn plunge) sense of rotation
(S-folds) . Solid circle 3 = axes of folds that show a clockHise (vieHing dotm plunge) sence of rotation
(Z-folds). RaH data (Column A) is rotated 35° to the northHest (lotver-hemisphere equal-angle net) about a
fold axis. The distribution of corrected (Column B) asymmetric fold axes, axial surface
N55E striking f
3
pole maxima and lineations suggest northeast-directed tectonic transport indicated by a northeast-striking
slip line, north eastward fold vergence supported by southHest-dipping axial surfaces and north east-striking
stretching lineations formed by simple shear.
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Mid-Tertiary detachment faulting and crustal
warping is then an overprint on the mylonitic terrane.
Crustal warping locally exposes structural Hindm"s of
the mylonitic fabric.
Detachment faulting may be
superposed on mylonitic upwarps and is localized due
to its planar anisotropy.
Recently, this relationship was identified in the
subsurface of a Tertiary basin in southeastern Arizona
(Reif and Robinson, 1982). Phillips Petroleum and
Anschutz-Texoma went together to test a possible
subsurface overthrust as suggested by Drewes (1976,
1978) that might represent the extension of the Mesozoic
foreland fold and thrust belt. An antiformal structure
depicted on a seismic line Has targeted to represent an
allochthonous Precambrian crystalline upper plate

over folded Paleozoic and Mesozoic sediments.
A well
Has drilled to a depth of 18,013' and fOl'T distinct
lithostructural zones Here identified on the basis of
geochemical, petrological and seismic data.
The
uppermost zone (1) is a thick (approximately 100Om)
Tertiary sedimentary section characterized by brittle
deformation. The second zone below (2) is 1.39 byBP
granite that is also characterized by brittle deformation.
Zone three (below 2) is an early Tertiary
muscovite-granite.
The base of this muscovite-granite
is highly brecciated with extensive hydrothermal
alteration above a "detachment zone".
Belotv this
zone are Proterozoic gneisses (4) ,,,ith Precambrian and
Mesozoic fabrics which were not affected by the brittle
deformation Hhich affected the upper three.
These
relationships described by Reif and Robinson (1982)
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Figure 16.
Interpretive cross section (True scale, Exaggerated scale) betHeen the Riverside and Hhipple Mountains
southeastern California. Orientations of a myloni tic horizon reflec tc' m id-Ter tiary crustal Harping.
Exag- '
gerated cross section diagramatically shows hOH detachment fault departs from mylonitic horizon in the
southe~n Hhipples and may be at deeper structural levels beneath the Riversides \"here localLy a pre-mylonitic
Nesozo~c overthrus t terrane (lm"er plate-LP) is juxtaposed I"ith mid-Tertiary detachment terrane (upper plate

-UP).
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are characteristic of detachment terranes of the
southern Cordillera ,,,here exposed at the surface.
Although Reif and Robinson (1982) describe their
structure as a "metamorphic core complex", the lack
of a concordant mylonitic fabric below the detachment
fault suggests that this relationship is similar
to detachment phenomena outside the corridor of metamorphic core complexes where detachment faulting is
not localized due to the mylonitic anisotropy.
This
seems to clearly indicate that the structural depth Jt
which detachment faults occur are completely independent
of the structural levels of Nesozoic deformation as
older features are deformed by mid-Tertiary crustal
Harping affecting the localization of detachment
faulting.
Figure 16 suggests Hhat may be occurring betHeen
the Hhipple and Riverside Nountains. The mylonitic
horizon departs from the detachment fault and projects
to deeper structural levels still feeling the effects
of mid-Tertiary crustal Harping.
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PALEOGEOGRAPHIC 10YLICATIONS OF THE EARLY JURASSIC (?) HAVAJO AND AZTSC SANDSTONES
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ABSTRACT
by continental strata of Cretaceous and Tertiary
age.

In southern Utah and Nevada, the Navajo and Aztec
Sandstones interfinger southwestward with redbeds of
the Moenave and Kayenta Formations. In the eastern
Mojave Desert, Aztec Sandstone interfingers with
intermediate to silicic volcanics and rests unconformably on deformed Paleozoic carbonates or strata
assigned to the Triassic Moenkopi Formation. Stratigraphic relationships indicate pre- and post-Moenkopi
tectonic events. In southern Arizona, Aztec-like
sandstone and interbedded volcanics unconformably
overlie varied lithologies of uncertain age.

North of the Uinta Mountains in northern Utah,
western Wyoming, and eastern Idaho, the Nugget
Sandstone conformably overlies fluviatile redbeds of
the Chugwater Formation. South of the Uinta
Mountains and north of the Uinta Basin, the Navajo
Sandstone (Glen Canyon Sandstone of Poole and
Stewart, 1964) lies conformably on fluviatile redbeds
assigned to the Chinle Formation. South of the Uinta
Basin, equivalent strata are included in the Glen
Canyon Group which, in southeastern Utah, include in
ascending order the upper Lukachukai Member of the
Wingate Sandstone, the Kayenta Formation, and the
Navajo Sandstone. Available evidence indicates the
Kayenta Formation pinches out northward beneath the
Uinta Basin. Thus the upper member of the Wingate
Sandstone is a southward extending tongue of the
Navajo Sandstone as it is recognized north of the
Uinta Basin. In southwestern Utah, the lowest
formation of the Glen Canyon Group is the Moenave
which interfingers with the Wingate Sandstone in
south-central Utah and north-central Arizona
(Williams, 1954). In soutwestern Utah, well defined
tongues of the Navajo Sandstone extend southwestward
into the Kayenta formation. Moenave-Kayenta
equivalents form a conformable sequence beneath the
Aztec Sandstone in southern Nevada as far west as the
Wilson Cliffs (Wilson and Stewart, 1967).

Primary features of groundwater origin indicate
a shallow groundwater table during deposition of the
entire Navajo Sandstone in southeastern Utah and the
lower Navajo in southwestern Utah. Absence of
features of groundwater origin in the upper Navajo
Sandstone indicates a deeper groundwater table.
Paralleling the change in groundwater depth, change
in cross-bed dip indicates a change in wind direction. From southwestern Utah to the eastern Mojave
Desert, the basal Navajo and Aztec Sandstones indicate wind direction toward the southeast; whereas,
the upper part yields a southwest direction. In
southeastern Utah, the entire section indicates wind
direction toward the southeast.
INTRODUCTION
The Navajo and Aztec Sandstones and their lithologic equivalent, the Nugget Sandstone, form a wedge
of sandstone that thickens westward from its zero
edge in western Wyoming, western Colorado, and northeastern Arizona to over 650 m in western exposures
along the eastern edge of the foreland fold and
thrust belt. Traced westward, this sandstone wedge
becomes increasingly structurally dismembered or
absent by erosion. At present, the combined Navajo,
Nugget, and Aztec Sandstones crop out over an area in
excess of 375,000 sq. km.

Hewett (1956) extended the Aztec Sandstone and
underlying Chinle Formation to the Mescal Range in
the Mojave Desert and Grose (1959) suggested that
7,000 ft. of interbedded quartz sandstone and volcanics in the Soda Mountains represented a western
facies of the Aztec Sandstone. Within the last
decade, cross-bedded quartz sandstone and interbedded
volcanics of demonstrable Triassic or Jurassic age
have been recognized further and further west in the
Mojave Desert of California (Dunn, 1977; NovinskiEvans, 1978; Miller, 1978; Miller and Carr, 1978;
Cameron et al., 1979) and further south in the
eastern Mojave and south-central Arizona (Bilodeau
and Keith, 1979; Haxel et al., 1980; Hamilton, this
volume; Frost, oral communication, 1982). These
rocks are presumed to represent further extensions of
the Aztec and Navajo Sandstones into the early Mesozoic orogenic-volcanic arc. The area over which the
Navajo and Aztec Sandstones were originally deposited
and their relationships to underlying rocks and to
rocks withn the volcanic arc terrain are questions
which bear importantly on early Mesozoic paleogeography and the timing of early Mesozoic tectonic

From the Wilson Cliffs in southern Nevada eastward, the Navajo, Nugget, and Aztec Sandstones are
unconformably overlain by strata ranging in age from
Middle Jurassic to Tertiary or are in thrust contact
beneath rocks of early Paleozoic age. In western
Wyoming, eastern Idaho, and northern Utah, the Nugget
Sandstone is unconformably overlain by marine strata
of the Gypsum Spring Formation, Twin Creek Limestone
or younger strata. New stratigraphic data (Peterson
and Pipiringos, 1979) indicates that the Navajo
Sandstone does not interfinger with overlying marine
strata. Where present in western Colorado, northern
Arizona, and. southern Utah, the Navajo Sandstone is
unconformably overlain by the Temple Cap Formation,
Page Sandstone, the marine Carmel Formation, or
younger strata. l{here the contact is stratigraphic
in southern Nevada, the Aztec Sandstone is overlain

events.

The preceeding paragraphs are intended as a
brief introduction to the regional stratigraphic
setting of the Navajo, Aztec, and Nugget Sandstones
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Figure 1. Paleogeographic map illustrating relationships of eolian, fluviatile
and, eolian and volcanic facies during Rhaetian to Sinemurian time. Littoral
zone has not been preserved. Marine facies after Speed (1978). Arrows indicate
wind directions.
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Paleogeographic maps illustrating regions of eolian erosion and
deposition to volcanism during Sinemurian to Bajocian time.
Relation of eolian
deposition and area of volcanics only to marine facies is uncertain. Marine
facies after Speed (1978).
Arrows indicate wind directions.
Squares represent
locations referred to in text:
V, Black Butte and Rodman Mountain; B, Soda,
Cowhole, and Providence Mountains and Old Dad Mountain; PR, Panamint Range; MR,
Mescal Range; WC, Wilson Cliffs; ZC, Zion Canyon; and PR, Paria River.
The
following localities are referred to in text as vertical sections in
southeastern Utah:
mv, North Wash; CR, Capital Reef; BW, Buckhorn Wash; DB,
Dewey Bridge; HD, Hart Draw; CR, Comb Ridge.
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origin.
These characteristics of horizontallystratified sandstone all indicate ~eposition i~ an
aqueous environ~ent or codification by an aqueous
ervirom"ent subsequent to eolian deposition.
Lack of
current or oscillatory ripples suggests the sand may
have been saturated without a body of water standing
upon it. Horizontaly-stratified sandstone is commonly overlain by large-scale cross- stratification, but
latterally may underlie lenses of limestone which, in
turn, are overlain by large-scale crossstratification.

and do not attempt to deal with controversies over
stratigraphic nomenclature.
In the following
discussion, Aztec and Navajo Sandstone east of the
Mescal Range is referred to as the eastern facies and
Aztec Sandstone and interbedded volcanics west of the
Mescal Range, the western facies.
The Mescal Range
itself, is transitional between these two facies.
Presentation and interpretation of recently acquired
or previously unpublished data on the Navajo and
Aztec Sandstones and related rocks is followed by
speculations on regional paleogeography during the
early and late stages of deposition of the Navajo and
Aztec Sandstones.
These speculations are accompanied
by two paleogeographic maps, Figures 1 and 2, on
which, in addition, locations referred to in the text
are identified. Much new information on the Aztec
and Navajo Sandstones is coming to light, particulary
in the volcanic-orogenic are, and undoubtedly these
speculations will have to be modified.

Marzolf (1970, p. 83) described structureless
sandstone in the Navajo Sandstone as a sedimentary
structure which, in outcrop, appears devoid of laminations and suggested its common association with
large-scale contorted stratification.
Sanderson
(1973) mapped zones of contorted stratification and
structureless sandstone clearly showing the relationship of these two sedimentary structures to each
other and to the large-scale cross-stratification
which encloses both.
Sanderson further demonstrated
by X-ray fluoroscope that structureless sandstone
consists of faint wavy laminations.
The origin of
contorted stratification and structureless sandstone
is controversial.
Marzolf (1978) ascribed contorted
stratification and structureless sandstone respectively to liquefaction and fluidization resulting
from overpressured groundwater in eolian sand.
Horowitz (in press) attributed contorted stratification in the Aztec Sandstone to hydroplastic deformation induced by groundwater during early stages of
slumping of dunes and structureless sandstone to late
stage fluidization.
Doe and Dott (1980) attribute
contorted stratification to liquefaction below the
water table after burial.

CHARACTERISTICS AND STRATIGRAPHIC RELATIONSHIPS OF
THE AZTEC AND NAVAJO SANDSTONE
Eastern Facies
The Navajo Sandstone is a feldspathic quartz
arenite composed of rounded to well-rounded quartz
sand and large to very large-scale trough, tabularplanar, and wedge-planar cross-stratification.
Although cross-stratified sandstone is the most
conspicuous and most COmmon sedimentary structure,
other sedimentary features which are important to the
interpretation of the depositional environment of the
Navajo Sandstone are volumetrically significant.
These features include:
Limestone lenses, horizontally stratified sandstone, horizontal erosion surfaces, contorted stratification, and structureless
sandstone.

Individual zones of contorted stratification
extend laterally along outcrop surfaces for distances
of a few tens of meters to over a thousand meters.
Zones range from a few meters to over thirty-five
meters thick.
A single zone commonly encloses but a
single layer of well-defined, relatively simple folds
consisting of wide, rounded synclines separated by
narrow, sharp-crested anticlines in all respects but
scale, similar to typical convolute lamination of
turbidites.
Elsewhere, a zone may comprise more
complexly folded laminations that cannot clearly be
delineated into a single set of folds.
The more
complexly folded contorted zones commonly contain
laminations of less friable, feruginous sandstone
which, in addition to being folded, have been faulted
and displaced vertically.

Although comprising but a small percent of the
total volume of the Navajo Sandstone, limestone
lenses having a maximum thickness of 1 to 2 m can be
found throughout southeastern Utah in the middle and
upper part of the Sandstone.
Toward southwestern
Utah, limestone lenses become restricted to the lower
part of the Navajo Sandstone until at Zion Canyon,
they are only found in the lowest 100 m.
Characteristics of these limestone lenses have been summarized
recently by Picard (1975, p. 117). Invariably, they
were deposited in shallow depressions a few thousand
square meters or less in area.
Most are underlain by
shaly-bedded, muddy siltstone and some contain limestone breccias around their margins.
The fossil
fauna and flora contained in some lenses, as well as
trace element abundances such as boron and vanadium
(Gilland, 1979), suggest fresh water deposition.
A
few limestone lenses have been reported to preserve
dinosaur tracks indicating shallow water at the time
of deposition.

Distribution of Non-Crossbedded Lithologies
In six vertical sections in southeastern Utah
(Marzolf, 1970), non-crossbedded lithologies average
32 percent of the total thickness of the Navajo Sandstone with a range of 15 percent to 50 percent.
At
Zion Canyon, non-crossbedded lithologies comprise
only 4 percent of the total thickness and are
restricted to the bottom 100 m of the Navajo Sandstone.
Preliminary observations near Escalante and
along the Paria River in south-central Utah support
the contention that non-crossbedded lithologies
become increasingly restricted to the basal part of
the Navajo Sandstone from east to west across
southern Utah.
Coincidently, Jordan (1965, p.
44)
demonstrated that large- scale cross-stratification
in the Navajo Sandstone increases in amplitude from
east to west and Marzolf (1970, p. 68) has shown that
amplitude increases upward in the section.

In addition to horizontally-stratified sandstone
of probable eolian origin, several types of
horizontally-stratified sandstone of aqueous origin
can be identified in the Navajo Sandstone.
The
latter are commonly dark reddish-brown silty sandstone containing a higher than average content of the
less than 43 Urn sediment fraction.
These strata
either appear structureless or are wavy bedded or
display shaly parting.
Commonly, their surfaces are
marked by desiccation cracks or adhesion ripples and,
at one locality in eastern Utah, a single large dinosaur track.
At Zion Canyon, horizontal stratification near the base of the sandstone is bioturbated
and marked by dish structures of probable aqueous
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Origin of Non-crossbedded Lithologies
(1980) correlated these strata with simila redbeds in
the lower part of the Aztec Sandstone in the Cowhole
Mountains.

Horizontally stratified sandstone is most common
near the base of the Navajo Sandstone at all localities in Utah.
It appears to represent an early stage
in the transition from fluviatile to eolian conditions.
In southeastern Utah, limestone lenses,
contorted stratification, structureless sandstone,
and desiccation-cracked erosion surfaces are most
common in the middle and upper part of the Navajo
Sandstone but, limestone lenses and erosion surfaces
are present in the lower part as well.
In southwestern Utah, all of these non-crossbedded features
can be found but, they are restricted to the basal
part of the sandstone. The fact that all noncrossbedded lithologies are found throughout the
Navajo section in southeastern Utah and are restricted to the basal part of the section in southwestern
Utah and, perhaps more importantly, that none of
these lithologies are present in the upper part of
the section which is almost exclusively composed of
very large-scale crossbedding, strongly suggests a
common factor in their origin.
The evidence for a
predominantly eolian origin for the Navajo Sandstone
has recently been summarized by Picard (1977),
Steidtmann (1977), and McKee (1979) and is not in
dispute here.
Nor can it be denied that the limestone lenses are of freshwater origin. All of the
non-crossbedded lithologies are consistent with
origin in or modification by an aqueous environmnet.
Although exact mechanisms may be uncertain, there
seems little doubt the source of water was a high
groundwater table.

In the southeastern corner of the Mescal Range
reddish-brown siltstones and mudstones with one or
two interbeds of volcanics, or possibly hypabyssal
rocks, structurally underlie the Aztec Sandstone
and are in structural contact above the Moenkopi
Formation.
These strata may be the westernmost
exposures of Moenave - Kayenta equivalents in this
pare of the Mojave Desert.
Whereas the Aztec Sandstone in the Wilson Cliffs
to the northeast and in the Cowhole Mountains to the
west is over 700 m thick, in the Mescal Range the
combined thickness of the reddish-brown siltstone
facies and the yellowish-brown crossbedded sandstone
facies is only 130 m thick. Although the base of the
reddish-brown siltstone facies is not exposed, the
anomolously thin Aztec section is thought to be due
to post-Aztec - pre-Delfonte erosion for the following reasons:
1. Presumably the siltstone facies
thins eastward from the Cowhole Mountains near the
source of the volcanic clasts to the Wilson Cliffs
where it has not been identified,
2. Reddish-brown
volcani-clastic sandstone and mudstone near the top
of the Aztec Sandstone may represent the same volcanic episode as the middle flow in the Cowhole
Mountains (Marzolf, 1980).
3. Crossbed orientation
changes approximately 45 to 65 degrees clockwise from
the base to the top of the Aztec section in both the
Wilson Cliffs and the Cowhole Mountains; whereas, in
the Mescal Range, crossbeds dip consistently
southeastward as they do in the lower part of the
section in the Wilson Cliffs.
Stratigraphic sections
measured at Old Dad Mountain and in the Cowhole
Mountains indicate that in this area the Aztec Sandstone rests discordantly on Paleozoic carbonates of
varying age or on volcanics of probable Triassic age
(Dunn, 1977).
At the south end of the Cowhole Mountains, the Aztec Sandstone depositionally cross-cuts
the Cowhole thrust (Novitsky-Evans, 1978).

The presence of the groundwater table at or near
the surface over such a large area implies the
surface of sand accumulation was at or near regional
base level.
Because intraformational correlation is,
as yet, not possible the change in baselevel represented by the distribution of non-crossbedded lithologies is not demonstrably spatial, temporal, or
spatial and temporal.
Hestern Facies

Hhere the Aztec Sandstone overlies Paleozoic
carbonates, a basal sedimentary breccia composed of
angular blocks of Birdspring limestone in a sand
matrix fills channels cut in the underlying carbonates.
The breccia is overlain by 60 m of dark,
reddish-brown, flat-bedded to small-scale crossbedded, quartz siltstone to very fine sandstone containing lenses of sand-size volcanic clasts.
The upper
part of this siltstone contains thick lenses of light
yellow-brown, well sorted, fine quartz sandstone
crossbedded on a large scale. With the exception of
two volcanic units aggregating 81 m, the remaining
481 m of the Aztec section consists of light yellowbrown quartz sandstone with very large scale crossbedding.
The Aztec sandstone is overlain by a
minimum of 575 m of predominantly porphyritic dacite,
rhyodacite, and latite.
In the lower part of the
crossbedded sandstone, 202 m above the basal breccia,
a single volcanic unit, 69 m thick, consists of
several altered and weathered dark grayish-purple
flows.
They are porphyritic and xenolithic containing phenocrysts of oxidized pyroxenes, biotite, and
sodic plagioclase and angular xenoliths of similar
porphyritic volcanics a few centimeters in diameter.
At least one flow, or part of a flow, has the appearence of a flow breccia.
A much thinner, but less
weathered porphyritic flow 43 m beneath the top of
the Az tee sandstone pinches out southward.
The total
thickness of the Aztec section is 542 m.

The exposures of Aztec Sandstone in the eastern
Mescal Range in the Mojave Desert mark the transition
from eastern to western facies.
Characteristics of
this transition include:
1. Volcanics overlying the
Aztec Sandstone, 2. First apperarance of volcaniclastic sediments within crossbedded units of the
Aztec Sandstone, 3. Appearance of a basal redbed
facies of the Aztec Sandstone composed of volcaniclastic, quartz siltstone, and 4. Disappearance of
fluviatile redbeds, so that the Aztec Sandstone rests
unconformably on marine strata of Midldle or Early
Triassic or late Paleozoic age.
In southern Nevada, redbeds conformably underlying the Aztec Sandstone originally were assigned to
the Chinle Formation (Longwell, 1928, Hewett, 1931).
More recently Wilson and Stewart (1967) have separated a Moenave - Kayenta equivalent from Longwell's
Chinle Formation as far west as the Hilson Cliffs.
It is uncertain whether any part of the redbeds
underlying the Aztec Sandstone in the eastern Mescal
Range and assigned to the Chinle Formation by Hewett
(1956) belong either to the Chinle Formation or
Moenave - Kayenta equivalents.
Redbeds conformably
underlying the Aztec Sandstone consist of dark
reddish-brown, coarse, quartz siltstone containing
numerous lenses and pockets of volcanic rock fragments and are dissimilar to either the Chinle Formation or Moenave - Kayenta ~quivalents. Marzolf
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deformed Paleozoic rocks (Burchfiel, oral
communication, 1981).

Approximately 1.5 km to the south, where the
Aztec sandstone appears to rest on older volcanics,
the basal light yellowish-brown quartz sandstone
contains at least three horizons of limestone block
sedimentary breccia. Here, the nature of the stratigraphic relationships at the base of the Aztec
section are difficult to decipher because Paleozoic
carbonates, pre-Aztec volcanics, and the Aztec sandstone are cut by at least two generations of dikes.
Paleozoic carbonates are overlain by volcanics which
in turn are overlain by the first of three horizons
of limestone-block, sedimentary breccia incorporated
in the lower light yellowish-brown, large-scale
crossbedded, quartz sandstone. This lower crossbedded sandstone is overlain by a section virtually
identical to that but 1.5 km to the north except for
the absence of the upper, thin volcanic flow which
pinches out north to south. Here, the total Aztec
section and underlying volcanics are 748 m thick.
The cumulative thickness of volcanics and crossbedded
sandstone from the Paleozoic carbonates to the base
of the reddish-brown siltstone is 226 meters which
presumably was the relief on the carbonate surface.

Significance of the Western Facies
The relationships of Aztec Sandstone to interbedded volcanics and underlying rocks from the Mescal
Range to the Soda Mountains indicate Aztec sands were
being blown into a developing volcanic terrain.
Relationships in the Cowhole Mountains indicate a
surface of relief of at least 226 m had been developed on thrust-faulted Paleozoic carbonates prior to
deposition of the Aztec sandstone. Topographic lows
were filled with volcanic flows upon which the windblown sand was deposited. Topographic highs protruded above the volcanics to be buried directly by the
Aztec Sandstone. The dark reddish- brown siltstone
appears to be of fluviatile origin derived from the
flanks of developing volcanoes perhaps as the result
of orographic precipitation.
Nowhere in the eastern Soda Mountains is Aztec
Sandstone in contact with Paleozoic or Early Triassic
sedimentary rocks. The dune sand accumulated near a
volcanic ce~ter where hypabyssal rocks had invaded
Paleozoic strata and, volcanics completely buried the
Paleozoic terrain prior to deposition of eolian sand.
As in the Cowhole Mountains, Moenkopi strata either
had never been deposited or had been eroded. At
least three times during deposition of eolian sand
was interrupted by volcanic eruptions. Accumulated
sand was reworked by local sheet flooding which
introduced locally-derived volcanic clasts into the
sand and silt. In places, volcanic clasts were
transported by the wind and accumulated in crossbedded dune sand.

Similar relationships can be observed in a relatively small area of outcrop of Aztec sandstone on
the west side of Old Dad Mountain (Dunn, 1978). The
Aztec contains a basal sedimentary breccia composed
of Birdspring limestone blocks in a sandstone matrix.
Where the contact has not been intruded by finegrained mafic hypabyssal rocks, the breccia rests on
Paleozoic limestones. Yellowish-brown quartz sandstone containing large-scale crossbedding comprises
181 m of the section and is overlain by a porphyritic
volcanic unit which is cut off by the Playground
Thrust.

The presence of Moenkopi-like marine strata in

In the Soda Mountains, Grose (1959) described
over 7,000 ft of interbedded, crossbedded quartz
sandstone and andesitic to dacitic volcanics believed
to be correlative with the Aztec Sandstone. In the
areas of best exposure, the interbedded sandstone and
volcanics are cut by numerous high-angle faults which
are difficult to trace through the volcanics. The
possibility that the volcanic and hypabyssal part of
the section has been repeated cannot be discounted.
In the southeastern corner of the eastern Soda
Mountains, the Aztec Sandstone consists of light
yellowish-brown crossbedded quartz sandstone and flat
bedded grayish-purple quartz sandstone containing
porphyritic volcanic clasts from coarse-sand to
cobble size interbedded with porphyritic dacitic
flows (Marzolf, 1981). From the basal breccia to the
highest sandstone, the total thickness is approximately 357 m. This sequence is overlain conformably
by porphyritic quartz latite with quartz and feldspar
phenocrysts. At the base of the interbedded sandstone and volcanics, a volcani-clastic sedimentary
breccia overlies a 2090 m of andesitic to dacitic
flows, flow breccias, and hypabyssal rocks. Near the
bottom of this sequence, slivers of metamorphosed
limestone and calc-silicates are enclosed in the
hypabyssal rocks. At the base of the sequence,
volcanic and hypabyssal rocks are in fault and intrusive contact with steeply-dipping Paleozoic carbonates and calc-silicates.

the western Soda Mountains has been explained as the

result of marine deposition in an intra-volcanic arc
basin (Marzolf, 1980). The interpretation of these
Early Triassic Moenkopi or Moenkopi-like marine
strata are important in deciphering the timing of
tectonic events in the eastern Mojave Desert. Three
alternatives seem possible based on available data:
1. Moenkopi strata were deposited continuously across
the deformed Paleozoic craton and shelf and were
removed by erosion prior to deposition of Aztec
Sandstone and volcanics (Burchfiel, et aI, 1980). 2.
Moenkopi strata were deposited in separate marine
basins developed in a deformed or deforming borderland. 3. Moenkopi strata were deposited within
separate intra-volcanic arc basins (Marzolf, 1980).
Presently available evidence in the eastern Mojave
Desert supports the first alternative. Early
Triassic shallow-water marine strata are known to
underlie volcanics or volcanics interbedded with
crossbedded, Aztec or Aztec-like Sandstone from as
far north as the southern Panamint Range to as far
south as the Big Maria Mountains - southern Panamint
Range (Johnson, 1957); western Soda Mountains (Grose,
1959); Old Dad Mountain (Dunn, 1977); Providence
Mountains (Hazzard, 1954); and Big Maria Mountains
(Frost, oral communication, 1982; Hamilton, this
volume). Within the Cowhole and eastern Soda
Mountains, Moenkopi rocks are absent. Although no
detrital rocks containing Moenkopi clasts have been
identified, the absence of Moenkopi strata in the
Cowhole and eastern Soda Mountains is probably the
result of post-Moenkopi - pre-Aztec erosion. The
discordant relationship between the Moenkopi Formation of the western Soda mountains and underlying
Paleozoic rocks coupled with absence of Moenkopi
strata by erosion in the eastern Soda and Cowhole

In the western Soda Mountains, the interbedded,
crossbedded, quartz sandstone and volcanics overlie
shallow-water marine limestones and siltstones
assigned by Grose (1959) to the Early Triassic
Moenkopi Formation. Further south, at much higher
elevation, Moenkopi strata overlie more intensely
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Mountains suggest both pre-Moenkopi and post Moenkopi
pre-Aztec tectonic events. Marine strata underlying
Aztec-like sandstone and volcanics further west in
the Rodman Mountains (Miller and Carr, 1978) and at
Black Butte (Miller, 1979) appear not to be related
to the shallow-water marine strata of the eastern
Mojave Desert and may indeed have been deposited in
intra arc basins.

localities. In the Mescal Range, crossbeds dip consistently southeastward from bottom to top of the 137
m-thick section. To the east in the Cowhole
Mountains, the data are less reliable because of the
poor preservation of cross-stratification and the
steep dip of the sandstone. Nevertheless, vectorresultant dip-direction from the bottom to the top of
the sandstone is rotated clock,,,ise through an angle
of 68 degrees but, the vector resultant for the lower
120 m of the sandstone dips north 57 degrees west and
the upper 395 m, north 11 degrees east. This observation is believed to be the result of tectonic rotation rather than local variation in wind direction.

That the Paleozoic shelf continued to influence
development of the volcanic arc is indicated by the
relationship between early Mesozoic rocks in the Soda
Mountains and rocks of similar age in the southern
Panamint Range. Within the Butte Valley Formation,
shallow-water marine sediments overlain by
limestone-clast sedimentary breccia similar to that
in the basal Aztec Sandstone of the Cowhole Mountains
is overlain by several thousand feet of andesitic
VOlcanics (Johnson, 1957). This relationship
suggests the continental conditions in which the
Aztec Sandstone was deposited did not extend as far
north as the Panamint Range. A northeast-southwest
line roughly parallel to Paleozoic isopachs separates
Aztec Sandstone and interbedded volcanics on the
south from early Mesozoic volcanics on the north in
which Aztec Sandstone has not been identified. This
distrtibution may indeed reflect the original distribution of eolian sedimentation controlled by the
volcanic arc trending perpendicular to the northwestward deepening continental margin.

AGE OF THE NAVAJO AND AZTEC SANDSTONES
Maximum and minimum ages of the Navajo and Aztec
Sandstones are based on varied and meager data from
widely separated localities. In southeastern Utah,
the evidence of terrestrial vertebrate fossils in
both the Kayenta Formation and the lower part of the
Navajo Sandstone is controversial (Lewis, et al.,
1963, Galton, 1971, Olsen and Galton, 1977). Late
Triassic and early Jurassic ages are tenable. In
southwestern Utah, palynomorphs in the middle
Whitmore Point Member of the Moenave Formation
indicate an Early Jurassic age - probably Sinemurian
to Pliensbachian (Cornet in Peterson and Pipiringos,
1979). An upper age limit of late middle Bajocian
Eor the Navajo Sandstone in southern Utah is based on
marine invertebrates in the limestone member of the
Carmel Formation.

Crossbed Orientation
In southeastern Utah, crossbed orientation has
been measured in approximately 15 and 30 m vertical
increments in six complete vertical sections of the
Navajo Sandstone. From the Paria River in southern
Utah to the Cowhole Mountains in the Mojave Desert,
crossbed orientation has been measured in 30 m incre-

Peterson and Pipiringos (1979) have shown that
the crossbedded sandstone with which the Carmel
Formation interfingers at its base is separated from
the Navajo Sandstone by a regional unconformity.
They have named this sandstone the Page Sandstone.
Westward, the regional unconformity at the base of
the Page Sandstone truncates another unconformity
separating the Temple Cap Formation (formerly th~
Temple Cap Member of the Navajo Sandstone) from the
Navajo Sandstone and, itself, separates the Carmel
Formation Erom the Temple Cap Formation. Eastward,
the same unconformity truncates progressively older
strata.

ments in complete or partial vertical sections

(Marzolf, 1982). Where necessary crossbed orientation data has been corrected for regional dip.
In southeastern Utah, crossbeds dip consistently
southeastward from bottom to top of the sections. At
Zion Canyon in southwestern Utah, crossbeds dip
south 28 degrees east in the basal Shurtz Tongue and
the lowest 50 m of the main body of the Navajo
Sandstone. From 50 m above the base, crossbed dipdirection swings from southward to south 48 degrees
west to the top of the sandstone. The acute angle
between the vector-resultant crossbed-dip for the
Shurtz Tongue and the basal Navajo Sandstone and the
vector-resultant dip for the remaining upper part of
the sandstone is 76 degrees clockwise. Preliminary
measurements from the lower and upper parts of the
Navajo Sandstone at the Paria River in south-central
Utah, produce resultant-vector crossbed dip- directions of 131 and 226 degrees respectively. Measurements in the Wilson Cliffs indicate a southeastward
dip-direction oE 163 degrees for the lower 100 m ~f
the Aztec Sandstone and a southwestward dip-direction
oE 209 degrees for the upper half of the sandstone.
The acute angle between the vector- resultant dipdirection for the lower 100 m and the upper half of
the Aztec Sandstone is 46 degrees. These resuits are
remarkable in light of deformation in southern Nevada
subsequent to deposition of the Aztec Sandstone. The
salient fact is the rotation from southeastward to
southwestward from bottom to top of the Aztec
section.

The lithologic correlation oE the Temple Cap
Formation with the Gypsum Spring Formation (Peterson
and Pipiringos, 1979) in no way demonstrates the two
formations are time equivalent. Additionally, there
is no reason to believe that the unconformities at
the top of the Navajo Sandstone are not time transgressive. Nor does the presence of the two unconformities between the top of the Navajo Sandstone and
the Carmel Formation necessitate the Navajo Sandstone
being older than the late-middle Bajocian age
assigned to the oldest fosiliferous part of the limestone member of the Carmel Formation. All that can
be said with certainty is that the Navajo Sandstone
is older than late-middle Bajocian in south-central
Utah. In the same fashion, the probable Sinemurian
to early Pliensbachian age of the lfuitmore Point
Member of the Moenave Formation in southwestern Utah
and assignment of Late Triassic to Early Jurassic age
in southeastern Utah only indicate the overlying
strata are younger than early Pliensbachian and Late
Triassic to Early Jurassic respectively. Thus, these
localities serve as points in space and time between
and beyond which the Navajo and Aztec Sandstones can
be placed with Some latitude. The paucity of data
controlling the age of the Navajo and Aztec Sandstones is further complicated by controversies
surrounding the equivalence of palynologic, terres-

In the eastern Mojave Desert, crossbedorientation measurements have been made at two
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Rhaetian to Sinemurian and the late stage an interval
within the Sinemurian to early Bajocian.

trial vertebrate, and marine invertebrate chronologies.

During the early stage of deposition, streams
which deposited sediments of the Moenave and Kayenta
Formations flowed west, northwest, and north to the
marine basin in northwestern Nevada. In the littoral
zone, fines were winnowed from the fluviatile sediment and carried off shore to the west and northwest.
These fine clastics are probably represented by the
Late Triassic and Early JurassLc clastics of shelf
and basinal terrains in western Nevada (Speed, 1978).
The sand was transported southeastward up the paleoslope by northwest winds. During this stage of
deposition, the shallow groundwater table was maintained near the surface by recharge from the fluviatile environment. Although volcanism may have begun
burying the eroded Paleozoic terrain along the
western margin of the eolian sand seas, the volcanic
arc had not become well enough developed to block the
sand-transporting northwest winds nor had the arc
been extended sufficiently far to the southeast to
cut off streams flowing to the north.

In the western facies, attempts to detenni~e the

age of the Aztec Sandstone have been based on radiometric ages of interbedded or overlying volcanics.

A

minimum K-Ar date of 155 mybp ,"as obtained by Sutter
(Novitsky-Evans, 1978) for the Delfonte Volcanics
overlying the Aztec Sandstone tn the Mescal Range.
In southern Arizona, the oldest vulcanics associated
with possible Aztec Sandstone have been dated
(Wright, et al., 1981) at 190 mybp. Just across the
border ia northern Sonora, Mexico, Silver and
Anderson dated similar volcanics at 180-185 mybp
(Aaderson, oral communication, 1981).
SPECULATIONS ON REGIONAL PALEOGEOGRAPHY
Although the age of the bottom and top of the
Navajo and Aztec Sandstones from southeastern Utah to
southeastern California is not adequately known,
available evidence permits some speculation on facies
relationships between the Navajo and Aztec Sandstones
and underlying redbeds aad on the temporal and spatial significance of crossbed orientation and sedimentary features of grouadwater origin.

During the late stage of eolian deposition,
Figure 2, which may have extended from Sinemurian
to Bajocian or possibly as late as Callovian time in
southern and western Nevada and southeastern
California, sand deposited during the earlier stage
of eolian sedimentation was eroded from northern and
eastern Utah and transported southwestward, up the
paleoslope, burying the fluviatile environment in
southern Nevada and building the surface of accumulation above regional base level. At the same time,
volcanism accelerated elevating the volcanic arc and
extending it further southeastward into southern
Arizona and northwestern Sonora. The extension of
the volcanic arc may have played a role in lowering
the groundwater table in the eolian basin by cutting
off the fluviatile recharge of the eolian sand seas.
Redbeds structurally juxtaposed with Aztec-like sandstone and volcanics in southern Arizona are possibly
laterally equivalent (Bilodeau, oral communication,
1982). These relationships may represent an early
stage of truncation of the fluviatile system. Once
developed, eolian sand transported southwestward was
deposited against the volcanic arc. The sand sea
need not have covered the entire area from southern
Utah to southern Arizona but, may have been restricted to a belt in southern and southwestern Arizona and
southeastern California.

Several lines of evidence support the contention
that the greater part of the Navajo and Aztec Sandstones in southwestern Utah and southern Nevada is
younger than the Navajo Sandstone in southeastern
Utah.
Both the unconformity at the top of the Navajo
Sandstone which cuts older strata from south-central
Utah to western Colorado (Peterson and Pipiringos,
1979) and the southward intertonguing of the Navajo
Sandstone with redbeds of the Kayenta Formation in
southwestern Utah suggest the Navajo Sandstone in
southwestern Utah and the Aztec Sandstone in southern
Nevada are younger than the Navajo Sandstone in
southeastern Utah. If it is assumed that change in
crossbed orientation is temporal and not at all
spatial then the Shurtz Tongue and lowest 50 m of the
main body of the Navajo Sandstone are coeval with the
entire Navajo Sandstone east of the Paria River in
south-central Utah. The total thickness of strata
from the base of the Shurtz Tongup to 50 m above the
base of the Navajo Sandstone (Averitt et al., 1955)
is approximately equal to the entire thickness of the
Navajo Sandstone along the Paria River. Although
rates of sedimentation for the eolian and fluviatile
sediments were probably not equal, it is difficult to
believe this result is mere coincidence. In addition
to the southeastward dip of cross-strata through the
entire Navajo section east of the Paria River, sedimentary features of groundwater origin also are
distributed throughout the entire section; whereas,
to the west, these same features are found lower and
lower in the section. The distribution of features
of groundwater origin was controlled by regional base
level. Tf the change in crossbed orientation was
temporal, then so was the lowering of regional base
level and viee versa. This model might be expected
to result if the regional paleogeography were to have
changed significantly during deposition of the Navajo
and Aztec Sandstones. Of course, other models are
possible but, it is believed that the one presented
here is most consistent with stratigraphic data and
with what is known of the regional paleogeography.
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View of low-angle fault in the southern Santa Rosa

l~untains

that may be correlative with detachemnt faults of southwestern Arizona and Sonora.
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and Douglas J. English
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PREVIOUS HORK ON lWLONITIZATION AND LOI-J-ANGLE
FAULTIlJG IN THE SANTA ROSA lJOUllTAINS

ABSTRACT
A low-angle fault of mid-Tertiary age is exposed
in the southern Santa Rosa 110untians south of Palm
Springs and west of the Salton Sea.
This fault truncates steeply tilted Tertiary rocks but is also a
crystalline-crystalline contact in other places.
Its
physical appearance is strikingly similar to the detachment faults so widely exposed in western Arizona
and southeasternmost California.
Kinematic indicators
indicate southwestward transport of the upper plate,
,,,hich is compatible wi th the kinematics of the Arizona
detachment terrane.
Hydrothermal alteration along the
fault has produced a distinctive yellowbrown ledge of
highly sheared rocks belm" the fault, much like the
alteration zones along the Arizona faults.
This
faulting may, thus, represent a portion of the midTertiary detachment terrane of Arizona, California and
Sonora that was displaced to the north by the San
Andreas fault system.
If so, it indicated that a major
mid-Tertiary deformation is present in southern
California that has, heretofor, not been widely recognized.
INTRODUCTION
Information presented in this report has been
gathered from a small area in the southern Santa Rosa
110untians in connection 'vith several ongoing !1aster 's
theses (Fig. 1). The purpose of these projects is to
map several areas within the Hestern Salton Sea region
on a large scale, removing the overprint of San Andreas
deformation, in order to study possible mid-Cenozoic
deformation. Hhile Hide-scale extrapolation of data
from this locality Hould be unHise, He believe that
cartain fundamental questions concerning the nature of
the low-angle faulting in the eastern Peninsular
Ranges can be addressed by such an approach.
The purpose of this paper is to point out some
preliminary results of these studies.
These results
have far-reaching ramifications for the mid-Tertiary
geology of southern California and Harrant consider~tion
by other geologists concerned Hith this region.
Although the results of this study are of a speculative,
and perhaps, provocative nature, it is hoped that they
,>ill stimulate study of the correlation betHeen the
regional geology of Arizona and that of southern
California.
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The Santa Rosa Hountains have long been recognized as an area of major lOH-angle faulting.
This
faulting, hmvever, is in association Hith mylonitic
rocks of late 11esozoic age, Hhich transect the range
in a band termed the Santa Rosa mylonite belt
(LockHood, 1961; Theodore, 1967; Sharp, 1966, 1967,

1968, 1979).
The Santa Rosa mylonite zone forms a part of a
larger belt of mylonitic rocks Hhich Sharp (1979)
has called the eastern Peninsular Ranges mylonite
zone.
Cretaceous batholithic and older metamorphic
rocks which comprise this zone record a complicated
deformational history that includes mylonitization,
thrust faulting and later brecciation.
Brief descriptions of the distribution and character of this
zone have been made by Sharp (1966, 1967, 1968) in
connection "lith displacements along the San Andreas
system.
In addition, Sharp (1979) describes the
regional characteristics of the mylonite zone in some
detail.
Some of his conclusions are summarized here:
1) Thrusting occurred sometime between mid-Cretaceous
and early Cenozoic times.
2) Hylonites and thrusts
are spatially and temporally related. This is suggested by the fact that the proposed direction of
transport of the upper plate (to the south-southHest)
is nearly parallel to the lineation in mylonitic
rocks above and belm, the thrusts.
3) Mylonites and
thrusts are related to the same set of regional
stress conditions. The mylonite zone is thought to
represent the roots of a late Mesozoic shear zone
Hithin which crustal shortening normal to the axis of
the Peninsular Ranges occurred.
These mylonitic rocks appear essentially identical to mylonitic gneiss present in numerous areas in
Arizona, Hhere their origin has been studied by
numerous ,wrkers (see Crittenden and others, 1980;
Davis and others, this volume; Reynolds, this volume;
Rehrig, this volume; for list of references to
extensive literature on the subject).
The difficulty
of seeing Im,-angle faults associated Hith these
mylonitic rocks in Arizona has been in determining
of the faulting or all the faulting, and mylonitization are coeval. A similar problem may exist in the
Santa Rosa !1ountains, "'here low-angle faults are difficult to see because most separate different packages of cry3talline rocks some of ",hich are mylonitic.

as well as granitic rocks that are granodioritic in
composition. These rocks are locally mylonitic,
recording a deep-seated deformation, and brecciated,
recording near-surface deformation.
Hetamorphic rocks
are of pre mid-Cretaceous age and include banded
gneiss, quartzite, marble and mica schist.
The granodiorite is a part of the Southern California batholith
and is, therefore, mid-Cretaceous in age.
Clastic
rocks, as mapped by Dibblee (1954), include the Canebrake conglomerate, the Palm Springs Formation, and
the lacustrine sandstone and claystone of the Borrego Formation.
These sedimentary units have been
assigned Pliocene ages, although tight age constraints are not available on all the clastic units.

Son Bernardino Mtns.

A structural subcategory for classifying units
has been created by a regional low-angle fault that
is exposed in the southern Santa Rosa Hountains.
Some of the important features of these upper- and
10\,er-pla te units are presented here.
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l1etamorphic and granitic rocks usually form
distinct lower-plate subunits although some mixing
does occur. A zone of brecciation penetrates the
10\"er plate belO\" the fault to a maximum depth of
15 m.
Granitic rocks within this zone typically
contain subangular, pebble-sized breccia fragments
that are embedded in a fine-grained crystalline
matrix.
Brecciation of the metamorphic rocks is also
present on a smaller scale, often producing coarse
sand-sized fragments.
Such penetrative, brittle
deformation appears to be closely related to displacements along the fault.
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Figure 2.
Fault map of the southern San Andreas
fault system shO\,ing the lociltion of the stud,! arOil
in the southern Santa Rosa rJountaintj, ~<1n l)ief!;O
county, California.

A mylonitic fabric can be seen in the granitic
rocks of the lower plate.
The direction of stretching is highly variable and in places Hraps around
inclusions of non-mylonitic granite.

Ho\vever, the age of mylonitization in the Santa
Rosa t10untains is knO\olD from both K-Ar and fissiontrack studies.
Dating of multiple minerals from the
Santa Rosa mylonite belt by R. K. Dokka provides a
cooling curve for the belt, indicating the time that
the rocks were isotopically cold (Dokka and Frost,
1977). t~lonitization would have necessarily occurred
prior to the rv63 myllP age yielded by these fissiontrack studies.
Sharp (1979) suggests a simiJar general age for mylonitization by stating that "unpublished K-Ar dates obtained from t\;o transects across
the cataclastic zono suggest that the shear zone
existed and influenced the position of contours of
equal apparent K-Ar ages of approximately 70 mg".

A two- to four-meter thick zone of hydrothermally altered rock is variably present immediately beloH
the fault.
l,here metamorphic rock has been altered,
a secondary shear foliation overprints the earlier
regional foliation (Fig. 3). A black amorphous
manganese precipitate (identified by X-Ray analysis)
and calcite mineral veins accentuate this secondary
foliation, Hhich forms a netHork of anastomosing
surfaces and asymmetric folds (Fig. 4).
Hydrothermal
alteration typically stains the rocks a distinctive
green or red-brown color. Affected sites may correspond to areas beneath the crests of a corrugated,
Im,,-angle fault surface Hhere groundHater accumulated.
This kind of hydrothermal alteration appears
very similar to that present in detachment terranes
such as the Riverside 110untains (Lyle, this volume)
and ",estern Hhipple Hountains (Davis and others, this
volume).

Our studies were not aimed at mylonitization or
tlesozoic structure, but began as an analysis of the
sedimentology of Tertiary units exposed ~n the south
end of the Santa Rosa Hountains.
Examination of
these tilted rocks led to the discovery of the lowangle fault that truncates the thick Tertiary section
in the southern Santa Rosa Hountains.
The similarity
of this fault contact to low-angle normal faults, or
detachment faults, in Arizona and southeasternmost
California is extremely striking.
This study was
altered in scope, therefore, to evaluate the correlation between low-angle faulting of mid-Tertiary age
in the Santa Rosa I-lountains and 10l,,-angle faulting of
mid Tertiary age on the east side of the San Andreas
system.

Upper-Plate Units
The upper plate consists of tlVO tilted clastic
units: a monolithologic megabreccia and a conglomerate. Hhere both units are present, the megabreccia occupies the 10Hest part of the section.
Upper-plate units are usually friable and markedly
less resistant to erosion than those in the lower
plate.
This disparity is often reflected in the
terrain; steep-sided washes cutting lower-plate units
are usually truncated above, giving Hay to the more
gentle, colluvium-covered slopes of the upper plate.

PHYSICAL DESCRIPTION OF UNITS
Crystalline rocks in the southern Sant- Rosa
Hountains include amphibolite-grade metamorphic rocks
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Figure 3.
An exposure of the lmv-angle f aul t in the upper Smoke Tree
Hash area. Lmver-plate rocks are hydrothermally altered.
A zone of intense
shearing is nearly ahvays present in the lm"er pIa te to a maximum depth of t",o
meters below the fault.
(Pridmore and Craig, this volume), Hohal,ks (Hueller
and others, this volume), and southeasternmost California such as the MidwRyS (Berg and others, this
volume) contain exposures of a regional detachment
fault.
How far south this style of deformation
extends is still unkno",n.

A matrix-supported conglomerate overlies lowerplate metamorphic rocks east of Palo Verde Canyon.
The surface between tile plates is marked by a microbreccia gouge zone tha t is roughly 0.5 meters thiclc.
Conglomeratic clasts are rounded and dominantly
granitic, but metasandstone and mylonitic clasts are
also common.
Sedimentary structures and bedding
planes are poorly developed or absent.

From the time of its emplacement until late
!1iocene time, the Peninsular Ranges Ba tholith lay
within ",hat appears to be the boundaries of the
terrane affected by detachment-related deformation,
approximately 308 km southeast of its present location (Crowell, 1981) (Fig. 8).
The eastern Peninsular Ranges mylonite zone ",as formed during this
time, presumably under the same conditions of
regional crustal extension that prevailed else",here
in the south"'estern United States.
Preliminary investigation of rocks in the Santa Rosa Mountains
suggests that this is indeed true.

The megabreccia consists of subangular, cobbleand boulder-sized fragments of biotite-rich granodiorite (Fig. 5).
The unit was deposited in an area
of extreme tectonic activity.
The breccia framework
is monolithologic ",ith a conspicuous absence of a
depositional matrix. Alteration of biotite to
chlorite, however, has produced a diagenetic matrix
or epimatrix that usually imparts a gray-green color
to the breccia. Although I"ell developed, this
chlorite matrix is not a very efficient binding
agent, hence, the unit crumbles easily.
In areas
where micro-breccia gouge zones are well developed
between plates, upper plate clasts along the sole
have been internally comminuted.
Granule-sized
mineral aggregates, which reflect the original granodiorite composition, are strewn throughout a
groundmass of dark, microcrystalline material.

Structural features in lo",er-plate rocks of the
Santa Rosa Hountains provide evidence of distributed
shear parallel to the plane of lmv-angle faulting.
This zone of intense shearing is nearly ahvays
present in the lmver plate to a maximum depth of
at least tIm meters belmv the fault.
Tension gashes
with an average strike of N50H are "'ell developed at
several localities.
Calcite mineralization and precipitated manganese no", fill these fissures, "'hich
have been progressively deformed into ",ispy, sigmoidal structures.
Tension joints characteristically
develop perpendicular to the direction of maximum
elongation, ",hich in this case suggests a N40E
directed extension parallel to the plane of the fault.
This direction of extension is in agreement ",ith documented extension directions in eastern California
and southwestern Arizona.
Analysis of asymmetric
folds that have developed in this zone suggests a

DISCUSSION
Areas of well documented detachment faulting
appear to extend across all of Arizona and into
eastern California (Frost and others, 1981) (Fig. 7).
Exposures of low-angle faulting now under study in
the Chocolate and Orocopia Hountains may eventually
extend this detachment terrane as far ",est as the
San Andreas fault (Frost, pel's. comm. 1982). Numerous ranges in southwesternmost Arizona such as the
Trigos (Garner and others, this volume), Baker Peaks
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Figure 4. A close-up of the lower-plate shear foliation showing
anastomosing surfaces and asymmetric folds.

Figure 5. The upper-plate megabreccia consists of subangular, cobblesized to boulder-sized fra~lents of biotite-rich granodiorite, seen here
in the upper half of the photo.
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Figure /.
A map of the southHestern United States shoHing the apparent
extent of Tertiary detachment faulting in California and Arizona.
Also
shmm is tI,e proposed extension of the \Jestern limit of detachment faulting in the eastern Peninsular Ranges.
southwesterly direction of transport for upper-plate
rocks (Fig. 9).
Similar upper-plate transport directions have been reported in the Trigo Hountains in
eastern California (Garner and others, this volume).
It should be noted, hOHever, that San Andreas related
rotations have not been assessed or removed from the
above calculations.

CONCL USIONS

K-AR GEOCHRONOLOGY
A study of K-Ar ratios in rocks beloH the fault
is nOH underHay in hopes that isotopic resetting
accompanied 10H-angle faulting.
One sample, taken
from an outcrop of metasedimentary gneiss immediately
beloH the fault has yielded an age of 64.6 + 4.2 m.y.
B.P.
On the basis of this one Late-CretaceZus age, it
is not apparent that isotopic resetting has occurred
in the Santa Rosa Hountains.
In Arizona and eastern
California, age resetting appears to be related to the
thickness of the zone of brecciation, the amount of
hydrothermal activity, and other factors that aid in
the liberation and removal of argon gas (llartin and
others, 1981; Hartin and others, this volume; Davis
and others, this volume).
It is our hope to find areas
Hhere such isotopic resetting has also occurred in the
Santa Rosas.
A close temporal association of 10Hangle faulting in the Santa Rosa Hountians Hith detachment
faulting in eastern California would argue strongly in
favor of a detachment mechanism operating Hest of the
San Andreas.

507

Preliminary studies of the low-angle fault of
Tertiary age in the southern Santa Rosa llountains
suggest that the detachment terrane of Arizona and
southeasternmost California extends across the lateTertiary San Andreas fault system.
The physical
appearence of the fault, its geometry Hith respect to
truncation and rotation of Tertiary units, its kinematic compatibility \Jith the Arizona detachment cerrane
and the domed character of the range all argue for
'
making the match across the San Andreas.
Our approach,
hOHever, is to play the devil's advocate Hith ourselves
and try to shoH that it must be an expression of the
mid-Tertiary detachment fault before pronouncing this
low-angle fault to actually be equivalent to the
California-Arizona detachment terrane.
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INTERPRETATION OF AGE RELATIONSHIPS AND DEFORMATIONAL
HISTORY, SOUTHEASTERN WHIPPLE MOUNTAINS, CALIFORNIA

Linda C. Thurn
Chevron, U.S .A.
P. O. Box 8100
Concord, CA 94520

HTTRODUCTIOl\'

Graduate field study was undertaken in

1979-1980 to define the structural-litholop;ic

The l.Jhipple Mountains are an elongate,
domical range located west of the Colorado
River in southeastern California,
The range
is one of a series of distinctive, isolated
metamorphic terranes that have been termed
"metamorphic core complexes" (Crittenden and
others, 1978). As a group, these complexes
are characterized bYI (1) a "core" of p;ranitic and/or metamorphic rocks overprinted with
a distinctive mylonitic fabric, (2) domal uplift that has exposed the mylonitic "core"
rocks, and (J) Tertiary low-angle detachment
faults that flank the uplifted terrane (G, A.
Davis and others, 1980; Rehrig and Reynolds
1980), There remain, however; significant'
differences in interpretation regarding the
temporal and kinematic relations "between
characteristic structural elements,

character of a small portion of the southeastern Whipple Mountains (Fig, 1). The intent was to supplement existing knowledge
concerning the Mesozoic and Tertiary deformational events that shaped this distinctive
terrane. Observations and speculations outlined in this paper are described elsewhere
in greater detail (Thurn, 1982) and substantially rely on previous, more rep;ional work
as summarized by G.A. Davis and others (1979.

1980).
Rock units in the study area, and in
the Whipple Mountains as a whole, are separated into four distinct assemblages (Fig. 2):
lower-plate crystalline units (mylonitic
gneisses and non-mylonitic tonalite), upperplate crystalline units, upper-plate sedimentary and volcanic rocks (Copper Basin and
Gene Canyon Formations), and post-detachment
fault sedimentary units.

Several workers in southern Arizona
developed tectonic models that regard the
three aforementioned structural elements as
forming in a space-time continuum (G. H.
Davis, 1977, 1980; Coney. 1979, 1980, Davis
and Coney, 1979; Rehrig and Reynolds, 1980).
Although their views differ in detail, these
researchers have suggested that a genetic
relationship exists between mylonitization
of crystalline rocks and hip;her level detachment faultinp;. Development of the mylonitic
basement is regarded as, at least in part,
older than the detachment and distension of
upper level rocks, but kinematically associated with it, ThUs, Tertiary brittle extension by high- to low-angle normal faulting
in upper crustal levels is viewed as a response to more ductile crustal extension by
mylonitic flow at depth,

The Whipple detachment fault, an extensive structure of Tertiary age, separates the
lower-plate assemblage of mylonitic gneiss
and tonalite from a lithologically-varied
upper plate. Upper-plate structure in the
field area is dominated by topography-controllinp;, northwest-striking normal faults
that have progressively distended the upperplate terrane by downdropping and rotating
the Tertiary sedimentary and volcanic strata.
Northwest-striking antithetic faults, drap;
folds, and tear faults are also present. The
most visible structural elements of the lower
plate are the pervasive mylonitic foliation
and lineation present throup;hout the mylonitic gneiss complex. Other lower-plate features of structural importance include brecciation, greenschist p;rade metamorphism, and
high- and low-angle normal faults.

Although this intep;rated interpretation
of Tertiary deformation is theoretically
appealing, studies in the Whipple Mountains
of southeastern California and the Buckskin
and Rawhide Mountains of west-central Arizona have yielded different conclusions
(Shackleford, 1976, 1977; G. A. Davis and
others, 1979, 1980), Here, there does not
appear to be a fundamental, temporal, relationship between formation of the mylonitic
terrane, detachment faultinp;, and doming.
Detachment faulting and sYnchronous distension by normal faulting appear to have significantly post-dated the formation of mylonitic rocks, yet pre-dated the dominp; that led
through erosion, to exposure of the detach- '
ment surface and underlying rocks.

Post-detachment fault doming of the
\.Jhipple Mountains has led to exposure of
lower-plate rocks in the core of the range
and exposure of the detachment surface around
the margins of the range. Late-stage normal
faulting that displaces the Whipple detachment fault is present but rare.
Field observations of structural importance related to this study included: (1)
documentation of an intrusive, non-mylonitic
pluton in the lower-plate terrane, and (2)
confirmation of high- and low- an~le normal
faults of Tertiary age in the lower-plate
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Generalized ~eolo~ic map of the Whipple Mountains, showing the
location of the study area. (Modified from G. A. Davis and others,
1980).

terrane. These structural elements place
important constraints on the timin~ and character of deformational periods in the Whipple
Mountains.
NON-MYLONITIC

TONALIT~

Feldspar and quartz grains often have ragged
outlines, due to cataclastic deformation associated with Tertiary detachment faulting.
Chlorite is present in clumps with magnetite
and epidote or in cross-cuttin~ veins. All
of the chlorite is believed to have formed
during greenschist grade metamorphism related
to detachment faulting, probably at the expense of original biotite. The tonalite pluton occasionally develops a weak foliation
near intrusive contacts with the mylonitic
gneisses. Samples analyzed from contact
zones display an incipient elon~ation of
quartz and a somewhat preferred orientation
of chlorite. Fluxion structure is never as
well-developed as in the mylonitic gneisses.

PLUTON

The tonalite pluton is a sheetlike body
that discordantly intrudes the lower-plate
mylonitic ~neiss complex. There is a pronounced parallelism between the trends of
this sheetlike pluton and the overlying
Whipple detachment fault, as dia~rammatically
illustrated in Fi~ures 3 and 4. As a result
of this parallelism, the pluton crops out as
a li~ht-colored band that hi~hli~hts surface
exposure of the detachment fault, separatin~
red and brown-colored rocks of the upper
plate from ~reen-colored mylonitic gneisses
in the lower plate.

Total thickness and areal extent of the
tonalite pluton is unknown, as it is upwardly
trUllcated by the Whipple detachment fault.
Field exposures indicate southeast dip of the
sheetlike body at angles ranging from 10-30 0 •
Along a northeast str~ke, the tonalite sheet
is exposed for a distance of almost 6 km.
Total observed thickness is on the order of
90-120 m.

Most samples petrographically analyzed
from this pluton plot in the ~ranodiorite to
tonalite field (after Streickeisen, 1973).
However, there is a compositional ran~e from
adamellite, throu~h ~ranodiorite, through
tonalite, to quartz diorite. Quartz and pla~
ioclase are by far the most abundant components, producin~ the li~ht color characteristic of this rock type.

A lar~e percentage of the lowor-plate
rocks observed in the study area are within
the 30-60 m "disturbed zone" beneath the
Whipple detachment fault and display intense
brecciation and retrograde metamorphic alteration. As a result, relationships between
rock units must be noted with special care.
Nonetheless, the lower contact of the tonalite

The bulk of the pluton displays typical
granitic textures. It is holocrystalline and
medium-grained (2-3 mm), with an allotriomorphic to hypidiomorphic-~ranular texture.
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pluton with the mylonitic ~neisses is demonstrably intrusive at many localities and is
~enerally discordant to the mylonitic foliation of the g;Leisses. Deg;ree of discordance
varies from 10 0 to nearly 90 0 • At some localities, the tonalite-mylonitic ~neiss contact
is characterized by a finer-~rained "chilled"
border. Commonly, the contact zone has been
the site of later shear and a planar fault
surface has developed, emphasizin~ the pluton's sheetlike form.

igneous sheets have a pervasive mylonitic
fabric, sll!O\P:estinp; intrusion synkinematic
with mylonitization (Anderson and Rowley,
1981) •
The presence of this lar~e, lower-plate
non-mylonitic pluton places important constraints on the relative timing of events in
the ~hipple Mountains. Textural characteristics su~~est that it was intruded after or
very near the end of mylonitization. However, the top of the pluton is truncated by
the Whipple detachment fault. Rock textures
indicate that the pluton was cold and immobile by the onset of detachment faulting.
There are no si~ns of the semi-ductile deformation expected if the pluton were still hot
and mobile during faultin~. Instead, the
tonalite pluton experienced the same brittle
deformation recorded by those portions of the
mylonitic gneiss terrane that directly underlie the detachment fault.

The lower-plate tonalite is very similar
in appearance to late Cretaceous-early Tertiary adamellites and tonalites present
throu~hout the upper-plate terrane in the
Whipple Mountains. In the central portion of
the field area, the lower-plate tonalite is
juxtaposed with an upper-plate adamellitetonalite pluton.
Correlation of these rock
types across the Whipple detachment fault is
tempting but probably un~rounded as the upperplate body is not unique to that terrane, displays less compositional ran~e, and is not
characterized by a distinctly sheetlike form.
Althou~h direct correlation is not possible,
it is still reasonable to sug~est that these
rocks are part of the same period of late
cretaceous-early Tertiary igneous activity.

Cross-cutting relationships described
above provide considerable support for the
conclusion that the mylonitic ~neiss terrane
exposed in the Whipple Mountains formed prior
to the onset of Tertiary detachment faultin~.
not as a response to the same structural
event. Other field observations are consistent With this interpretation: (1) development of mylonitic fabric does not correlate
with structural depth beneath the detachmeJ'1t f",nlt, (2) the mylonitic fabric 1s p;en-

The lower-plate tonalite pluton is minsimilar to adamellite-tonalite
sills mapped within the core of the mylonitic
terrane (G.A. Davis and others, 1980; Anderson and Rowlev, 1981). However, the latter
eralo~ically
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erally discordant to the detachment surface,
and () the mylonitic fabric has been disrupted by brittle cataclasis related to detachment faultin~ (i.e., the detachment surface is not the lower limit of brittle deformation of Tertiary age).

INTERPRETATION OF STRUCTURAL
ELEMEIITTS IN THE WHIPPLE MOUNTAINS
structural elements currently exposed in
the Whipple Mountains record at least two
major events of contrasting style. The first
event was Mesozoic mylonitization characterized by semi-ductile deformation. Contrasted
with this semi-ductile deformational period
is the brittle extension that accompanied
Tertiary low-angle faulting.

In light of the evidence indicating that
this is not a mid-late Tertiary intrusion,
synkinematic with low-angle detachment
faulting, the sheetlike form of this pluton,
parallel with the detachment surface, is
puzzling. Another possible interpretation
for the parallelism of these temporally and
kinematically unrelated features is that both
were localized alon~ an even older zone of
crustal weakness.
.

Several alternative hypotheses could be
advanced to explain the observed structural
relationships:
(1) All structures, from Cretaceous mylonitization through Tertiary detachment fffillting, are responses to
long term, episodic, northeast-directed cnJstal extension.

LOWER-PLATE FAULTS
Both high- and low-angle normal faults
are present in the lower-plate terrane of the
study area, as previously noted by Terry
(1972). These structures are difficult to
trace for any significant distance due, in
part, to the homogeneous regularity of the
mylonitic gneiss complex.

(2) The stnlctures observed reflect a
complex, polyorogenic history.
Mesozoic compressional fea~lres (mylonitization and thrust faulting)
are superposed by structures related
to Tertiary cTIlstal extension.

Low-angle lower-plate faults are generally planar and subparallel in trend to the
Whipple detachment fault. The "disturbed
zone" beneath the Whipple detachment fault
is commonly bounded by low-angle faults that
separate brecciated, sheared, comminuted
rocks above from less disrupted rocks below.
One of the most visible low-angle faults follows the intrusive contact between the mylonitic gneisses and the tonalite pluton.

(3) The structures observed reflect
Mesozoic mylonitization superposed
by Tertiary gravity sliding (after
G.A. Davis and others, 1979, 1980),
Acceptance of the first model depends
on Whether the mylonitic fabric of lowerplate gneisses now exposed resulted from
crustal compression or extension. As the
Mesozoic history of western North America is
dominated by compressional tectonics related
to subduction of the Farallon plate beneath
the North American plate and development of
an Andean-type magmatic arc (Hamilton, 19691
Burchfiel and Davis, 1975), the case for a
compressional origin for the mylonitic gneiss
complex is favored.

As there are no prominent marker beds
throughout the mylonitic gneiss complex as
exposed in this area, it is difficult to estimate the amount of displacement along most
of the faults. One high-angle normal fault
was mapped cutting the mylonitic gneisstonalite contact. Here, the amount of downdip displacement can be estimated with reasonable accuracy as 60 m.

Resolution between the second and third
models hinges on whether the cumulative
amount of brittle Tertiary extension in the
lower plate is equivalent to that observed
in the upper-plate terrane. Two fundamental
issues are involved heres (1) evaluation of
actual displacement on the Whipple detachment fault in order to accurately determine
the amount of upper-plate distension present
in the range, and (2) evaluation of the extent of brittle extension in the lower plate.

Lower-plate faults cut across the foliation of the mylonitic gneisses and the mylonitic gneiss-tonalite contact. They are commonly associated with brecciation related to
detachment faulting. Additionally, there is
a remarkable similarity in the trends of both
upper- and lower-plate faults, with a predominance of north to northwest-striking structures. Shackleford (1976) described a similar situation in the nearby Rawhide Mountains.
These relationships suggest that lower-plate
faulting developed synchronously with the
Whipple detachment fault and associated normal faults in the upper-plate terrane.

Neither issue noted above can be firmly
resolved. G.A. Davis and others (1979. 1980)
suggested northeastward displacement of upper
plate units in excess of several tens of kilometers in the Whipple-Buckskin-Rawhide terrane, This is based on a range-wide mismatch
of upper- and lower-plate rock units, rather
than on direct correlation of eqUivalent rock
bodies. Available data does not, however,
preclude other alternatives. If the Whipple
detachment fault were localized along an
older structural boundary that had previously
juxtaposed dissimilar crystalline terranes.

The recognition of brittle Tertiary
deformation in the lower plate is of structural importance because it limits the role
of the Whipple detachment fault. Although
it is an impressive and extensive feature,
the Whipple detachment fault did not serve
as the lower limit of brittle Tertiary distension.
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K-AR GEOCHROnOLOGIC RECORD OF 11ESOZOIC AND TERTIARY TECTONICS
OF THE BIG l1ARIA-LITTLE l1ARIA-RIVERSIDE t10UHTAINS TERRANE

Donna L. l1artin, Daniel Krummenacher, and Eric G. Frost
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San Diego State University
San Diego, California 92182

ABSTRACT
Sixty-two K-Ar ages of of complexly folded, metamorphosed Precambrian and Mesozoic rocks in southeastern California were recently determined. These ages
clustered in two major time intervals, 64-54 myBP,
and 45-38 myBP, suggesting resetting of the K-Ar
clock due to two distinct thermal or tectonic events.
Effects of the younger event are seen only in the
Riverside Hountains and the southeastern Big Maria
Hountains and are probably due to Tertiary detachment faulting.
In contrast, metamorphic rocks in the
Little Haria Hountains, Granite Mountains, and Palen
Pass area give isotopic ages that range from roughly
70-60 myBP, and may be related to Laramide plutomism
and/or tectonism. In some areas of the study rocks
retain K-Ar ages that are older than the old ~luster
which give interesting information about the general'
thermal and tectonic history of this region.

eastern Mojave desert of southeastern California
(Fig. 1) . These ranges lie \{i thin the Basin and Range
physiographic province of North America. The Big
Maria Mountains, Little Maria Hountains, Palen Pass
area, and Granite Hountains have a general northwestsoutheast trend, encompassing an area of approximately
750 square kilometers.
The Riverside and liIhipple
Hountains lie northeast of the Big Maria Mountains,
along the Colorado River, and have roughly the same
northwest-southeast trend. The combined area of the
ranges studied is approximately 2800 square kilometers.
Previous Isotopic Work
Very little isotopic work has been done in this
area. No K-Ar ages have been reported for the Big
Haria Hountains. Preliminary K-Ar dating was performed by one of us (DK) and students at San Diego
State University in 1972 as part of a graduate field
mapping project.
Some of these results are presented
here for thc first time.
L. Silver obtained 1,400 myBP U-Pb ages for two basement rocks, and 160 myBP ages for two Jurassic intrusive rocks located somewhere in the Big Haria Mountains (W. Hamilton, per. comm. to D. Krummenacher,
1979). Unfortunately, it was not possible to obtain
the locations of these samples within the range.

INTRODUCTION
The purpose of this study was to begin unravelling the complex metamorphic, thermal, and tectonic
history of a portion of the eastern Mojave desert
using K-Ar dating techniques. The geologic history
of southeastern California is not well understood
and a study of the temporal and spatial variation~ in
the K-Ar isotopic system was used as a tool for correlation with more thoroughly studied areas of western
Arizona and southern Nevada.

In the Little Haria Hountains, the Hidland
Pluton was dated by Armstrong and Suppe(1973), and
yielded K-Ar ages of 64.0±1.3 and 65.6±9.0 myBP (bio).
To the north of the Hidland Pluton, in the west
Riverside Mountains, Bishop (1963) reported a K-Ar age
of 98.5±4.0 myBP for a Hesozoic granitic rock.

Rock samples were collected from the Big Haria
Mountains, Little Maria Mountains, Granite Mountains,
Palen Pass, Riverside Mountains, and lilhipple Mountains.
Sixty-two samples were selected for analysis. These
samples represented a wide range of rock type, and
were chosen on the basis of their variety of field,
structural, and stratigraphic relations.
It was thus
hoped that a clearer understanding of the overall
thermal/tectonic framework of this area would begin
to emerge.
Location and Physiography
The mountain ranges studied are located in the
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A substantial amount of isotopic work has been
done, and is still in progress, in the lilhipple Hountains. Twenty-nine K-Ar dates \{ere determined by
graduate students at San Diego State University during
the fall of 1979, and Davis and others (this volume).
Rb-Sr work in the lilhipple Mountains area has been done
by R. Armstrong and is also discussed in Davis and
others (this volume).
One additional K-Ar age from the Whipple Hountains has been determined for purposes of this study,
and is reported here.
This analysis was performed
specifically for correlative purposes with a similar
terrane in the Riverside Hountains and Quien Sabe Point.
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Location map of the Big Haria Hountains area

520

Figure 2.

Overturned syncline in the Big Maria Mountains as seen looking to the northeast.
The long dark ridge in the foreground is composed of the Supai Formation, and
together Hith the other formations of the Grand Canyon Series, .ove:lies Pre~ambrian
basement. The fold is overturned to the south-southHest. Skyllne lS approxlmately
8 kilometers in Hidth.
GENERAL GEOLOGY

Middle to late-Jurassic plutonic rocks intrude
both Precambrian and Paleozoic rocks in the Little
Haria Hountains (Emerson, 1981). This may also be the
case in the Big Maria Hountains. Hmvever, it is difficult to distinguish betHeen Jurassic orthogneiss and
Precambrian basement rocks that Here remobilized during Jurassic (or later) times.
The Precambrian or
Mesozoic age of rocks within some areas of the Big
Maria Mountains is still not discernible on the basis
of either geologic mapping or K-Ar studies.

Lithologic Units
The oldest rocks in the area of the study are
pre-Paleozoic gneiss, schist, and metagranite. They
are extremely folded and faulted, and display evidence
of polyphase, amphibolite-grade metamorphism (Tucker,
1980). Intrusive into these Hell-foliated rocks are
a variety of Precambrian igneous rocks, the youngest
of which is the 1.4-1.5 byBP rapakivi granite
(Anderson and others, 1979; Silver and others, 1977).
Unconformably overlying the basement rocks are
Paleozoic metasedimentary rocks Hhich have been described as generally equivalent to the Paleozoic rocks
of the Grand Canyon (Hamilton, 1971; HOHard and others,
1981). The thickness and degree of metamorphism of
these Paleozoic units varies considerably from range
to range.
These rocks are found in all areas of the
study, 'vith the exception of the Whipple Hountains.
For the purposes of this study, no K-Ar age determinations Here made on the Paleozoic rocks.
Hesozoic metasedimentary rocks shoH varying
degrees of metamorphism, ranging from slightly metamorphosed and generally massive rocks to Hell-developed,
upper greenschist to amphibolite-grade gneiss. The
formation of sericite, biotite, and hornblende accompanying the metamorphism make these metasedimentary
rocks especially suitable for K-Ar dating.
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THo-mica, garnetiferrous pegmatites cut all
previously mentioned units.
Tertiary volcanic rocks
are also found throughout the area of the study.
K-Ar ages for a dacite plug and diabase dikes in the
Big Maria Mountains Here also determined.
Structure
The general structure of these ranges is characterized by the formation of large recumbent folds of
Penninic style involving Precambrian, Paleozoic, and
Mesozoic rocks (Fig. 2). The Phanerozoic section is
alternately thickened and thinned within the ranges
studied (Hamilton, 1971).
Structural analysis by
Ellis (1981) has helped unravel the sequence of deformational events in the Big Haria Hountains.
During
mid-Cretaceous time, Precambrian, ?aleozoic, and
Mesozoic rocks Here deformed by northeastward-directed
underthrusting forming large-amplitude ( 1 km) southwestward-verging folds. Emerson (1981) describes
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Figure 3.

General summary of the major tectonic features that may be expected to leave an imprint
on the K-Ar isotopic systems of the rocks in the Big Maria Mountains (BM) area (after
Burchfiel and Davis, 1981; Coney 1978).

similar structures in the Little Maria Mountains, with
folds verging to the south-southwest. The major
structural features (folds and thrust faults) of the
Little Maria Mountains appear to be correlative with
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those of the Big Maria Mountains (Ellis, 1981). Work
by Demaree (1981) in Palen Pass defines the presence
of a large overturned anticline which also verges to
the south, and which is probably continuous with

structures in the Little Maria Mountains.
Mid-Tertiary doming of the Big Maria Mountains
caused the earlier folds to plunge gently to the Hest.
The general antiformal shape of the Big Maria and
Riverside Mountains is a result of this doming (Ellis,
1981). The domal, or antiformal, shape of many of the
ranges in Hestern Arizona and
southeastern California,
appears to be related to mid-Tertiary detachment
faulting (Cameron and Frost, 1981).

Tectonic History and its Effects on K-Ar System
The Big Maria Mountains are located in the
vicinity of the intersection of several major geologic
terranes.
Effects associated Hith the formation of
anyone, or all, of these could be expected to leave
an imprint on the K-Ar isotopic system. A generalized
diagram summarizing the thermal and tectonic events in
this area is presented in Figure 3.
During latest Triassic to Cretaceous time, a
northl,est-trending magmatic arc (Fig. 3) extended
across the area from southern Arizona through northHestern California, along essentially the entire leng~
of the Cordilleran orogenic belt (Hamilton, 1969;
Burchfiel and Davis, 1972, 1975; Armstrong and Suppe,
1973).
This magmatic arc Has the result of longterm
subduction beneath Hestern North America (Hamilton,
1969; Dickinson, 1970). The position of the eastern
edge of the magmatic arc migrated in time so that this
arc affected the entire Mojave region to some degree
at one time or another (Burchfiel and Davis, 1981).
Evidence for the proximity of this arc to the Big
Maria Mountains is given by the LOHer to Middle
Jurassic volcanic and hypabyssal rocks in the McCoy
and Palen Hountains (Pelka, 1973), Plomosa (Reynolds,
1980), and Dome Rock Mountains (Marshak, 1980;
Reynolds, 1980).
Intrusive rocks in the Big Maria
Mountains, themselves, have yielded U-Pb ages of about
160 myBP (Hamilton, pers. comm. to D.Krummenacher,1979).
This Jurassic-Cretaceous magmatic arc appears to
have clearly affected the rocks in the Big Maria Mountains area.
Precambrian basement rocks shoH evidence
of intense remobilization in response to the thermal
and kinematic effects of the emplacement of Jurassic
intrusive rocks (Lafferty, 1981).
One Hould,therefore,
expect resetting of the K-Ar clock in basement rocks
during Jurassic time reflecting this magmatic event.
The intrusive bodies, themselves, if they have not
been affected by later events, Hould also yield
Jurassic cooling ages roughly equivalent Hith ages of
emplacement.
Formation of the foreland fold and thrust belt
in Nevada occurred during late Jurassic to early
Paleogene time, involving north-to-northeastHard trending folds, l-lith a ,,,estern upper plate being thrust
relatively over an eastern 10Her plate. HOHard and
others (1980) have extended this belt as far south as
the Old Homan and Piute Mountains. Problems arise,
hOHever, Hhen attempting to extend this belt into the
Big Maria Mountains area.
Rather than trending northeast, fold axes in the Big Maria Mountains are oriented
nearly east-Hest or northHest-southeast (Hamilton, ~7l,
this volume; Jenning, 1967, Ellis, 1981, this volume;
Krummenacher and others, 1981). This orientation is
similar to that present in the Little Maria Mountains
(Shklanka, 1963; Emerson, 1981, this volume) and Palen
Pass (Demaree, 1981; LeVeque, this volume).

523

HOH these folds and associated thrust faults fit
Hith the compressional deformation to the north is not
clear. The tHO most likely possibilities are that the
fold and thrust belt either bends as it comes south or
that it is truncated by, or truncates, the deformation
present in the Big Maria terrane.
If the thrust belt
simply made a right-angle corner betHeen the Old Homan
Hountains and the Big Marias, the two belts could be
continuous, assuming that the direction of vergence Has
the same.
Joining up northeast-trending thrust belts
in Arizona and NeH Mexico (DreHes, 1976, 1981) might
then look attractive. AlternativPly, if the defo1uation in the Big Maria terrane Has of a different age
or vergence than that of the thrust belt to the north,
then different deformational belts Hould be suggested.
Joint study of the geochronology and structural history
of this terrane should, therefore, shed light on the
southl"ard extension of the ~lesozoic thrust belts of
Nevada and on the correlation of thrust tectonics in
Arizona Hith better knoHn regions to the north.
Irrespective of its temporal and kinematic
history, development of the folding and thrusting in
the Big Maria Mountains Has accompanied by metamorphism
of the upper-greenschist to amphibolite grade. Foliation Hithin the gneissic rocks of the range is partially defined by the alignment of the secondary micas.
In many areas, this foliation roughly parallels the
orientation of axial surfaces of the major folds in
'vhich these units are involved, indicating that these
illinerals probably formed synkinematically. K-Ar ages
of these minerals could thus represent a minimum age
of cooling folloHing this deformational event.
The Big Maria Mountains area also lies adjacent
to the sinuous belt of terranes Hhich have been termed
"metamorphic core complexes"
(Coney 1980; Davis and
Coney 1979; Crittenden and others, 1980). Hork by
Davis and others (1979, 1980) and Shackelford (1976,
1980) in the Hhipple-Buckskin-RaHhide terrane suggests
that the development of many of these "complexes" can
be divided into tHO distinct events: a Cretaceous
deformational event that resulted in mylonitization of
Precambrian and Mesozoic rocks, and a period of detachment faulting involving mid-Tertiary and older rocks,
that Has superimposed upon the older mylonitic rocks.
Isotopic studies in the Hhipple Mountains (Martin and
others, 1980) confirmed and more accurately delineated
the timing of these tHO events. As determined in the
l{hipple Mountains, the rocks just beloH the detachment
fault generally shoH an intense mid-Tertiary resetting
of the K-Ar system. This resetting effect decreases
I"ith depth belm" the detachment surface.
Similar resetting has nOH been found Hithin numerous other
ranges displaying detachment-related deformation.
If
detachment faulting affected the Big Maria terrane,
then some mid-Tertiary isotopic resetting of the 10Her
plate rocks could be anticipated.

PRESENTATION OF DATA
Sixty-tlvo K-Ar apparent ages Here determined for
the purposes of this study, and are reported here.
Sample descriptions, isotopic ages, and geologic
significance of the samples are given in Table 1.
Analytical data and sample locations are presented in
Table 2.

TABLE 2.
Samp 1e
Number

(]I

...

I\.)

1205
1845A
1845B
1846
1847
1848A
1848B
1849
1851
1852
1853
1854
1855
1856
1857
1858
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973A
1973B
1974
1975
1976
1977
1978A
1978B
1979
1980
1994
1997
1999
2000A
2000B
2034
2035
2036
2037
2038
2061
2062
2072
2081

Mineral
Biotite
Plagioclase
Biotite
Orthoclase
Sericite
Hornblende
Plagioclase
Hornblende
Biotite
Whole Rock
Biotite
Biotite
Sericite
Biotite
Hornblende
Biotite
Hornblende
Biotite
Hornblende
Biotite
Biotite
Hornblende
Biotite
Hornblende
Muscovite
Biotite
Orthoclase
Biotite
Hornb 1ende
Hornblende
Biotite
Biotite
Muscov i te
Biotite
Biotite
Plagioclase
Biotite
Biotite
Biotite
Hornb 1ende
Biotite
Biotite
Hornblende
Biotite
Biotite
Whole Rock
Biotite
Biotite
Biotite

%K
6.37
3.92
6.12
7.78
3.91
0.905
1. 56
1.24
8.16
3. 11
3.79
6.68
6.46
6.37
0.36
7.40
1.07
5.65
2.88
6.09
7.46
1.09
4.01
0.93
6.42
6.90
11.38
6.29
0.77
1.38
6.08
8.03
8.89
7.67
7.84
3.08
7.51
6.91
3.09
0.33
6.24
6.45
0.93
6.86
6.69
2.36
4.84
5.11
7.18

40
MOLES ARrad/gram
1. 73204
2.59101
6.40133
4.17930
2.68226
9.66992
1.73163
1.29464
8.16563
1.89350
4.08349
6.83397
7.14264
7.02467
4.49375
4.94654
1.87107
5.21061
1.08690
4.85898
8.19742
9.80612
2.70542
7.32803
7.06054
9.69538
5.06118
6.04053
1.18354
9.55561
6.01648
7.69000
7.90852
9.25133
9.44001
4.93074
7.81920
1.32426
2.31438
3.77750
7.46000
6.27105
1.26536
9.78916
7.12599
2.45746
3.64486
3.88522
6.63069

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

10_-910
10_
10
10_ 10
1010_ 10
10_ 11
10_ 10
10
10_
10_ 10
10
10_ 10
10_ 10
10_ 10
10_
10
10_ 11
10_ 10
10_
11
10_ 10
10_
10_ 10
10
10_ 10
10_ 11
1010_ 10
11
10_
10
10_
10
10_ 10
10_ 10
10_ 10
10_
10
10_
10_ 10
10
10_ 10
10_ 10
10_ 10
10_
10_ 10
10
10_
10_ 9
10_ 10
11
10_ 10
10_
10
10_
10_ 10
10
10_
10
10_ 10
10_
10
10_10
10_
10 10
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o

49
18
84
47
39
89
53
70
32
71
30
75
20
33
62
58
97
68
87
55
67
66
67
65
78
76
43
81
59
62
49
48
50
69
66
54
62
27
64
70
63
85
73
72
23
89
57
73
29

AGE x 10

6

YR

159.0 + 6.0
37.9 + 1.5
59.4 + 8.3
30.7 + 1.5
39.1 + 1.9
60.6 +10.9
63.7 + 3.2
58.8 + 2.5
56.9+1.7
34.8 + 2.3
61.1 + 1.8
58.1 + 4.1
62.7 + 1. 9
62.5 + 2.5
70.6 + 2.8
38.2 + 1.5
10.1 + 4.5
52.4+2.6
21.7 + 2.8
45.4 + 1.8
62.3 + 3.4
51.2 + 2.8
38.5 + 1.9
44.9 + 2.2
62.4 + 4.7
79.3 + 5.6
25.5+1.0
54.6 + 4.4
86.6 + 2.6
39.5 + 1.9
56.2 + 2.8
54.4+2.1
50.6 + 2.0
68.3+4.1
68.2 + 3.4
90.1 + 3.6
59.1 + 2.0
107.3 + 3.2
42.7+1.7
64.8 + 3.9
67.7 + 3.4
55.2 + 7.8
76.8 + 5.0
80.5 + 5.2
60.4 + 2.1
59.1 + 8.9
42.9 + 1.3
43.3 + 2.8
52.5 + 1.6

SAf1PLE LOCAT ION
(Longitude /
Latitude:

Mtn. Range)

33°52'21"N / 114°38'30"W:
33° 51 ' 47" N / 114° 42 ' 54"w:
33°51'47"N / 114°42'54"W:
33°50'05"N / 114°42'24"W:
33°47'18"N / 114°36'37"W:
33°48'46"N / 114°36'48"W:
33°48'46"N / 114°36'48"w:
33°48'57"N / 114°35'46"W:
33°51'51"N / 114°42'54"w:
33°48'07"N / 114°36'30"W:
33°49'14"N / 114°38'OO"W:
33°52'14"N / 114°42'54"w:
33°52' 14"N / 114°42'05"W:
33°53'10"N / 114°!l5'09"W:
33°53'40"N / 114°45'02"W:
33 °51' 39" N / 114°39' 40" W:
33°46'24"N / 114°32'53"W:
33°51'53"N / 114°43'19"W:
33°51 '54"N / 114°37'28"w:
33°52'25"N / 114°43' 57"W:
33°55' 18"N / 115°02'33"W:
33°51' 12"N / 114°39'50"W:
33°48'22"N / 114°38'22"W:
33°48'22"N / 114°38'22"W:
33°49'48"N / 114°41' OO"W:
33°52'22"N / 114°36'38"w:
33°52'22"N / 114°36'38"w:
33°52'18"N / 114°37'00"1-1:
33°52'07"N / 114°36'48"W:
33°54'29"N / 114°36'52"W:
33°46'57"N / 114°38'30"W:
33°50 20"N / 114°40'08"w:
33°50'20"N /114°40'08"w:
33°56'20"N / 115°02'37"W:
33°55'37"N / 115°02'33"W:
33°52'22"N / 114°36'17"W:
33°49'48"N / 114°41 'OO"W:
34°00'37"N / 114°35'49"W:
33°49'22"N / 114°38'39"W:
33°49'22"N / I 14°38'39"W:
33°55'39"N / 114°55'35"W:
33°55'48"N / 114°56'32"W:
33°53'12"N / 114°54'12"W:
33°53'51"N / 114°57'30"W:
33°53'03"N / 114°54'02"W:
34°00'42"N / 114°35'35"W:
33°49'14"N / 114°38'07"W:
33°51'51"N / 114°42' 1o"W:
33°47'13"N /114°36'51"W:

BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
PP
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
BMM
GM
PP
BMM
BMM
RM
BMM
BMM
LMM
LMM
LMM
LMM
LMM
RM
BMM
BMM
BMM

2083
2084
2103
2104
2105
2106
2107
2108
2135
2137
2223
2224
2225

Biotite
Hornblende
Whole Rock
Whole Rock
Mel anocrat i c
Hornblende
Biotite
Hornblende
Biotite
Muscovite
Hornblende
Biotite
Biotite

7.75
0.54
7.03
1. 32
2.72
0.51
5.15
0.46
6.45
3.32
0.51
7.73
8.15

9.18407
1• 1I 021
2.881 34
8.54986
1.83356
1.11121
4.37906
2.61708
1.57025
3.50197
1.88195
7.59003
8.10568

-10
10_
10_ 10
10
10-11
10_ 10
10_ 10
10_
10_ 910
10_
10_ 9
10
10_
10_ 10
10_ 10
10 10

x
x
x
x
x
x
x
x
x
x
x
x
x

31
81
47
83
61
88
11
63
64
30
89
61
64

67.1 + 2.0
115.9 +" 9.3
23.5 +" 1.0
36.8 +" 3.7
38.5 + 1.3
122.4 + 17.1
433.9 + 15.2
298.6 + 11. 9
135.2 + 6.8
59.8 + 2.0
71.0+11.0
55.8 + 2.0
56.5 :!:: 2.5

33°55'21"N
33°54'57"N
33°59'30"N
34°01'23"N
34°01 '29"N
34°01'42"N
33°54' 13"N
33°54' 13"N
34°15'30"N
33°53'30"N
33°50'24"N
33°50'22"N
33°50'20"N

/
/
/
/
/
/
/
/
/
/
/
/
/

115°04"43"W:
115°04'oo"w:
114°33'49"W:
114°33'25"W:
114°33'25"W:
114°33'20"W:
114°35' 14"w:
114°35' 18"w:
114°30'46"W:
114°52'27"W:
114°40'23"W:
114°40'19"W:
114°40'27"W:

(J1

""
(J1

Decay Constants:

A

Isotopic Abundance

4.962 x 10

AS

0.581 x 10

EO

40

K

:

-10
-10

0.01167%

/yr
/yr

BMM = Big Maria Mountains
LMM = Little Maria Mountains
PP
Palen Pass
GM
Granite Mountains
RM
Riverside Mountains
Quien Sabe Point
QS
WM
Whipple Mountains

PP
PP
RM
RM
RM
RM
QS
QS
WM
LMM
BMM
BMM
BMM

1

Table 1:

K-Ar Dating In The Big Maria Mountains Area

BIG MARIA MOUNTAINS

K-Ar#

ROCK TYPE

MINERAL

~~~-

REMARKS

PRE-PALEOZOIC BASEMENT ROCKS
1856

Biotite Gneiss

62.5+2.5

Biotite

North-western portion of the range

1977

Biotite Gneiss

56.2+2.8

Biotite

Just below the Paleozoic section, in the upright limb
of the major overturned syncline in the central portion
of the range

2081

Biotite Gneiss

52.2+2.8

Biotite

Southeastern portion of the range, this unit is the
same as 1977, But is from a deeper structural level
than 1977.

2062

Meta-Granite

42.9+1. 3

Biotite

Granitic cobble included as a clast in a Mesozoic
metaconglomerate, central portion of the range

2107

Amphibolite

433.9+15.2

Biotite

Upper-plate rock from Quien Sabe Point, located about
70 meters above the low-angle fault.

2108

BiotiteHornblende
Gneiss

298.6+11. 9

Hornblende

Lower-plate rock from Quien Sabe Point, located about
30 meters below the low-angle fault.

1974

Biotite Schist

54.6+4.4

Biotite

Biotite-r ich zone in basement (?) gneiss, northcentral portion of the range. This rock is possibly
originally Mesozoic in age.

1975

Hornblende
Schist

86.6+2.6

Hornblende

Migmatized zone in basement(?) rock, same area as
1974, this sample is possibly originally Mesozoic in
age.

MESOZOIC METASEDIMENTARY ROCKS
1845A
1845B

Biotite Gneiss

37.9+1. 5
59.4+8.3

Plag.
Biotite

Sliver of well-developed gneissic rock within a zone
of metasedimentary rocks which show lesser degrees of
gneissification, northwestern portion of the range.

1851

Biotite Gneiss

56.9+1. 7

Biotite

Less gneissic equivalent of 1845, collected in the
same area, apparently porphryoclastic texture.

1967

Biotite Gneiss

45.4+1.8

Biotite

Very well-indurated gneiss from part central portion
of the northwestern of the range.

1854

Biotite Gneiss

58.1+4.1

Biotite

Very schistose, structurally highest sample collected
from the northwestern portion of the range.

1855

Sericite Schist

62.7+1.9

Sericite

Sericitic zone in metasedimentary rocks near the
contact of a Mesozoic intrusive rock.

1853

Biotite Schist

61.1+1. 8

Biotite

Biotite schist associated with intrusive contact of
gabbroic body into metasediments in central portion
of the range

1970

Biotite Gneiss

38.5+1.9

Biotite

Biotite gneiss from the center of the overturned
syncline in the south-central portion of the range

1971

Hornblende
Gneiss

44.9+2.2

Hornblende

Located approximately 30 meters below 1970, in the
center of the overturned syncline

2072

Biotite Gneiss

43.3+2.8

Biotite

Lineated gneiss, just below thrust fault in the northwestern portion of the range
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1997

Biotite59.1+2.0
Muscovite Gneiss

Biotite

Directly opposite the wollastonite quarry, from the
center of the overturned syncline where the Paleozoic
section is extremely attenuated. This area is cut by
abundant pegmatites.

2000A
2000B

BiotiteHornblende
Gneiss

42.7+1.7
64.8+3.9

Biotite
Hornblende

Mineral pair from gneissic rocks, center of the major
overturned syncline, further to the northwest than 1971.

1847

Metarhyolite

39.1+1.9

Sericite

Mildly metamorphosed, non-gneissic, sericitized
rhyolite, located in the center of the overturned
syncline, south-central portion of the range, structurally higher level than 1971 or 2000.

1965

Biotite Gneiss

52.4+2.6

Biotite

Gneissic rock from the northwest portion of the range,
this unit is possibly pre-Paleozoic basement.

1858

Biotite Gneiss

38.2+1.5

Biotite

Mesozoic/pre-Paleozoic(?) gneiss, northwest-central
portion of range, probably an offset portion of the
major overturned syncline, similar to 2000

INTRUSIVE ROCKS
1994

Diabase

1976

90.1+3.6

Plag.

Unmetamorphosed hypabyssal rock cut tin,
deformed
rocks in the north-central portion of the range

Diabase
39.5+1.9
Amphibolite Dike

Hornblende

Northern-most part of the range, cutting basement
gneisses.

1964

Dacite Dike

10.1+4.5

Hornblende

Cutting Mesozoic metasedimentary rocks in the center
of syncline with attenuated limb, opposite the
wollastonite quarry

1969

Amphibolite

51.2+2.8

Hornblende

Cutting pre-Paleozoic basement(?) in the northwestcentral portion of the range. This is probably part of
the amphibolite body (1848) found to the southeast,
and has been offset by the major right-lateral fault.

l848A
l848B

Amphibolite

63.7+3.2
60.6+10.9

Plag.
Hornblende

Metamorphosed gabrroicintrusion cutting Paleozoic and
Mesozoic metasedimentary rocks in the central portion
of the range.

1849

Amphibolite
Schist

58.8+2.5

Hornblende

Border facies of 1848, central portion of the range

1978A
1978B

BiotiteHuscovite
Gneiss

54.4+2.1
50.6+2.0

Biotite
Muscovite

Mineral pair from gneissic Jurassic(?) intrusive
body, northwest-central portion of the range

1966

Dacite

21. 7+2.8

Hornblende

Dacite plug from central portion of the range

1857

Hornblende
Schist

70.6+2.8

Hornblende

Hornblende schist dike rock cutting metasediments in
the northwest portion of the range

1972

Granitic
Pegmatite

62.4+4.7

Muscovite

Cutting Mesozoic metasedimentary rocks across from the
wollastonite quarry (1997)

1973A
1973B

Granitic
Pegmatite

79.3+5.6
25.5+1. 0

Biotite
Ortho.

Cutting pre-Paleozoic(?) basement rocks (1975) and
other deformed rocks in the north-central portion of
the range

1846

Granitic
Pegmatite

30.7+1.5

Ortho.

Cutting Mesozoic rocks, northwest-centrl portion of
the range

1205

Adamellite

159.0+9.5

Biotite

Jurassic intrusion, central portion of the range

2223

Gneissic
Adamellite

71. 0+11. 0

Hornblende

Mildly foliated Mesozoic intrusive rock
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2224

2-Mica Grano
Diorite Sill

55.8+2.0

Biotite

These sills possess the same foliation direction as the
gneissic basement rocks they intrude.

2225

Helanocratic
Gneiss

56.5+2.6

Biotite

Strongly foliated Hesozoic intrusive rock, could
possibly be pre-Paleozoic basement(?)

1852

Helded Tuff

34.8+2.3

Hhole rock

Rhyolitic composition, unmetamorphosed, southeastcentral portion of the range

LITTLE MARIA HOUNTAINS
2034

Biotite Gneiss

67.7+3.4

Biotite

Augen gneiss, Precambrian, from northwest portion of
the range

2035

Granite

55.2+7.8

Biotite

Very slightly foliated to nonfoliated pluton in northwestern-most portion of the range, cuts basement rocks
Paleozoic rocks, and Mesozoic rocks.

2038

Biotite60.4+2.1
Quartz Honzonite

Biotite

Slightly foliated Midland Pluton, intrudes Paleozoic
metasedimentary rocks and cuts the dike-and-sill
complex, southern portion of the range.

2036

BiotiteHornblende sill

76.8+5.0

Hornblende

Part of a hypabyssal dike/sill complex; gneissic
texture, cuts deformed Paleozoic rocks

2037

HornblendeBiotite Diorite

80.5+5.2

Biotite

Same as 2036, but this sample is very slightly
metamorphosed (if at all).

2137

Muscovite
Schist

59.8+2.0

Muscovite

Mesozoic metasedimentary rock, does not show the
degree of resetting that this rock type shows in the
Big Maria Mountains

PALEN PASS
1980

Biotite-Quartz
Epidote Schist

68.2+2.7

Biotite

Mesozoic unit, sill-like body overlying the Paleozoic
sequence in northern Palen Pass, shows varying degrees
of metamorphism. Foliation tends to parallel that of
the folded Paleozoic section.

2084

Hornblende
Hornfels

115.9+9.3

Hornblende

Central portion of Palen Pass, this rock is possibly
a dike-rock associated with the protolith of 1980.

1968

Granite

62.3+3.4

Biotite

Southeastern portion of Palen Pass, intrudes the
Paleozoic sequence.

2083

Tonalite

67.1+2.0

Biotite

Main plutonic body in central portion of the Pass,
intrudes the Mesozoic schist.

GRANITE HOUNTAINS
1979

Tonalite
Gneiss

68.3+4.1

Biotite

Southernmost portion of the range, typical rock type
from southern Batholith
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RIVERSIDE HOUNTAINS
2103

Andesite

23.5+1. 0

lfuole rock

Aphanitic, this unit is located above the Riverside
detachment fault.
Normal faults cut this unit,
rotating these rocks into the detachment surface.

2104

Cataclasite

36.8+3.7

lfuole rock

Just belmv Riverside detachment fault

2105

Helanocratic
Gneiss

38.5+1. 3

Helano.

Located about 100 feet below the detachment fault

2106

Amphibolite

122.4+17.1

Hornblende

Located about 250 feet below the detachment fault

1999

Biotite Gneiss

107.3+3.2

Biotite

Collected well above a low-angle fault in the westcentral portion of the range. The fault may be a
detachment fault or a thrust

2061

Phylli te

59.1+8.9

lfuole rock

20 meters belmv low-angle fault described above (1999)

HHIPPLE HOUNTAINS
2135

Biotite Gneiss

135.2+2.8

Biotite

Nonmylonitic lmver-plate rocks from Savahia Peak in
the western Hhipple Hountains. Collected about 60
feet below the detachment fault.
These rocks are
originally Precambrian in age.
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Figure 4.

General histogram for the K-ar ages determined in this study, shOldng the tHO distinct
clusters of ages at 64-54 myBP and 45-38 myBP.

A general histogram shows clustering of ages into
tHO major time intervals, 65-54 myBP, and 45-38 myBP
(Fig. 4). These ages "ere determined primarily from
complexly folded and metamorphosed Precambrian and
Mesozoic rocks. Referring to the histogram, some
samples give ages that are older than the main clusters
(434-85 myBP), "hile other samples yield younger ages
(30-10 myBP).
These samples represent rocks that are
generally unmetamorphosed to slightly metamorphosed,
and/or have experienced a lesser degree of tectonic
deformation.

both the ge11eral histogram and Lhe distribution of
ages as a function of rock type (Figs. 4 and 5).
This pattern seems quite different from the Gaussian
distribution of ages expected if the rocks had cooled
from a single thermo-tectonic event.
The younger
cluster of ages, therefore, appears to be the result
of a distinct thermo-tectonic event that reset the
K-Ar isotopic system of the rocks during mid-tertiary
time.

Mesozoic metasedimentary rocks record the effects
of this event to a greater degree than the Mesozioc
intrusive rocks or Precambrian basement gneiss (Fig.5).
This may be due to several factors, because of the
greater susceptibility to resetting of the metasedimentary rocks as a result of their higher porosity,
more highly fractured character, greater percentage of
hydrous minerals, lesser degree of induration, less
stable mineral assemblages, and differing overall
chemical composition. Effects of the mid-Tertiary
event are not totally restricted to the metasedimentary
rocks, hOl"ever, because the apparent ages of some basement gneisses also ShOH a partial resetting during this
time. An example of this partial resetting is given
by Sample 2081, a basement gneiss from the Big Maria
Mountains, Hhich yields an apparent age of 52.5+1.6
myBP (bio).
There ,,,as one basement rock Hhich did
give an age "ithin the mid-Tertiary cluster; Sample
2062, a granitic clast "lith in a Mesozoic metaconglomerate in the central Big Maria Mountains, gives an
age of 42.9±1.3 myEP (bio).
Similarly,an unmetamorphosed diabase dike in the northernmost Big Maria
Mountains (Sample 1976) yields an age of 39.5±1.9
myBP.

The 65-54MYBP Age Cluster
46% of the ages determined in this study fall
"ithin the time interval of 65-54 myBP. A variety of
rock types are represented in this interval, including
gneiss, augen gneiss, amphibolite, and hornblende
schist, together "lith mildly foliated intrusive rocks
of dioritic, granitic, and granodioritic composition.
Figure 5 shaHs the distribution of ages for metamorphosed basement rocks, Mesozoic metasedimentary and
metaigneous rocks, and unmetamorphosed intrusive or
extrusive rocks. Nearly all of the ages determined
for basement rocks fall Hithin the 65-54 myBP time
interval, as do approximately half of the ages determined for the Mesozoic metamorphic rocks.
In general,
ages for the intrusive and extrusive rocks are not
"ithin either interval; they give ages either younger
or older than the tHO major clusters.
The 45-38 MYBP Age Cluster
Of the ages determined in this study, 23% are
"ithin the 45-38 myEP time interval. A Hell-defined
gap exists bet"een the t"o age clusters, as seen in
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The distribution of K-Ar ages as a function of rock type' shDlvs that the Nesozoic
metasedimentary rocks are more susceptible to Tertiary resetting than the prePaleozoic basement rocks.

The Older Ages
The oldest K-Ar ages determined in this study
are from Samples 2107 and 2108, IYhich Here collected
from Quien Sabe Point, immediately northeast of the
Big }Iaria Mountains.
Quien Sabe Point is composed of
"Precambrian gneiss complex" separated from a "Precambrian amphibolite" by a "loH-angle thrust fault"
(Hamilton, 1964). Sample 2108 Has collected approximately 30 meters belDlv the fault, and gives a hornblende age of 298.6±11.9 myBP: Sample 2107 Has
located approximately 70 meters above the fault, yielding an age of 433.9±15.2 myBP (biotite). These ages
are surprisingly old, considering the numerous younger
events 'vhich could be expected to reset the F-Ar
isotopic system.
The ages of .these rocks are obviously
partially reset.
HDlvever, the fact that this region
did not experience a more total isotopic resetting is
definitely significant, as Hill be discussed in the
interpretative section.
Eleven other samples gave K-Ar ages that are
older than the 54-65 myBP age cluster. These ages
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include:
Sample 1205, a Mesozoic intrusive body in
the central Big Maria Mountains (159.0+6.0 myBP);
Sample 2135, a lDlver-plate paragneiss (originally
Precambrian) from Savahia Peak in the Hestern Hhipple
Mountains (135.2±6.8 myBP); Sample 2106, a lOHer-plate
amphibolite from the Riverside Mountains (122.4+17.1
myBP); Sample 2084, a hornfelsic rock from the ~entral
portion of Palen Pass (115.9+9.3) myBP); Sample 1999;
an upper-plate gneiss from the Riverside Mountains
(107.3±3.2 myBP); Sample 1994, an unmetamorphosed
hypabyssal rock from the Big Maria Mountains
(90.l±3.6 myBP); Sample 1975, a zone of migmatized
basement in the Big Maria Mountains (86.6+3.6 myBP);
Samples 2037 and 2036,diabasic rocks from-a dike-andsill complex in the Little Maria Mountains (80.5+5.2
and 76.8±5.0 myBP, respectively); Sample 1973A, ~n
undeformed pegmatitic dike in the Big Maria Mountains
(79.3±5.6 myBP); and sample 1857, a hornblende schist
Hi thin the basement rocks of the northHestern Big
Maria Mountains (70.6±2.8 myBP). The geologic significance and tectonic implications of these eleven older
ages Hill also be discussed in the interpretative
section.

Figure 6.

This dac.ite plug is located in the central portion of the Big Maria Mountains and is
one of the few occurrences of Tertiary volcanic rocks in this mountain range.

The Younger Ages

and sensitivity to isotopic resetting.
In simple
cases, with a knmoJledge of these characteristics, the
interpretation of K-Ar mineral ages is fairly straightforHard.
It must be pointed out that in dealing with
rocks that have possibly experienced several meta~
morphic events of varying intensities, the situation
is much more complex; special care must be taken when
interpretating K-Ar mineral ages of such metamorphic
rocks.

Five samples give ages which are younger than
the 45-38 myBP age cluster. "hree of these determinations are for unmetamorphosed volcanic rocks in the
Big Maria Mountains.
Sample 1852 is a welded tuff
yielding a 34.8±2.3 myBP whole-rock age.
The dacite
plug (Sample 1966) in the central Big Maria Mountains
gives a 21.7+2.8 myBP hornblende age (Fig. 6), while
an age of 10-:-1+4.5 myBP (hornblende) was determined
for a dacitic dike rock in the central portion of the
range (Sample 1964). The other two younger ages of
30.7+1.5 myBP (Sample l846)and 25.5±1.0 myBP (Sample
1973B) were determined for well formed orthoclase
c.rystals in pegmatites from two localities in the Big
Maria Mountains. The biotite age (Sample 1973A) on a
sample from which orthoclase was also separated
(Sample 1973B), however, yields an older age of
79.3+5.6 myBP. The younger ages can be attributed to
greater diffusion of radiogenic argon from the crystal
lattice of the feldspars, whereas the biotite age is
considered as a minimum age for the emplacement of the
pegmatite.
K-Ar Mineral Ages:

Distribution of K-Ar Mineral Ages in the
Big Maria Mountains Area
Figure 7 shows the distribution of K-Ar isotopic
ages obtained in this study as a function of the
mineral separate used in the age determination.
Samples that give ages substantially older than the
65-54 myBP age cluster are omitted. These samples
have significance in their own right, and will be
discussed in the interpretative section. The present
discussion will be limited to emphasizing the trends
associated with the tHO major time intervals (65-54
myBP and 45-38 myBP).

Thermal Implications

Several interesting points can be made >"ith respect
to Figure 7.
Prior to 90 myBP, the temperature of the
rocks loJas above 500°C, the blocking temperature of
hornblende.
This is indicated by the general lack of
hornblende mineral ages older than 90 myBP. The 90
myBP plagioclase age shotvn is from an unmetamorphosed

K-Ar age determinations for various minerals are
a powerful tool for unravelling the thermal history of
rocks.

Each mineral has its own specific character-

istics in regard to diffusion, blocking temperature,
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Figure 7.

The distribution of K-Ar ages as a function of the mineral used for the determination
shows the intensity of the Tertiary resetting. The blocking terrperatures for the various minerals are also sho,vn, and enable the reconstruction of the simplified thermal
history of the area.

An outstanding fact is readily observed in the
age distributions as a whole: Metamorphic rocks in the
Granite Mountains, Palen Pass, Little Maria Mountains,
and northwestern Big Maria Mountains ~ithout exception
give ages of 60 myBP and older. All of the ages determined in these regions lie at or above the heavy dashed
line representing an age of 60 myBP (Fig.8). There is
absolutely no evidence of isotopic resetting related
to the 48-35 myBP age cluster in these areas.

diabasic hypabyssal rock and probably indicates the
minimum age of emplacement. Hornblende, muscovite,
biotite, and feldspar ages are all represented in the
period between 70 and 50 myBP, indicating a period of
cooling during which the temperature of the rocks
dropped below the 250-300°C blocking temperature of
biotite. This cooling event resulted in the 65-54
myBP cluster of ages discussed previously.
Spatial Distribution of Ages
Most of the age determinations for this study
were made on samples of metamorphosed Precambrian
and Mesozoic rocks.
The spatial distribution of the
apparent ages of these metamorphic rocks within each
mountain range is summarized in Figure 8. Each age
determination is plotted with an appropriate error
bar and labelled according to the mineral that was
dated. Ages of coexisting mineral pairs for a given
sample are plotted on the same vertical line.
Relative distances between individual samples within
each range, and the trends in age from roughly northwest to southeast within each range are also shm"n.
Since the majority of age determinations are from
rocks in the Big Maria Mountains, ages determined within this range are also divided on the basis of general
rock type. Thus ages and trends for metamorphosed
basement rocks, meta-intrusive rocks, and Mesozoic
metasedimentary rocks from the Big Maria Mountains are
shown separately.
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Mid-Tertiary resetting is definitely seen, however, in rocks from the Big Maria and Riverside Mountains. Apparent ages for metamorphosed Precambrian
and Mesozoic rocks in these ranges fall within both
time intervals.
In the Big Maria Mountains, Mesozoic metasedimentary rocks record the effects of the younger event
to a greater degree than the Mesozoic intrusive rocks
or Precambrian basement rocks. The effects of the
mid-Tertiary event are not restricted to the metasedimentary rocks, however, as the apparent ages of
some basement gneisses in the Big Maria Mountains also
shm" a partial resetting during this time. An example
of this resetting is given ~y Sample 2081, a basement
rock that yields an age on biotite of 52.5~1.6 myBP.
This age is intermediate betHeen the two major age
clusters. Mid-Tertiary resetting within the Big Maria
Mountains was most intense in the southeastern area,
as demonstrated by the Hell defined decrease in
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The distribution of K-Ar ages within the Big Maria t10untains shows a well-defined decrease in age from
northwest to southeast within the range. A variety of minerals and rock types show this trend.

Figure 10.

Ages of lower-plate rocks below this detachment fault in the Riverside Mountains
indicate partial resetting during mid-Tertiary time. Apparent ages increase up to
122 myBP at greater depths beneath the fault.

vations by two of uS (DK, DLM), an upper-plate assemblage of gneissic rocks was seen to be separated from
a lower-plate asemblage of gneissic rocks by a lowangle fault.
However, it was not clear whether this
fault was a detachment fault or a thrust fault.
An
upper-plate rock, Sample 1999, collected well above

isotopic ages from northwest to southeast within the
range (Fig. 9). Ages for both basement and Mesozoic
metasedimentary rocks show this pattern. The trend is
defined primarily by biotite ages, hmo/ever, muscovite
and hornblende ages also shmo/ evidence of mid-Tertiary
resettinr', indicating the intensity of this event.
Carr and Dickey (1980) have mapped what they have
termed the "\Vhipple Detachment Fault" as it extends
into the Riverside Mountains.
Six samples were chosen
for K-Ar dating in the Riverside Mountains on the basis
of their relationship to the detachment fault as
delineated by Carr and Dickey in two different areas
of the range.
Sample 2104 was located in a zone of
cataclasis directly below the detachment fault as exposed in the southcentral Riverside Mountains (Fig.lO).
It yielded a whole-rock age of 36.8+3.7 myBP, indicative of a partial resetting of the-isotopic system
during mid-Tertiary time.
Sample 2105 was collected
approximately 30 meters below the same detachment fault,
yielding a similar age of 38.5+1.3 myBP.
Sample 2106,
located 100 meters below the f~ult, gives a hornblende
age of l22.4±17.l myBP.
Volcanic rocks of the upper plate include an
aphanitic andesite, which has a whole-rock age of
23.5±1.0 myBP.

the fault yields an apparent age of 107.3+3.2 myBP
(biotite).
Sample 2061 is a lower-plate ~ock collected approximately 15 meters below the fault, giving
a whole-rock age of 59.l±9.8 myBP.
If this is indeed
a detachment fault, the lower-plate rocks do not show
the same degree of isotopic resetting as is seen in
other detachment fault terranes.
Clearly, there is at least one area in the
Riverside Hountains where detachment faulting is
accompanied by mid-Tertiary resetting (most likely
partial) of K-Ar ages for lower-plate rocks.
It
should be pointed out that the degree of resetting
beneath this detachment fault in the Riverside Mountains is less than that seen in the \Vhipple Mountains,
but is essentially the same as the Tertiary resetting
found in the southeastern Big Maria Hountains.
INTERPRETATION OF DATA
The discussion of the implications of the data
generated in this study is presented in sections dealing "'ith different periods of time, beginning wit)l Precambrian and continuing through mid-Tertiary.
These

Carr and Dickey (1980) also show an exposure of
the "\Vhipple Detachment Fault" further to the ,vest in
the Riverside Mountains.
In preliminary field obser-

536

Figure 11.

This migmatitic zone in the central Big }[aria Mountains indicates the intense remobilization that some parts of this range have experienced. The hornblende age sho"m is
probably a minimum (cooling) age for this intense event.

for basement rocks in the Big Maria Mountains area
fall Hi thin the time interval of SO-70 myBP (Fig.S).
All of the ages in this interval Here determined on
biotite separates, reflecting the time elapsed since
the rocks last cooled through the 2S0-300°C blocking
temperature of biotite. These ages thus record the
last effects of a Hidespread thermo-tectonic event
prior to 70 myBP, and also indicate a subsequent
period of cooling related to that event.

periods of time are someHhat arbitrarily chosen, based
on natural breaks observed in the general distribution
of ages obtained in the study.
In general, tHO points are discussed Hithin each
section: 1)
the reset K-Ar ages of rocks Hhose
original age is Hithin the time period being discussed,
and 2)
evidence for thermotectonic events during each
such time period, as provided by the reset K-Ar ages
for rocks of any original age.

A migmatized zone of basement rocks in the northcentral Big Maria Mountains (Fig. 11) yields a hornblende age of 86.6±2.6 myBP. This age represents the
time since the Precambrian rocks in this area cooled
beloH the SOO°C blocking temperature for hornblende.
The general lack of older ag2s for basement rocks in
the Big Maria Mountains area (Hith the exception of the
older ages obtained from Quien Sabe Point) shoHs that
prior to approximately 90 myBP, the temperature of these
rocks Has in excess of the blocking temperatures for the
various minerals.
Similarly, pre-Paleozoic basement
rocks in the Little Maria Mountains give a reset age on
biotite of 67.7+3.4 myBP. None of the basement rock
samples collected for this study retained a Precambrian
K-Ar age.

For each section, one of these points may be
emphasized more than the other.
Precambrian
Crystalline basement rocks in the area of the
study consist of pre-Paleozoic gneiss, schist, and
metagranite (Tucker, 1980). The oldest strata reported in similar terranes to the Hest are 1.7 billion
year old metasedimentary rocks (Anderson and Silver,
1973) Hhich are intruded by a series of Precambrian
plutonic rocks, including a 1~4-1.S billion year old
rapakivi granite (Burchfiel and Davis, 1981).
Mesozoic and Tertiary thermo-tectonic and metamorphic events have had the effect of resetting the
K-Ar ages of the Precambrian rocks in this area to
varying degrees.
The majority of the ages detennined

Ages of Precambrian basement rocks from Quien
Sabe Point, immediately north of the southeastern Big
Maria Mountains shoH an interesting exception to the
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Figure 12.

Quien Sabe Point (foreground) is an area of suspected detachment faulting. As seen above,
partial resetting may have occurred in the nonmylonitic lo"er-plate rocks of Quien Sabe
Point (298 myBP below the fault vs. 434 myBP above the fault). This resetting does not
appear to be as intense as that seen further to the north in the Riverside Mountains (37myBP
for mildly mylonitic to nonmylonitic lower-plate rocks), or the strongly mylonitic rocks in
the lower plate of the lVhipple ~lountains (ages as young as 15 myBP).

general trend of resetting in basement rocks.
Samples
dated from Quien Sabe Point (Fig. 12) give ages which
are substantially older than the K-Ar ages for basement rocks elsewhere in the region. A sample of the
upper-plate rocks collected approximately 70 meters
above a low-angle fault gives a biotite age of 433.9+
15.2 myBP, while a sample located approximately 30 meters below the fault yields a 298.6+11.0 myBP hornblende age.
Since the two samples ar~ separated by a
fault of unknown age and/or offset, the interpretation
of these ages should initially be considered individually. One can interpret these ages two ways: either
both rocks were totally reset during events which took
place 434 myBP and 298 myBP respectively, or both
samples were partially reset (at least once) at some
time after 434 and 298 myBP respectively. The former
explanation is highly improbable, as there is no evidence for any thermo-tectonic or metamorphic events
recorded elsewhere in this portion of the Cordillera
during these times; it seems more likely that both these
ages have been partially reset.
It is, however, impossible to determine at what specific time these roas
experienced the partial resetting, or to what degree
they were reset, since the degree of isotopic resetting
is dependent upon the percentage of radiogenic argon
released from the sample during the period of resettin~
Essentially the same partially reset age could result
from either of these two extremes (and all shades in
between): A higher percentage of radiogenic argon
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being lost during an older resetting event, or a lower
percentage being lost during a younger event.
In viewing the ages from Quien Sabe Point with
the samples restored to their present structural position (i.e. after low-angle faulting), some conclusions
can be made.
Since the time of faulting, the two
samples have been separated by approximately 100 meters
of vertical distance (elevation).
The upper-plate
biotite age is older than the lower-plate hornblende
age.
Since biotite is more sensitive to thermal resetting than hornblende, it is unlikely that these two
samples could have been partially reset from the same
thermal event subsequent to faulting.
If a heat source
from at depth were responsible for the partial resetting
of the lower-plate hornblende age, the age determined
on biotite located only 100 meters higher should be reset at least to the same degree (if not more than) the
age faT the hornblende. A more reasonable reconstruction would involve the partial resetting of the upper
and lower-plate rocks by a thermal event (probably the
Jurassic arc) prior to the faulting. Lower-plate
rocks could have originally been reset more, or at a
later time, than the upper-plate rocks, accounting for
the younger age. Alternatively, both upper-plate and
lower-plate rocks may have been partially reset to
about the same degree and at about the same time
(Jurassic(?)); the younger age for the lower-plate
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rocks could then be the result of another resetting
event related to the formation of the low-angle fault.
Isotopic resetting beneath low-angle (detachment)
faults in other areas of the study is well documented;
a point which will be discussed in further detail in
the section pertaining to the effects of Tertiary
events.

Ages representing late-stage magmatic activity
in the Big Maria Mountains during Cretaceous time are
given by Samples 1994, (90.1+3.6 myBP; plagioclase),
and 1973A (79.3+5.6 myBP; bi;tite). These samples are
unmetamorphosed; Sample 1994 is a diabasic hypabyssal
rock, and Sample 1973 is a pegmatitic dike. These
ages, together with similar age rocks in the Little
Maria Mountains help to constrain the timing for the
formation of the major structures in these ranges
(refer to next section).

Paleozoic
The Paleozoic Era was marked by platform sedimentation; a sequence of limestone, qllArtz arenite,
and lesser amounts of dolomite and shale in the Big
Maria Mountains area is generally correlative with
units of the Grand Canyon Series (Hamilton, pers.corom.,
1979; Howard, pers. Comm., 1979). All Paleozoic rocks
in this region are strongly deformed.
Isoclinal folds,
sheared isoclines, and boudinage are well developed,
particularly in the more ductile carbonate rocks
(Hamilton, 1964, 1971, this volume; Ellis, 1981, this
volume).
No age determinations were performed on the
Paleozoic metasedimentary rocks for this study.

Other regionally metamorphosed intrusive bodies
in the Granite Mountains, Palen Pass, Little Maria
Mountains, and Big Maria Mountains consistently give
reset K-Ar ages ranging between 80 and 60 myBP. An
example of this is the K-Ar ages determined for an
amphibolite (as well as its schistose border facies)
that intrudes the central Big Maria Mountains (Fig.13).
The schist gave a hornblende age of 58.8+2.5 myBP
(Sample 1849), which is concordant with the age of 63.
7±3.2 myBP (Sample l848B) determined from near the
center of the amphibolite body.

),lith the exception of the partially reset Precambrian rocks discussed previously, no other ages
determined in this study fell within the Paleozoic Era.
There is no field, structural, or isotopic evidence for
any Paleozoic deformational events in the Big Maria
Mountains area.

Mesozoic Metasedimentary Rocks
The basal quartzite of the Mesozoic metasedimentary rocks in much of the Big Maria Mountains area is
probably a metamorphosed temporal equivalent of the
Upper Triassic (?) - Lower Jurassic Aztec Sandstone of
southern Nevada-eastern California (Hewett, 1931;
Mietzer, 1981). An overlying sequence of volcaniclastic and phyllitic rocks is at least partially
correlative with similar rocks of the JurassicCretaceous (?) Palen and McCoy Mountains Formation
(Hamilton 1978; Pelka, 1973), and are probably best
classified as a backarc cratonal sequence (Burchfiel
and Davis, 1981). Mesozoic metasedimentary rocks dated
for this study are likely representative and coeval to
this sequence.
They consist primarily of metaarenite
and metatuff, and range in texture from a phyllilic
schist to a porphyroblastic gneiss (Tucker, 1980).

Mesozoic
Mesozoic Intrusive Rocks
Evidence of Jurassic-Cretaceous magmatic arc
activity in the Big Maria Mountains area is given by the
K-Ar ages of several samples within the various ranges.
The biotite age of 159.0±6.0 myBP determined for an
intrusive body in the central Big Maria Mountains is
concordant with the 160 myBP U/Pb ages reported by
Hamilton (this volume) for Mesozoic intrusive bodies
in this area. The partially reset ages for the Precambrian rocks at Quien Sabe Point (434 and 298 myBP)
are undoubtedly related, at least in part, to the
thermal effects of Jurassic-Cretaceolls magmatic arc
activity.

The formation of sericite, biotite, and/or hornblende accompanying the metamorphism of the Mesozoic
sediments makes these rocks especially suitable for
K-Ar dating.
Foliation in the gneisses is defined by
the alignment of secondary micas, and in many areas,
these foliations roughly parallel the trends of the
major folds in which Precambrian, Paleozoic, and
Mesozoic units are involved.
The average age determined on such micas is 57.8 myBP (bio), which may represent the minimum age of cooling (250-300°C) follo,~ng
the deformational event. Alternatively, these ages
may record the effects of yet another younger thermal
event that reset the K-Ar ages without significantly
altering the orientation of the micas.

Sample 2135 is a Precambrian metasedimentary
gneiss that is part of a lower-plate assemblage of
rocks in the 1'hipple Mountain detachment terrane.
Its
l35.2±6.8 myBP biotite age can be interpreted as
straightforward isotopic resetting from JurassicCretaceous magmatic arc activity. Alternatively, the
mid-Tertiary phenomenon of detachment faulting may also
have been responsible for partially resetting the K-Ar
age of this sample.
Most of the Mesozoic intrusive rocks in the Big
Maria Mountain area (upper plate of the \'hipple Mountains excluded) have been subjected to varying degrees
of metamorphism. The K-Ar ages determined for these
rocks, therefore tend to record the effects of one or
more thermal, metamorphic, or tectonic events subsequent to the age of emplacement. The oldest K-Ar ages
determined for the metamorphosed intrusive rocks were
obtained from an amphibolite, deep in the lower plate
of the Riverside Mountains detachment terrane (122.4+
17.1 myBP; hornblende), and from a hornblende hornfels
from the center of Palen Pass (115.9±9.3 myBP). Thus,
even though the Big Maria Mountain area has been subjected to at least two thermotectonic events subsequent
to the intrusion of these bodies, several samples within the various ranges retain their older ages remarkably ,,,ell.

In other areas of the Big Maria Mountains, the
foliation is discordant "'ith the major structural
trends.
It is likely that the foliation of the rocks
in these areas was produced during an earlier metamorphic event, perhaps related to the Jurassic-Cretaceous magmatic arc activity.
The oldest age determined for a Mesozoic metasedimentary rock in the area of this study is 62.7+
1.9 myBP (sericite). Therefore, if the metasedimentary
rocks were affected by an earlier event, either they
did not cool below ~ 350°C until approximately 63 myBP,
or they did cool earlier, and "'ere subsequently reset
by the later Cordilleran folding and faulting event
and/or thermal effects associated ",ith Laramide tectonism and plutonism.
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Figure 13.

This amphibolite body intrudes the deforreed Paleozoic sequence in the
Big Haria Hountains. Probably originally a Jurassic (?) gabbro, ages
of about 60 myBP for this body indicates a minimum age of subsequent
metamorphism.

Figure 14.

An unmetamorphosed diabasic hypabyssal rock
cuts deformed sections of the Big Haria Mountains, indicating major deformation in this area
took place prior to approximately 90 myBP.

540

Figure 15.

Cutting the deformed Paleozoic section in the
Little Maria Mountains, is a system of dioritic
dikes and sills that display varying degrees of
metamorphism. The least metamorphosed sample
selected for analysis gave a hornblende age of
about 80 myBP. The mild foliation present in
this sample cross-cuts the foliation seen in the
Paleozoic section. Bill Emerson. who together
with Ron Kies mapped this range, is sho'vn for
scale.
(Photo courtesy of Ron Kies)
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The timing of deformation in the Big Maria Hountains area as described above is similar to that seen
on a regional scale by other workers. Late-Cretaceous
tectonic and metamorphic activity is well documented
throughout other areas of southeastern California and
western Arizona. Netamorphism that accompanied deformation in the Little Piute Mountains-Old Woman Nountains area occurred prior to 84+S myBP (Lanphere,1964;
HOlvard and others, 1980). Thrusting is bracketed
between 75 and 90 myBP in the Ivanapah Range (Fleck,
1970) and an upper limit of 92 myBP is placed on
thrusting in the Clark Nountains (Burchfiel and Davis,
1971) .
Late Mesozoic-Early Tertiary
Laramide Tectonism and Plutonism
In referring to the general histogram (Fig.4),
the largest cluster of ages can be noted to fall within the range of approximately 70-S0 myBP. More specifically, 46% of the ages determined in this study fall
",ithin the interval of 65-S4 myBP.
A \vide variety of
rock types are represented. Nearly all of the ages
determined for basement rocks fall ",ithin this interval, and approximately half of the Mesozoic metasedimentary rocks give similar ages (Fig.S).
Determinations on mineral separates of plagioclase, biotite,
and muscovite, as well as hornblende are all represented ",ithin this same time interval (Fig.7).
At
least one sample collected from each of the ranges
studied, including the Big Maria Mountains, Littlp
Maria Mountains, Palen Pass, Granite Mountains, and
Riverside Mountains, give ages \vithin the 6S-S4 myBP
interval (Fig. 8).

Figure 16.

Such evidence indicates that the interval between 70 and SO myBP represents a period of major
thermal resetting and subsequent cooling; the temperature of a majority (possibly all) of the rocks in the
area dropping below the blocking temperatures of the
various minerals and allowing the K-Ar clock to begin
ticking.

In the northern portion of the Little
Haria Hountains, the dikes and sills
completely engulf portions of the Paleozoic section (Kies, \vritten corom., 1981).
For scale, Bill Emerson is completely enclosed in the white circle.

Coney (1978) states that the Laramide orogeny
took place between 80 and 40 myBP, and links the
spatial aspect of the orogeny with temporal variations
in the geometry of the subducted slab beneath the
North American plate. Previous studies have also indicated that the rate of subduction along the continental
margin of North America has varied in time (Coney and
Reynolds, 1977). An increase in the rate of subduction is linked with a decrease in the dip of the
Benioff zone, together "'ith an eastern migration of
magmatic activity. According to Keith (1978), the dip
of the Benioff zone was almost constant from l3S to 80
myBP.
From about 80 myBP to SO myBP, the dip progressively flattened, and magmatic activity moved eastward.
Between 50 myBP and 40 myBP, the dip is shOlvn to be
the shallowest.
This period of time has been termed
the "igneous gap" by Damon (1968), and Snyder and
others (1976).
It is characterized by a lack of K-Ar
ages for igneous rocks (as compiled by Keith, 1978).
K-Ar studies of volcanic rocks in Arizona and
California (Damon, 1970), sho'" a similar gap in ages
during exactly the same time interval. This was evidently a period of magmatic quiescence associated with
an extremely shallow angle of subduction. Referring
to the histogram of primarily metamorphic K-Ar ages
determined in this study (Fig. 4), a definite gap is
again seen during the time interval of approximately
SO-4S myBP. lfuether this "metamorphic gap" so to
speak is of significance in relation to the "igneous/

Other indications for the timing of the development of the major large-scale folds and thrust faults
in the Big Maria Mountains are given by cross-cutting
relationships.
In the north-central Big Maria Mountains, major structural features and migmatitic zones
are cut by pegmatites which give a biotite age of 79.
3+5.6 myBP.
In the same area, these structures are
c~t by an unmetamorphosed, diabasic hypabyssal rock
(Fig. 14) which yields a plagioclase age of 90.l±3.0
myBP.
Neither of these intrusions are involved in the
deformation of the units they cut, indicating that the
major structures \vere formed in that area prior to 8090 myBP.
Similar ages are obtained for a thick dike-andsill complex that cuts the attenuated limb of the major
overturned syncline in the Little Maria Mountains
(Figures IS and 16). These dikes and sills range in
texture from nonfoliated (Sample 2037) in some areas
to mildly foliated (Sample 2036) in other areas, and
give biotite ages of 80.S±S.2 myBP and 76.8±S.0 myBP
respectively. Thus, the formation of the major folds
in the Little Maria Hountains \vas prior to approximately 80 myBP.
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Figure 17.

Swarms of north-south trending pegrnatites (foreground) in the Big Maria Mountains give
ages of approximately 62 myBP and are most probably linked to late-Cretaceous to earlyTertiary magmatic activity that reset the K-Ar ages for many of the rocks in the Big
Maria Mountains area. Reset ages of 60 and 68 myBP are found for slightly metamorphosed
rocks in the southern Little Maria Mountains and Granite Mountains,respectively. Surface
expression of a portion of an intrusive body responsible (at least in part) for this resetting is found in the unmetamorphosed Little Maria Pluton (55 myBP).

volcanic gap" is questionable; the similarity is
simply being brought to the reader's attention. The
definite gap observed in the metamorphic ages of this
study does, however, have significance in its own
right, as will be addressed in the next section.

The eastward progression of magmatic activity
through the Big Maria Mountains region sometime during
the 80-50 myBP interval could be responsible for the
effects which are observed on the K-Ar system of the
older rocks. These effects were by no means allencompassing, as seen by the K-Ar ages of rocks from
several areas that show no resetting, or were only
partially reset during this time.

An eastward migration of magmatic activity (and
hence heat source) at approximately 80 myBP as suggested by Keith (1978), would serve to allow for a
subsequent period of cooling such as is observed in the
Big Maria Mountains area. However, in looking at the
ages as a function of the mineral dated (Fig. 6), it
is readily observed that the situation is slightly
more complex.
If a group of rocks cool gradually due
to the removal of a heat source, a fairly uniform pattern of ages should result. Due to differences in
blocking temperatures, one would expect to see a predictable relation between the ages determined and the
mineral dated. For example, hornblende would give
consistently older ages than biotite. Such is not the
case in the Big Maria Mountains area.
In fact, it
appears that different portions of the ranges were
affected to varying degrees during this time interval;
in some areas the hornblende ages are younger than the
biotite ages of other areas.

A major thermo-tectonic event did, however,
leave an isotopic imprint on many of the metamorphic
rocks of the Big Maria Mountains area, resulting in
the pronounced 65-54 myBP cluster of ages. The timing
of this event corresponds nicely with the age of
emplacement of granitic intrusive rocks in the northern
Little Maria Mountains (55.2±7.8 myBP (biotite».
Although reset ages due to thermal effects of
magmatic activity during this time are found in all
the ranges studied, the rocks in the Big Maria Mountains were especially affected. This is probably due
to the fact that the Big Maria Mountains represent a
deeper structural level in the crust than the surrounding ranges and thus would be more susceptible to thermal resetting in response to the deep-seated magmatic
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activity. Reset K-Ar ages resulting from this event
cluster around 60 myBP.
SHarms of granitic pegmatites
cut the major overturned syncline in the central Big
Maria Mountains, and give ages of approximately 62
myBP (Fig.17). Mesozoic metasedimentary rocks in the
center of the syncline give reset ages Hhich are concordant Hith the ages of the pegmatites. These pegmatites are most likely late-stage magmatic products
related to the granitic intrusions that give surface
expression in the Little Maria Mountains.
It therefore seems reasonable to link the 65-54 myBP cluster
of reset K-Ar ages in the Big Maria Mountains area to
the thermal effects of Laramide plutonism and tectonism.
This conclusion is consistent Hith those of
Horkers in other areas.
Armstrong and Suppe (1973)
note that K-Ar ages of igneous rocks in other areas
of southeastern California are similar to ages of
Laramide plutons in southern Arizona.
It thus appears
that latest-Cretaceous to earliest-Tertiary intrusive
and metamorphic events in the Big Maria Mountains area
are someHhat coeval Hith Laramide igneous activity in
central and southern Arizona.

Tertiary
The Hell-defined mid-Tertiary cluster of K-Ar
ages from the Big Maria Mountains area shOl"s that this
area experienced an event or events during that time
that had a pronounced influence on the K-Ar isotopic
system of these rocks.
A major cluster of ages fall
Hithin the range of 45-38 myBP, ",ith a very definite
gap in the distribution of ages at approximately 48
myBP (Fig.4). This gap clearly separates the 45-38
myBP, age cluster from the 65-54 myBP cluster, and a
complete sequence of hornblende, muscovite, biotite,
and feldspar mineral ages is present in the younger
cluster (Fig.7).
The fact that hornblende ages are
reset indicates the intensity of this Tertiary thermotectonic event.

Hork by Davis and others in the Hhipple Mountains (1980) has shoHn that the development of the
"core complex" terranes in that area can be divided
into two distinct events;
1) regional metamorphism
and mylonitization of Mesozoic age, and 2) detachment faulting of mid-Tertiary age.
The idea of a
"metamorphic core complex" thus appears to result from
the juxtaposition of two different geologic entities.
Regional Metamorphism and Mylonitization
Isotopic studies in the Hhipple Mountains area
(Martin and others, 1980) show that the age of
mylonitization in that area is a minimum of approximately 80 myBP.
In being a Mesozoic feature, the
phenomenon of mylonitization Hill not be discussed
further in this section (the reader is referred to
Davis and others, this volume).
It must be emphasized
that although detachment terranes and mylonitic rocks
may appear to be closely associated spatially, they
are separated very definitely in time. There are
several ranges where detachment faulting is superimposed upon mylonitic terranes, however, there are
just as many (if not more) areas Hhere detachment
faulting is present Hithout mylonitic rocks, and vice
versa. The presence or absence of mylonitic rocks in
a detachment terrane does appear to be an important
factor in the amount or degree of mid-Tertiary isotopic
resetting that is recorded in the rocks beneath the
detachment fault.
This Hill be discussed further in a
subsequent section.

ISOTOPIC IMPRINT OF DETACHllENT FAULTING
ON LOHER-PLATE ROCKS
Isotopic studies in the \ihipple Mountains detachment terrane (Martin and others, 1980; Davis and
others, 1982, this volume) ShOH that detachment faulting has left a distinctive isotopic imprint on the K-Ar
system; 10Her-plate mylonitic rocks ShOH intense midTertiary resetting. Ages as young as l5.3±0.5 myBP
have been determined for mylonitic rocks just beneath
the detachment fault, and the reset ages become progressively older as depth beneath the fault is increased (Fig. 18). This is very similar to the pattern of resetting seen in mylonitic rocks beneath the
mid-Tertiary detachment fault in the Snake Range,
Nevada (Lee and others, 1970).

The period bet",een post-Laramide to pre-Basin
and Range time (55-15 myBP) marks the time during
Hhich much of the North American Cordillera Has experiencing massive extensional tectonics. The Big Maria
Mountains are in the vicinity of a sinuous belt of
strongly deformed and metamorphosed terranes termed
"metamorphic core complexes" (Coney, 1979), Hhich Here
probably formed at least in part in response to these
tectonic stresses.
The belt of "core complexes" extends along the interior portion of the North American
Cordillera from northern Sonora to southern British
Columbia and on into Alaska (Coney, 1979). Typically,
these "complexes" are characterized by the domal uplift of 10Her-plate mylonitic gneiss and plutonic
rocks, \"hich are separated by a 10lv-angle fault from
an upper-plate assemblage of largely unmetamorphosed
rocks.
The upper-plate rocks are usually sliced and
repeated by a series of normal faults, and are generally in a state of structural disarray.
A Hell-developed zone of chlorite breccia of highly variable thickness is often found associated Hith 10H angle, normal
(detachment) faults, forming a resistant ledge separating upper from 10Her-plate rocks (Davis and others,
1979). The development of the detachment fault,
chlorite breccia zone, and the formation of the
mylonitic fabric in the 10Her-plate rocks Has originally considered to be the result of the same Tertiary
event (Davis and Coney, 1979; Coney, 1979).

The depth belm, the detachment fault is a fundamental control on the degree of Tertiary resetting
seen in the lower-plate mylonitic rocks.
Intensity of
resetting appears to be independent of rock type, the
original age of the rock prior to mylonitization, and
the mineral dated or method used for the determinations.
In the K-Ar system, mid-Tertiary ages are found for
biotite, muscovite, and hornblende separates, the pattern of ages increasing Hith depth is found for all of
these minerals.
Fission-track ages (Dokka and Lingrey,
1979), as well as the Rb/Sr system also shoH similar
"resetting" (Davis and others, 1982, this volume).
This information, together with the K-Ar dating
of several other detachment terranes in southeastern
California and southwestern Arizona (Martin and othem,
1981), alloH for the formulation of a set of characteristics in regard to detachment terranes of these
areas:
1.
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Detachment faulting is a mid-Tertiary
phenomenon.

2.

Detachment faulting appears to be accompanied by a thermo-tectonic "resetting"
event Hhich is recorded in the isotopic
systems of the 10Her-plate rocks.

3.

The degree of isotopic resetting in 10Herplate rocks decreases Hith depth beloH
the detachment fault.

4.

Mylonitic rocks mayor may not be present
in detachment terranes.

dated from tHO different areas of the Riverside Mountains Hhere the presence of the "Whipple detachment
fault" is delineated by Carr and Dickey (1980).
In
one of these areas, a characteristic exposure of the
detachment fault is present (Fig. 10). Tertiary strata
of the upper plate are cut by numerous normal faults
that have rotated blocks of these rocks into the detachment surface (Lyle, this volume). The 23.5+1.0
myBP age determined for an andesite involved in this
rotation indicates that detachment faulting Has active
sometime after 24 myBP.

We Hill refer to these characteristics in the
folloHing discussion of reset Tertiary ages in the
Big Maria Mountains area.

Mid-Tertiary

Resettin~the

Big Maria Mountains Area

The spatial distribution of the reset midTertiary ages, specific patterns of resetting Hithin
the ranges, and possible relationship to the characteristics of detachment terranes Hill noH be discussed
for the mountain ranges in the Big Maria Mountains area.
Riverside Mountains: As previously mentioned in the
'~resentation of the Dat~' section, six samples Here

Figure 18.

LOHer-plate rocks in this area are primarily an
assemblage of slightly to nonmylonitic crystalline
rocks. Although a chlorite breccia zone as such is
not Hell developed, there is abundant chloritization
of 10Her-plate rocks to a depth of several hundred
meters beneath the fault.
Immediately beloH the detachment surface is a zone of intensely cataclasized
rock 1-2 meters thick. The Hhole-rock age of 36.8+3.7
myBP for these rocks shaHs a partial resetting during
mid-Tertiary time.
The characteristic pattern of ages
becoming older (or less reset) Hith depth beloH the
detachment fault, is nicely demonstrated in this area
of the Riverside Mountains (Fig. 10). The degree, or
intensity of resetting does not appear to be as great
as that seen in the \fhipple Mountains. This may be
due in part to the differences in the character of the

Ages f~r mylonitic 10Her-plate rocks in the Hhipple ~lountains shaH a distinct pattern of
res~ttlng, apparently ~inked \,ith mid-Tertiary detachment faulting.
Ages shaH a Helldeflned tr~nd of younglng as the fault surface is approached from beloH. (See Davis and
others, thls volume).
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lover-plate rocks in these tlW ranges, ranging from
slightly mylonitic to nonmylonitic in this area of the
Riverside Mountains, in comparison to the strongly
mylonitic rocks studied in the eastern \fhipple Mountains. This point viII be discussed in more detail in
the section dealing vith the mechanism of resetting.

during mid-Tertiary time in response to thermal and/or
tectonic effects of detachment faulting.
Further work
remains to be done, hovever, in order to obtain a
clearer overall picture.

The age determinations in the other area of suspected detachment faulting, further to the vest in the
Riverside Mountains, suggest a different interpretation.
The lover-plate rocks beneath this fault exposure are
very similar in lithology and texture to those belov
the previously mentioned Riverside detachment fault.
The fault itself does not have the general appearance
of a typical detachment fault (polished surface and
resistant ledge of microbreccia are absent), and the
characteristic upper-plate structures indicating extension of upper-plate units vere not observed.
The
K-Ar age for rocks just under this fault (59.1+8.9
myPB) does not appear to shov evidence of mid-Tertiary
resetting.
Rocks located above the fault have older
K-Ar ages than those beneath the fault indicating that
localized resetting has occurred in the lover-plate
rocks. Hovever, there is no clear indication that the
resetting vas related to the mid-Tertiary event of detachment faulting.
These ages suggest tva possibilities:
1)
this fault is an older structure, possibly
a Mesozoic(?) thrust, and is related to detachment
faulting seen elsevhere in the range, or 2)
this is
indeed a mid-Tertiary detachment fault, hovever for
some reason, the lover-plate rocks do not shov the
same degree of resetting as is seen in other detachment terranes.
Based upon the present field, structural, and isotopic data, ve currently favor the first
of these tva possibilities.
The Big Maria Mountains: The general lack of Tertiary
volcanic flovs in the Big Maria Mountains, together
with the domal form of the range suggests that the
entire range has experienced a substantial amount of
uplift and erosion.
If detachment faulting vere present in the Big Maria Mountains, nearly all of the
upper-plate rocks and the fault surface itself could
have thus been removed, leaving the present-day exposures of primarily lover-plate rocks. On the basis
of field studies alone therefore, it vould be extremely difficult to determine vhether detachment faulting
vere present in this range or not. Fortunately, ve
have seen that detachment faulting leaves a distinctive isotopic imprint on the lover-plate rocks, an
imprint that is discernable even vhen the upper-plate
rocks or the fault itself are no longer present. On
that basis, it seems very likely that the isotopic
systems of 10lver-plate rocks may be used to "fingerprint" and identify areas vhere detachment faulting
has occurred but has been subsequently removed.

In several other ranges vhere detachment faulting
is present, the fault exposures are preserved only
along the flanks of the ranges; most of the center of
the ranges is composed of lover-plate rocks. This is
due mostly to the folded nature of the detachment surface (Davis and others, 1979, 1980; Rehrig and
Reynolds, 1980). Viewing the morphology of the Big
Maria Mountains, attention is thus dralvn to Quien Sabe
Point, located on the northeastern flank of the Big
Maria Mountains. Here, Hamilton (1964) has mapped the
presence of a "lov-angle thrust fault." The location
and orientation of this fault correspond almost directly
vith a prolongation of the Riverside detachment fault.
The geometry of the fault exposure at Quien Sabe Point
displays the characteristic folded nature (antiformal
and synformal) of detachment surfaces found in many
other ranges throughout much of southeastern California
and Arizona.
Additionally, the discovery of detachment faulting further to the south in the Trigo mountains (Garner and others, this volume) suggests that
the lov-angle fault at Quien Sabe Point may indeed be
a detachment fault.
Based on both isotopic evidence and the overall
structural geometry of the range, it seems likely that
detachment faulting has occurred in the Big Maria
Mountains. Detachment faulting is veIl-documented to
the north of the Big Maria Mountains, in the \fhipple
Mountains (Davis and others, 1980), the Riverside
Mountains (Carr and Dickey, 1980; Lyle, this volume),
and to the south, in the Trigo Mountains, Arizona
(Garner and others, this volume).
The K-Ar dating of the rocks at Quien Sabe Point
yielded some unexpected results. Rather than seeing
the reset mid-Tertiary ages that are typically found
below detachment faults, the oldest K-Ar ages in this
entire study were found (434 and 298 myBP). This leads
to some interesting possibilities concerning the
thermal history of this area, several of vhich were
presented in a previous section. We vould like to
elaborate nov on one of those possible interpretations.
As in the case of the lov-angle fault in western
portion of the Riverside Mountains, the lover-plate
rocks at Quien Sabe Point give a younger age (298 myBP)
than the rocks above the fault (434 myBP).
This indicates that some sort of isotopic resetting of the
lover-plate rocks may have occurred due to faulting
that did not affect the rocks of the upper plate. This
poses several intriguing questions. What indications,
if any, are there for the timing or degree of resetting
associated with this fault?
Is it possible to see different degrees of resetting beneath detachment faults
of the same age? If so, is the rock type, the degree
of brecciation or chloritic alteration, or the age of
the lover-plate rocks a controlling factor in the
amount of "resetting" observed?

The mid-Tertiary cluster of reset ages for the
rocks of the Big Maria Mountains shov a veIl-defined
pattern of becoming more intensely reset tovard the
southeastern portion of the range. This is the area
of intersection betveen the Big Maria Mountains and
the corridor of "metamorphic core complexes" (that
includes detachment faulting), as sholvn in Figure 3,
and discussed previously. The degree of resetting
found in this portion of the Big Maria Mountains is
essentially the same as that seen beneath the
Riverside detachment fault, and is most likely also a
partial isotopic resetting rather than total resetting.
Evidence of the intensity of this event in the Big
Maria Mountains, and its restricted spatial distribution have previously been discussed. We are presently
interpreting the younger ages for rocks in the southeastern Big Maria Mountains as being partially reset

In an attempt to deal vith some of these questions,
let us take a look at some possible mechanisms for
"resetting," and revieH the assumptions He have made
thus far.
Mechanisms For "Resetting"
The nicely-defined pattern of reset tin in 10Herplate rocks from the Whipple Mountains was obtained by
dating the mylonitic rocks of the lover plate at vary-
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ing depths below the fault.
Although the lower-plate
rocks throughout much of the \fuipple Mountains are
mylonitic, significant portions of the range have
lower-plate rocks that are non-mylonitic, and yet
have well developed detachment faults.
One such area
is Savahia Peak, in the western \fuipple Mountains,
where upper-plate Tertiary volcanic strata dip into
and are spectacularly truncated by the detachment fault.
A K-Ar age of 19.1+0.6 myBP was determined for a flow
near the base of this volcanic section, indicating
that detachment faulting was active after that time
(Davis and others, this volume). The lower-plate rod~
of Savahia Peak are composed of nonmylonitic Precambrian metasedimentary gneiss. A biotite age of
l35.2±6.8 myBP at a depth of about 60 feet beneath the
detachment fault apparently indicates little, if any
resetting. This age may suggest that mylonitic rocks
are more susceptible to resetting than nonmylonitic
rocks.
This could be due to the tendency of the
mylonitic rocks to fracture more than the crystalline
rocks, which may have provided a means for the flow of
hydrothermal fluids along and beneath the fault, sclectively resetting mylontized areas. Evidence of both the
intensely fractured character of lower-plate rocks, and
the presence of hydrothermal fluids is given by a welldeveloped zone of chlorite breccia, which extends to a
depth of over 1,000 feet in some detachment terranes
(T.Cameron, pers. comm., 1981). Fluid inclusion studies
indicate that the temperatures involved in the formation of the chlorite breccia are approximately 250°C
and less.
This fairly low temperature poses an apparent difficulty when one considers the intensity and
extent of the "reset" ages of mylonitic rocks.
It
seems unreasonable to assume that temperatures as low
as 250°C could reset the K-Ar system of hornlblende
(blocking temperature 500°C) ,unless the factor of time
is considered.
The duration of detachment faulting in
the Hhipple Mountains is shmm to be at least 10-12
million years (Davis and others, this volume).
Thus,
the resetting seen in the minerals of the lower-plate
rocks may have occurred at low temperature, by the
slow diffusion of argon from the crystal lattices over
a long period of time.
The idea that mylonitic rocks are more susceptible to resetting than nonmylonitic rocks needs further
investigation.
We do not know, for instance, what the
K-Ar ages of the lower-plate rocks of Savahia peak were
prior to detachment faulting.
It is valid to say that
there has been no resetting in these rocks only if the
K-Ar age prior to detachment faulting were about 135
myBP (perhaps reset during Jurassic time). This may
also be a significant point in the interpretation of
the K-Ar ages for rocks of Quien Sabe Point. With the
upper-plate rocks giving ages as old as 434 myBP, the
age of the lower-plate rocks prior to faulting may also
be fairly old.
It is possible, therefore, that the
age beneath the detachment fault at Savahia Peak has
indeed been reset due to faulting, but that it has been
reset from a much older age.
this may also be the case
at Quien Sabe Point, and to a lesser degree in the nonmylonitic rocks and mildly mylonitic rocks in the
Riverside and Big Maria Mountains. This then brings
up another possibility:
that the reset ages of lowerplate rocks may be a function of the age of the rocks
just prior to the event of detachment faulting.
This
would involve the loss of a certain percentage of
radiogenic argon from each rock; the amount lost being
a function of the depth beneath the fault.
Assume, for
instance, that rocks located just below the detachment
fault lose 80% of their radiogenic argon. Now consider
two cases:

1) Mylonitic rocks have been reset due to
mylonitization during mid-Cretaceous time, say 100
myBP During detachment faulting, rocks just below the
fault lose 80% of their radiogenic argon. The resulting post-detachment age is roughly 20 myBP.
2) Precambrian rocks which are nonmylonitic,
have not been reset during Cretaceous time and may
have an age of about 1,000 myBP.
During detachment
faulting, these rocks also lose 80% of the radiogenic
argon, which results in a post-detachment age of about
200 myBP.
To complete this model, the percentage of argon
lost from the lower-plate rocks would decrease with
depth below the fault, resulting in the observed pattern of less "reset" ages at greater depth.
It is obvious that some important questions remain
to be elucidated concerning the significance of what
has been called "resetting," and ,,'hy such resetting
appears to be more prevalent in mylonitic rocks.

CONCLUSIONS

The K-Ar isotopic system of the rocks in the Big
Maria Hountains area records the effects of several
metamorphic, thermal, and tectonic events that occurred at different times during the complex geologic
history of this area.
Hm07ever intense any of these
events were, the effects of one single event did not
completely mask the effects of the other events prior
to that event. A summary of the events that are recorded to varying degrees in the different areas of
the study are given as follmvs:
1, Although the K-Ar ages for the rocks in the Big
Maria Hountains area \07ould be expected to be completely reset due to the presence of the Jurassic-Cretaceous
magmatic are, the rocks from Quien Sabe Point \07ere
not totally reset during that time.
Subsequent events
such as Laramide plutonism and tectonism, as well as
possible detachment faulting were also unable to totally reset the K-Ar ages of these rocks.
2. In other areas, such as the upper-plate of the
Whipple Mountains, and in isolated areas of the Big
Maria Mountains and Riverside Hountains, the rocks
were totally reset during Jurassic time, but do not
shmv resetting due to Laramide activity or detachment
faulting.
3. Many areas in the study show reset ages corresponding to the timing of Laramide tectonism and plutonism
(i.e. Granite Mountains, Palen Pass, Little }mria
Mountains, western Riverside and northwestern Big
}Iaria Mountains), yet remained relatively unaffected
by the effects of detachment faulting.
4. There are also areas that show varying degrees
of resetting in response to mid-Tertiary detachment
faulting.
These areas inc Iud the lmver-plate myloni tic rocks of the \fuipple Mountains, the mildly to
nonmylonitic rocks of the lower plate in the Riverside Mountains, and apparently the nonmylonitic rocks
in the southeastern Big Maria Hountains. It is not
knmm to \07ha t degree, if any, these rocks experienced
due to any of the previously mentioned events.
ACKNO\iLEDGEtillNTS
He would like to thank Enos Strawn and Scott
Fenby for drafting most of the figures, and Pia Par-

547

ish for typing the formidable tables. He also benefited from discussions ",ith Keith Hm;ard and Harren
Hamilton. Anne Sturz performed many of the potassium
neasurements.
Special thanks is extended to Liann Turner, ",ho
added comic relief in near-crises situations, and provided enlivening distractions ",hen they Here most
needed. This study Has funded in part by an NSF Grant
a",arded to Daniel Krummenacher.

REFERENCES
Anderson, T. H., and Silver, L. T., 1979, The role of
the Mohave-Sonora megashear in the Tectonic
Evolution of Northern Sonora; in Geology of
Northern Sonora, Field Trip Guidebook #27: Geo1.
Soc. America, Annual Meeting, p. 1.
Armstrong, R. L., and Suppe, J., 1973, Potassium-Argon
Geochronometry of Mesozoic Igneous Rocks in Nevada,
Utah, and southern California: Geol. Soc. America
Bull., v. 84, p. 1374-1392.
Bishop, C.C., 1963, Needles Sheet, Geologic Map of
California (Olaf P. Jenkins ed.), Jennings, Charles
H., Com.:
California Div. Mines and Geology,
Scale 1: 250,000, 1 sheet.
Burchfiel, B.C., and Davis, G.A., 1971, Clark Mountain
thrust complex in the Cordillera of southeastern
California:
Geologic Summary and Field Trip Guide,
in Elders, W.A., ed., Geological excursions in
southern California: Univ. of Calif., Riverside,
Campus Mus. Contrib. no. 1, p. 1-28.
Burchfiel, B.C., and Davis, G.A., 1972, Structural
frame"'ork and evolution of the southern part of the
Cordilleran orogen, ,,,estern United States: Am.
Jour. Sci., v. 272, p. 97-118.
Burchfiel, B.C., and Davis, G. A., 1975, Nature and
controls of Cordilleran orogenesis, ",estern United
States:
Extensions of an earlier synthesis: Am.
Jour. Sci., v. 275-A, p. 363-396.
Burchfiel, B.C., and Davis, G.A., 1981, Mohave Desert
and environs, in Ernst, W. G., ed., The geotectonic
development of California, Rubey volume I:
EngleHood Cliffs, Ne'" Jersey, Prentice-Hall, Inc.,
p. 50-70.
Cameron, T. E., and Frost, E.G., 1981, Regional Development of major antiforms and synforms coincident
",ith detachment faulting in California, Arizona,
Nevada, and Sonora: Geol. Soc. of America
Abstracts Hith Programs, v. 13, no. 7.
Carr, W. J., and Dickey, D.D., 1980, Geologic map of
the Vidal, California, and Parker SW, CaliforniaArizona quadrangles: U.S. Geol. Survey Map 1-1125.
Coney, P.J., 1978, Mesozoic-Cenozoic Cordilleran plate
tectonics, in Smith, R.B., and Eaton, G.P., eds.,
Cenozoic tectonics and regional geophysics of the
",estern Cordillera: Geol. Soc. America Mem. 152,
p.33-50.
Coney, P.J., 1979, Tertiary evolution of Cordilleran
metamorphic core complexes, in Armentrout, J.M.,
Cole, M.R., and Terbest, H. ,-Yr., eds., Cenozoic
paleogeography of the Hestern United States:
Pacific Coast Symp. 3, Pacific Section, Soc. Econ.
Paleontol. and Mineral., p. 15-28.
Coney, P.J., and Reynolds, S.J., 1977, Cordilleran
Benioff zones: Nature, v. 270, p. 403-406.
Crittenden, M.D., Jr., Coney, P.J., and Davis, G.H.,
eds., 1980 Tectonic significance of metamorphic
core complexes of the North American Cordillera:
Geol. Sol. America Memoir 153, 490 p.

548

Damon, P.E., 1968, Potassium-argon dating of igneous
and metamorphic rocks Hith applications to the
basin ranges of Arizona and Sonora, in Hamilton,
E.I., and Farquahar, R.M. eds., Radiometric dating
for geologists: Ne'" York, Interscience Publishers,
p. 69-76.
Davis. G. A., Anderson, J. L., Frost, E.G., and
Shackelford, T.J., 1980, Mylonitization and detachment faulting in the Whipple-Buckskin-RaHhide
Mountains terrane, southeastern California and
western Arizona, in Tectonic significance of metamorphic core complexes of the North American Cordillera, Crittenden, M.D., Jr., Coney, P.J., and
Davis, G. H., eds. Geol. Soc. America Memoir 153,
490 p.
Davis, G.H., and Coney, P.J., 1979, Geologic
development of the Cordilleran metamorphic core
complexes: Geology, v. 7, p. 120-124.
Demaree, R. G., 1981, Geology of the Palen Pass area,
Riv"rside County, California: Unpub. Master's
thesis, San Diego State University.
Dickinson, W. R., 1970, Relation of andesites, granites,
and derivative sandstones to arc-trench tectonics:
Rev. Geophysics and Space Physics, v. 8, p. 813860.
Drewes, H. R., 1976, Laramide tectonics from Paradise
to Hells Gate, southeastern Arizona: Ariz. Geol.
Soc. Digest, v. 10, p. 151-167.
DreHes, H. R., 1978, The Cordilleran orogenic belt
betHeen Nevada and Chihuahua: Geol. Soc. America
Bull., v. 89, p. 641.657.
Ellis, M. J., 1981, Structural analysis and regional
significance of complex deformational events in
the Big Maria Mountains, Riverside County,
California: Unpub. Master's thesis, San Diego
State University, 109 p.
Ellis, M.J., Frost, E.G., and Krummenacher, D. ,1981,
Structural analysis of multiple deformational
events in the Big Maria Maountains, Riverside
County, California: Geol. Soc. of America
Abstracts Hith Programs, v. 13, no.2, p. 54.
Emerson, W.S., 1981, Geological and deformational
characteristics of the Little Maria Mountains,
Riverside County, California: Unpub. Master's
thesis, San Diego State University.
Fleck, R. J., 1970, Tectonic style, magnitude, and age
of deformation in the Sevier orogenic belt in
southern Nevada and eastern California: Geol.
Soc. America Bull., v. 81, p. 1705-1720.
Frost, E.G., 1979, GroHth-fault character of Tertiary
detachment faulting, Hhipple Mountains, southeastern California, and Buckskin Mountains,
western Arizona: Geol. Soc. of America Abstracts
with Programs, v. 11, no. 7, p. 429.
Frost, E.G., 1981, Mid-Tertiary detachment faulting in
the Whipple Mtns., Calif., and Buckskin Mtns.,
Ariz., and its relationship to the development of
major antiforms and synforms: Geol. Soc. of
America, Abstracts Hith Programs, v. 13, no. 2.
Hamilton, W., 1960, Structure in the Big Maria Mountains of southeastern California: Geol. Survey
Research-Short Papers in the Geological Sciences
#126, p. B277-278.
Hamilton, H., 1964a, Geologic map of the Big Maria
Mountains NE quadrangle, Riverside county,
California, and Yuma County, Arizona: U.S. Geol.
Survey Geol. Quad. Map GQ-350, Scale 1:24,000.
Hamilton, H., 1964b, Nappes in southeastern Calif.:
Geol. Soc. of America Abstracts, p. 274.
Hamilton, H., 1969, Mesozoic California and the underfloH of Pacific mantle: Geol. Soc. America Bull.,
v. 80, p. 2409-2430.
Hamilton, W., 1971, Tectonic frameHork of southeastern
California (abs.): Geol. Soc. America Abs. with

Programs, v. 3, no. 2, p. 130-131.
Hamilton, W., 1978, Mesozoic tectonics of the western
United States, in Howell, D.G., and McDougall, K.,
eds., Mesozoic paleogeography of the western
United States: Pacific Coast Symp.2, Pacific
Section, Soc. Econ. Paleontol. and Mineral. ,
p. 33-70.
He"ett, D.F., 1931, Geology and ore deposits of the
Goodsprings quadrangle, Nevada: U.S. Geol. Survey
Prof. Paper 162, 172 p.
Howard, K. A. Miller, C. F., and Stone, P., 1980, Mesozoic thrusting in the eastern Mohave Desert,
California Cabs.): Geol. Soc. America Abs. with
Programs, v. 12, p. 112.
Keith, S.B., 1978, Paleosubduction geometries inferred
from Cretaceous and Tertiary magmatic patterns in
southwestern North America: Geology, v.6, p.5l652l.
Krurnmenacher, D., Martin, D. L.,Baltz, R.M., Demaree,
R.G., Ellis, M.J., Emerson, W.S., Kies, R.P.,
Lafferty, M.R., Lyle, J.H., and Frost, E.G., 1981,
Middle Mesozoic compressional tectonics and
Tertiary extensional overprint in the Big Maria,
Little Maria, Riverside, and Arica Mountains and
Palen Pass areas of Riverside County, California:
Geol. Soc. of America Abstracts with Programs,
v. 13, no. 7.
Lafferty, M.R., 1981, A reconnaissance geochemical,
geochronological, and petrological investigation
of granitoids in the Big and Little Maria Mountains and Palen Pass, Riverside County, California:
Unpub. Master's thesis, San Diego State University.
Lanphere, M.A., 1964, Geochronological studies in the
eastern Mojave Desert, California: Jour. Geology,
v. 72, p. 381-399.
Lee, D. E., Marvin, R.F., Stern, T.W., and Peterman,
Z.E., 1970, Modification of K-Ar ages by Tertiary
thrusting in the Snake Range, lfuite Pine County,
Nevada, in Geological Survey Research, 1970: U.S.
Geol. Survey Prof. Paper 700-D, p.D92-Dl02.

549

Marshak, R.S., 1980, A preliminary study of Mesozoic
geology in the southern Dome Rock Mountains, southwestern Arizona: Ariz. Geol. Soc. Digest, v. 12,
p. 123-133.
Martin, D. L., Barry, H. L.,Krurnmenacher, D., and
Frost, E.G., 1980, K-Ar dating of mylonitization
and detachment faulting in the Hhipple Mountains,
San Bernardino County, California, and the Buckskin Mountains, Arizona: Geol. Soc. America
Abstractw with Programs, v. 12, no. 3, p. 118.
Martin, D.L. ,Krummenacher, D., and Frost, E.G. ,1981,
Regional resetting of the K-Ar isotopic system by
mid-Tertiary detachemnt faulting in the Colorado
River region, California, Arizona, and Nevada:
Geol. Soc. of America Abstracts with Programs,
v. 13, no. 7.
Mietzner, L.K., Evaluation and correlation of the
Aztec Sandstone equivalent in the Big Maria
Mountains, Riverside County, California; unpub.
Senior thesis, San Diego State University.
Pelka, G. J., 1973, Geology of the McCoy and Palen
Mountains, southeastern California: Unpub, Ph.D.
thesis, University of California, Santa Barbara,
162 p.
Reynolds, S.J., 1980, Geologic framework of westcentral Arizona, in Studies in Western Arizona,
Jenney, J.P., and Stone, C., eds., Arizona Geol.
Society Digest Volume 12, p. 1-16.
Shklanka, R., 1963, Repeated metamorphism and
deformation of evaporite-bearing sediments, Little
Maria Mountains, California, Ph.D. Thesis Stanford, California, Stanford University, 127 p.
Snyder, H.S., Dickinson, W.R., and Silberman, M.L.
1976, Tectonic implications of tim~space patterns
of Cenozoic magmatism in the 'vestern United States:
Earth and Planetary Science Letters, v. 32, p.9l108.
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ABSTRACT

shear. This fabric may have accomodated varying
rates of extension during intense Oligocene-Miocene
regional extens ion.

A rethinking of previous and new data on metamorphic core complexes may shed light on certain
basic problems posed in GSA Memoir 153. Laramide
age mylonitic rocks have been established as a reality, particularly in the Mojave and westernmost
Sonora provinces. Although Laramide mylonites are
mesoscopically similar to and are often confused
with mid-Tertiary mylonite, differences in lineation
direction in places and mineralogical, textural details and degree of metamorphism tend to distinguish
the two deformations.

Finally, the spatial coincidence of separate
Laramide and mid-Tertiary deformational processes
commonly found in metamorphic core complexes is
briefly examined.
INTRODUCTION
During the past ten years, the Cordilleran
phenomenon called the metamorphic core complex (MCC)
has risen from a status of isolated obscurlty to one
of regional importance. An appreciation of the remarkable similiarities shared by these complexes was
sensed at the 1977 Tucson Penrose Conference and became documented in GSA Memoir 153 three years later.
Although the regional coherency of the Cordilleran
MCC certainly has been established, there ~ave remained some baffling questions, many of WhlCh arlse
when complexes of- southeastern California, western
and southern Arizona are compared. Brlefly, some
of the major problems focus on the following subjects:

Recently acquired radiometric data constraining
the age of mylonitization to the Miocene is presented for the eastern Harcuvar and Picacho core complexes. An analysis of age-span data for mid-to
late-Tertiary mylonitization and detachment in the
Southwest indicates a probable 10 to 15 m.y. overlap
(from approximately 30 to 16 m.y. B.P.), and tends
to establish a closer genetic relationship between
the two processes.
A review of information pertinent to depth of
Oligocene-Miocene mylonitization and detachment
strongly suggests shallow crustal levels for the
deformation. For detachment, a highly variable
lithostatic load from near-surface to se~eral kilometers is suggested.

Ages of mylonitization and detachment; depth of their
formation; relationship of lower-plate metamorphism,
intrusion and deformation.

Within these subject areas lie some basic differences in data and interpretation between workers
concerned with the Whipple and Chemehuevi core complexes in California and MCC farther to the southeast in Arizona. Articles in Memoir 153 by Davis
and others (1980) and Reynolds and I (1980) describe
some of the contrasting opinions. The debate focuses on age and depth of mylonite formation. These
rocks in California are thought to have formed in
late Cretaceous to early Tertiary time and at depths
in excess of 10 km, whereas mylonites incArizona
appear to be of Oligocene-Miocene age originating
at depths less than 5 km. This distinction leads !o
the basic divergence in thought as to casual aSSOClation between mylonitization and detachment faulting.
Several years of continued interest in these
problems have passed since the assembling of Memoir
153. My intent in this paper is to present data
acquired during this interim, review previous information and rethink specific problem areas.

Mylonitic and/or detachment terrains appear not
to be continuous in two dimensions. Lack of detachment fault continuity in several complexes and domains of until ted rocks (often immediately adjacent
to extended terrains) indicate that mylonite-detachment systems die out laterally.
Recent discoveries of multiple, stacked, mylonite zones (and detachment faults?) sandwiched in
nonmylonitic but rotated basement rocks together
with possible analogies in several core complexes of
central-western Arizona suggest that the crust is
laced with discontinuous, shingle-like, sub-horizontal layers of attenuation, flattening and differential
*At the beginning, a qualified statement is due
the reader concerning the format and style of this
paper. Due to time restrictions the discussion has
not passed through peer review. It is rather loosely constructed, annotated and cited and has not been
refined to the extent required by some editing or
publishing agencies. The main attempt here is to
present recent, previously unpublished data and disseminate some preliminary ideas. Hopefully, the
results will stimulate scientific response in the
form of further field work, laboratory research and
interchange of data, thus leading to a progressively
better understanding of the metamorphic core complex.

MYLONITIZATION
Age Relationships
Arguments for Laramide mylonites have most
often been heard from geologists working the Mojave
province of California. In the Whipple MCC (Fig. 1),
Davis and others (1980) concluded that mylonite formation occurred from late Cretaceous to early Tertiary based mainly on: 1) isotopically dated mylonitic clasts contained in Oligocene-Miocene fanglomerates; 2) discordance between mylonitic foliation and detachment fault; and 3) inferences of metamorphic-deformational environment too deep and intense to be reasonably attributed to mid-Tertiary
processes. The authors projected these interpreta-

New radiometric dates are only mentioned in
their geologic context. Specific analytical data
and sampl e 1ocations ~Iill have to await future publication or individual inquiry to the author.
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tions into the neighboring Buckskin and Rawhide
Mountains of Arizona (Fig. 1), where a sample of
mylonitic migmatite gneiss yielded semi-concordant
hornblende-biotite dates of 57.4 and 52.3 m.y.
respectively.

it gives the impression of a strain continuum from
ductile crystalline textures to chlorite breccia, a
characteristic seen in many core complexes.

New data supporting pre-Oliocene mylonitization
emerges from the Chemehuevi and Iron Mountains of
the Mojave Desert. In the Chemehuevi range (Fig. 1),
a large, undeformed pluton discordantly intrudes
lineated mylonites (B. Jahns, 1981, oral commun.)
and ha s been da ted at 57.3 m. y. B. P. (D. L. Ma rt in,
1981, oral commun.) and 64.1 m.y. 8.P, (K. A. Howard,
1982, oral commun.). In the central Mojave region
Miller and others (1981) report mylonitic rock developed in a late Cretaceous pluton which yields biotite with an age of 60.6 m.y. B.P. indicating that
mylonitization was roughly coeval with late stages
cf intrusion.

Intruding extremely deformed and torn apart
mylonitic rocks high in the sequence are rhyolite
porphyry dikes and sills which exhibit less intense
mylonitic fabrics. Textural character of the rhyolites (i .e., aphanitic groundmass with phenocrystic
quartz) implies a sub-volcanic, hypabyssal setting
similar to 21 to 22 m.y. volcanic rocks at nearby
Picacho Peak (Shafigullah and others, 1976). Dike
contacts have not been destroyed by subsequent deformation, and chilled margins are still preserved.
Clearly the dikes are syn-tectonic with respect to
mylonitization. Higher still in the section, similar dense rhyolites are brecciated and involved in
the detachment f3ulting (Fig. 2). A 25.9 m.y.
wholerock date W2S obtained from the rhyolites,
which results in two important ~onclusions: Mylonitic deformation in this area is mid-Tertiary and
it was apparently active at shallow crustal levels.

In the Harquahala Mtns. (Harcuvar core complex)
(Fig. 1), Reynolds and others (1980) discuss mylonitic granitic rocks associated with thrust faults
which pre-date two-mica, garnet-bearing granite
dikes of Eocene age. Probable Precambrian crystalline rocks, Paleozoic and suspected Mesozoic metasedimentary rocks along the southeastern slopes of
the Harquahala range exhibit low-angle metamorphic
foliations with varying mylonitic component.
These
rocks are also cut by undeformed two-mica granite
suggesting pre-Eocene deformation. In this area,
the mylonitic lineation has a NS to NNE-SSW trend
which is quite distinct from a N50-60 0 E lineation
associated with a younger mylonitic event documented
for the northeastern portion of the mountain range
(Rehrig and Reynolds, 1980).

Reinforcing these conclusions is an age determination on a medium-grained, equigranular quartz
monzonite to granodiorite pluton outcropping just
west of the detachment exposure (Fig. 2). In composition and texture, the rock bears a close resemblance to the mid-Tertiary pluton at South Mtns.
(Reynolds and Rehrig, 1980) and the Tortolita quartz
monzonite (Keith and others, 1980). The intrusion
is overprinted with lineated, foliate fabrics which
become more mylonitic upward to the multiple detachment horizon. A wholerock Rb-Sr isochron from deformed main phase sample and three equally deformed
aplite dikes (NNW-trend) yields an age of 24.4 m.y.
B.P., thus verifying the t~iocene age for mylonitization.

In the Catalina Mountains (Fig. 1), Keith and
others (1980) describe low-angle mylonitic fabrics
in the 75 m,y. Leatherwood quartz diorite. The mylonite rocks are discordantly intruded by undeformed
44-50 m.y. pegmatites. The pegmatites correlate in
age with the two-mica Wilderness granite which, in
turn, has been overprinted by a younger mylonitic
event. The older foliate rocks have lineation trending nearly EW; the younger lineation is N65 0 E.

Recent isotopic data from the Bullard Peak area
at the east end of the Harcuvar Mtns. (Fig. 1) are
less definitive than those in the Picacho MCC but
are of interest, nonetheless. A hornblende-rich
diorite sill was found intruding mylonitic gneisses.
The diorite is not deformed. Fine-grained hornblende in the sill with approximately 4000C settingin temperature offered the chance to determine an
upper age limit to mylonitization. Approximately
70 m above the sill in intensely mylonitic gneiss
barely beginning to show the signs of chloritization,
a biotitic sample was also taken to determine the
age of the 250 0 C isograd. The hornblende age of the
sill at 25.7 m.y. B.P. indicates mylonites formed
prior to that time. Biotite from the mylonite above
the sill yielded a 17.5 m.y. date suggesting that
cooling or deformation just below the detachment surface 1asted well into the Miocene.

It thus becomes increasingly evident that the
well known Laramide Orogeny produced mylonitic rocks
in addition to metamorphism, widespread intrusion,
compressional structures and copper mineralization.
These mylonites have been confused with younger Tertiary mylonitic rocks, however, distinct differences
in lineation direction in places and higher metamorphic intensity tend to differentiate the older
deformation.
At the time of the Memoir 153, the only demonstrable evidence of Oligocene-Miocene mylonitization
in the Southwest came from th~ South r~ountains and
Catalina-Tortolita core complexes (Fig. 1) where
mylonitic fabrics were superimposed on plutons as
young as 25 m.y. B.P. New data from the Picacho and
Harcuvar Mountains (Fig. 1) corroborate and expand
the influence of mid-Tertiary mylonite generation.
At the southeastern end of the Picacho range (Fig. 1)
outcrops of detachment fault and subjacent breccias
and mylonites are exposed. These outcrops exhibit a
150 m vertical transition from lineated plutonic
rocks upward with increasingly intense mylonitization
to choloritic breccias and a complex, stacked detachment fault system (Fig. 2). The interesting thing
about the mylonitic transition is that it clearly
displays an upward enhancement in brittle or mechanical aspects of mylonitic deformation. As such

When the dates above are integrated with other
age relationships in the eastern Harcuvar MCC, a
narrower age span for mylonitization results. For
example, in both the Harcuvar and Harquahala Mountains, small, leucocratic, two-mica, garnet-bearing
intrusions take on mylonitic fabrics, upward and toward the northeast ends of these foliation arches
(S. Reynolds, 1980, oral commun.). These are the
same intrusions previously mentioned which cut older
mylonitic-metamorphic rocks in the Harquahala range.
In the Harquahala Mtns., one of these intrusions
was dated (Rehrig, unpubl, data) by Rb-Sr (whole
rock-musc.-bio.) at 43.5 m.y., an age compatable
with this kind of rock elsewhere (Keith and others,
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1980; Haxel and others, 1980). Combining the diorite age (post-mylonite) with granite age (pre-mylonite) narrows the range of mylonitization to between
44 and 26 m.y. B.P.

tional faulting prior to an unconformity boundary
falling in the age range, 21 to 24 m.y. B.P.
Evidence for strong tilting occurs throughout
the Tortilla Mountains in south central Arizona
(Fig. 1) and it has been attributed to large scale
listric faulting (Schmidt, 1967). Intriguing but as
yet unestablished is any direct link between this
faulting and detachment or core complex deformation.
It is, however, conceded that listric faulting and
detachment tectonics can be considered generally cogenetic or contemporal processes. Therefore by inference I will assume that time relationships in
the northern Tortilla Mtns. may apply to the question of time span of detachment faulting.

DETACHMENT
Age Relationships
The mlnlmum age of detachment faulting and
attendent upper-plate tilting is usually estimated
from the oldest untilted volcanic units resting upon
tilted rocks. In the southwestern United States,
these post-detachment markers often are 10 to 14 m.y.
basalt nows (Shafigullah and others, 1980; Rehrig
and others, 1980; J. Otton, 1981 , oral commun.).

From the Ray copper mine west, just north of
the Gila River, the 20 m.y. Apache Leap Tuff lies in
angular unconfor~ity upon moderately to highly tilted fanglomerate beds of the Whitetail Conylomerate,
a sequence dated near the top at 32 m.y. B.P. (Cornwall and others, 1971). Tilt direction is east for
both units. The angular discordance, which varies
from 20 0 to 50 0 indicates that tilting (listric
faulting?) was occuring prior to 20 m.y. B.P.
Evidence of local unconformities, extreme facies and
thickness changes and "dump" textures in vihitetail
lithologies suggest active tectonism (nearby faulting) which may strengthen the association of early
Oligocene sedimenation and listric(?) normal faulting. Similarly, 20 0 to 40 0 of angular discordance
between near vertically tilted Precambrian rocks and
overlying Hackberry Formation (20-24 m.y. B.P.)
along the eastern margin of the northern Tortilla
Mtns. suggests pre-24 m.y. tectonic rotation.
Throughout this region, this earl ier tilting activit)
continued)to affect rocks as young as about 16 m.y.
B. P. (R ips ey vi ash and San Ma nua1 Forma t ion s ) .

In the Mojave Mtns. of westernmost Arizona (Fig.
1), a relatively flat-lying, silicic flow complex
rests uncomformably on older, Tertiary volcanic and
volcaniclastic rocks which are severely tilted upon
the detachment surface flanking the eastern side of
the Chemehuevi Mtns. A rhyolite from the post-tilting sequence gives an age of 10.4 m.y. B.P. (Rehrig,
unpub. data). Bordering the Whipple MCC, the upper
limit of detachment tectonics is established by the
age of the flat-lying Osborne Wash Formation dated
at betvleen 12.8 and 15.9 m.y. B.P. (~1artin and
others, 1980). In the Vulture Mtns. southwest of
Wickenburg (Fig. 1), listric faulting ended by about
16 m.y. B.P. as indicated by the age of undeformed
dikes intruding the fault planes (Rehrig and others,
1980). Relationshi ps in the El Dorado Mtns. between
Davis Dam and Lake Mead indicate that listric fault
tectonism ceased between about 12 and 13 m.y. B.P.
(Anderson and others, 1972). In the entire Southwest, I know of no rocks younger than about 15 m.y.
which have been significantly involved in the tilting event, so that approximate date marks the regional termination of rotational/fault tectonism.

In summary, regional data indicates that listric
normal and detachment faulting persisted to about
15-16 m.y. B.P. when it was replaced by high-angle,
Baiin-Range normal fault tectonsim representing a
rather sudden decrease in relative crustal extension.
Although the evidence is less direct, it appears
that the period of most intense crustal extension
and rotational effects can be projected back at least
25 m.y. B.P. If the signiatures of intense structural disruption written into textures of Whitetail fanglomerates and similar clastic sequences like the
Helmet Fanglomerate and Pantano Formation represent
the effects of rotational faulting, then this thinskin tectonism may have begun earlier (i .e., 30 or
35 m.y. B.P.).

Establ ishing the commencement age of detachment
is an altogether more difficult taks. It can only
be ascertained in a direct way by the oldest isotopic
dates on hydrothermal or igneous events within or
cutting the detachment zone, fault associated breccias or uppe~.plate listric faults. Such post-detachment features have been rarely reported or dated.
One 24.5 m.y. date on sericite associated with epithermal mineralization controlled by the Whipple detachment surface is reported by Ridenour (this
vol ume).
Indirect evidence bearing on the maximum age of
detachment consists of angular unconformities within
tilted Tertiary fanglomerate-volcanic sequences
suggesting progressive or episodic listric faulting
and detachment activity.

RELATIONSHIP BETWEEN MYLONITIZATION AND DETACHMENT
The spatial correspondance between metamorphic·
core complex and detachment faulting cannot be
argued. I know of no 1egitimate core compl ex without accompany detachment. This correspondence, in
fact, forms the basis for some workers, myself included, concluding that mylonitization and detachment must represent semi-ductile and brittle ramifications of the same general lateral extension process. Difficulties arise, however, in two areas:
timing of the events and detachment or listric terrains lacking juxaposed mylonites.

In the Whipple Mtns. such angular unconformities
separate the Oligocene-early Miocene 0v 33 to 26 m.y.)
Gene Canyon Formation from the overlying Copper Basin
Formation (v20 to 16 m.y.). Depending on location
and age of onlapping stratigraphy, discordance of up
to 75 0 has been documented and calls for considerable
pre-20 m.y. detachment activity (Frost, 1981).
Sush angular unconformities are known in Tertiary sections of the Date Crk.-Artillery region
(Fig. 1) of western Arizona. Otton (this volume) on
the basis of radiometric age data and structuralstratigraphic correlations, recognizes upper-plate
(with respect to detachment surfaces) active rota-

From a geochronological standpoint, detachment
activity post-dates K-Ar setting-in temperatures
(~2500C) on biotite deeper within the mylonitic
lower-plate.
More importantly, mylonitic fabrics
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are seen to disintegrate into chlorite breccia of the
detachment zone. The previous discussion of timing
of both processes however, establishes unequivocally
that mid-Tertiary mylonitization occurred in several
complex (Harcuvar, South Mtns., Picacho, TortolitaCatalina) after about 27 m.y. B.P. The youngest we
see the event is post 24.4 m.y. in the Picacho range.
Additionally, listric faulting and detachment probably were active processes back to perhaps 30 m.y. B.P.
Therefore, collectively, there is considerable overlap between mylonitization and detachment, whereas,
in any single core complex example, brittle detachment appears to outlast mylonite formation. The
regional overlap probably implies a 10-15 m.y. continuum in the complex interplay between the tV/O
phenomena from place to place.

mylonite with surficial volcanic and sedimentary
rocks (i .e., South Mtns., Picacho, Harcuvar) and the
general time congruency of both upper-plate lithologies and lower-plate deformation. If the mylonites
formed at depths of 10 km or greater, and are now in
contact with similar age rocks formed at the earth's
surface, what happened to this great thickness of
intervening material and how could it be removed in
but an instant of geologic time?
Detachment must be an even shallower phenomenon.
The entire collage of structural characteristics
(i.e., brecciation; sinuous listric extension faulting, etc.) in detachment zones smacks of shallow confining pressures. Also, the epithermal nature of
detachment-related mineralization (Heidrick and
vJilkens, 1980) and the surficial nature of affected
rocks of the upprr-plate forces the same opinion.
The presence of clasts of chloritized mylonite and
chlorite breccia in some rotated upper-plate fanglomerates of 24 to 18 m.y. age indicates that lowerplate rocks were already at the surface undergoing
erosion and further substantiates shallowness to the
entire core complex system.

The sequential aspects of first mylonite and
then detachment must mean that extension in lowerplate continues to outpace that in upper-plate if
our understanding of listric fault genesis is anywhere near correct (Longwell, 1945; Anderson, 1971;
Wright, 1978; Proffett, 1977). It is indeed difficult to visualize this kind of mobility in lowerplate rocks which generally have already cooled below 250 0 C and should only extend by more brittle
mechanisms such as intrusive dilation or multiple
lower-plate detachment.

In contrast, some strongly rotated terrains such
as the Mojave and Tortilla Mtns., which occur adjacent to MCCs may indicate that underlying detachment
zones have up to several kilometers of lithostatic
overburden. Discovery of a possible detachment zone
at nearly 3 km depth in the Phillips A-l well just
east of the Picacho MCC forms additional evidence
for varying depths to detachment (Reif and Robinson,
1982) .

Perhaps overlooked, however, are the relatively
few K-Ar dates which have come from the uppermost
part of the mylonite sequence. These apparent ages
are young, from about 20 to 16 m.y. (Martin, 1980;
the 17.5 m.y. biotite date in the Harcuvar Mtns.
reported here) and may indicate mylonite mobility
just below the detachment discontinuity within the
time frame indicated by tilting of upper-plate rocks.

Geometric constraints of downward flattening
normal faults (listric) and moderate to strong
rotation of hanging wall blocks required extreme
variations in upper-plate thickness depending on the
intensity and/or time span of extension. Such variations are explicit in any number of models that have
been proposed for such tectoni sm (Anderson, 1971;
Davis, 1981; Dokka, 1981; Rehrig, 1981).

Detachment or extensional listric fault terrains
without outcropping mylonitic associations continue
to require explanation. For the Vulture Mtn. region
(Rehrig and others, 1980), I suggested that modes of
shallow crustal extension less intense than the penetrative mylonitic flattening and stretching might
lead to development of a moderate listric tilt configuration at the earth's surface. However, in such
intensely disrupted terrains as described by Dokka
(1981) in the central Mojave Desert, special mechanisms, still unclear, must be considered.

LATERAL CONTINUITY OF MYLONITE AND DETACHMENT
Are individual mylonite zones and/or detachment
surfaces conti nuous, 1ateral features through a
major part of the Sonora-Mojave provinces, outcropping mainly in the uplifted metamorphic core complexes, or are these phenomena spot occurrences? If
upper-plate tilting is a necessary requisite of detachment tectonism, then it is difficult to project
major detachments between known core complexes for
the following reasons:

DEPTH OF MYLONITIZATION AND DETACHMENT
Because this discussion is largely directed to
the Miocene MCC, it can be said that there is sound
evidence which indicates that mylonite generation
and detachment occurred at relatively shallow depths.
At several localities (i.e., Picacho and South Mtns.)
aphanitic, prophyritic textures of mylonitized dike
rocks indicate hypabyssal levels of deformation.
Likewise, the textural, structural and mineralogical
character of holocrystalline Miocene stocks and
accompanying mineralization affected by the mylonitization suggest relatively shallow intrusion and,
therefore, deformation. Although muscovite-bearing
granites, indicators of high pressure, have been
commonly noted in mylonitic lower-plate lithologies
(Coney, 1980), it is now apparent that these plutons
are significantly older (Eocene to Cretaceous) and
therefore are unrelated to the Miocene mylonitization
in question.

The degree of listric fault rotation and thus
lateral extension varies markedly within the Great
Basin and Southwest provinces (Stewart, 1980, Rehrig
and others, 1980). Consequently, there are many
areas where Tertiary supercrustal rocks are flatlying or dip less than 20 0 . In such areas we would
not expect detachment with its dianostic tilting.
A key example is the northwest-trending crustal
block containing the Galiuro Mountains (Fig. 1).
This range consists of a relatively thick (""'2000 m)
sequence of 22 to 28 m.y. volcanic rocks which dip
very shallowly eastward. Similar age rocks to the
NE and SW are highly distended and tilted upon detachments bordering the Pinaleno and Catalina-Rincon
MCCs. It is, therefore, unrealistic to project
detachment zones from either core complex beneath
the relatively stable Galiuro block. Similar rapid

A stronger argument for shallovi depth of mylonitization is made by noting the juxaposition of
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transitions from stongly extended to stable domains
occur from the Catalina Mtns. southwest to the Roskruge Mtns.; from the Vulture Mtns. southwest to the
Big Horns; from the Rawhide Mtns. northeast; and
from the Whipple Mtns, of California west to the
Mopah and Turtle Mtns. Such transitions stongly suggest that detachment and mylonite die out laterally
in the direction of tectonic extension, a conclusion
suggested by Luccitta and Suneson (1981) northeast of
the Buckskin-Rawhide detachment terrain.

ed quartz monzonite porphyry hosting the mylonite
yielded perturbed apparant ages of 116.3 and 105.5
m.y. B.P. Ultramylonite from the lower zone gave a
Tertiary reset of 34.9 m.y. B.P.; that from the
upper zone, a hybrid date of 87 m.y. As the protolith to the upper mylonite contains amphibole»
biotite, I suspect that the date represents incomplete argon loss due to the deformation. The same
may hold for the lower mylonite date, although to a
much lesser degree because the Oracle granite there
has biotite/hornblende.

A further difficulty in projecting detachment
zones regionally is the puzzling distribution of
detachment faults only on one margin of several core
complexes. Examples include the Harcuvar, South
Mtns .• Picacho and Catalina-Rincon complexes (Rehrig
and Reynol ds, 1980). Mappi ng has not been abl e to
track the faults around these MCCs. An often unappreciated correlation exists between presence of
these detachment segments and corresponding zones of
underlying mid-Tertiary mylonite which appears to
further fuse the genetic relationship between the
two features.

My interpretation, therefore, is that the mylonites were formed in mid-Tertiary time corresponding
to events in the nearby Tortolita ane Picacho Mtns.
(Keith and others, 1980). Because rock only 80 m
structurally below the lower mylonite is not reset
to Tertiary age, and due to the apparent absence of
Tertiary intrusive bodies in the footwall rocks, I
believe there is a good case made here for partial
isotopic resetting due not from heat transfer from
below but from frictional effects and mechanical
stresses incurred during mylonite formation itself.

VERTICAL CONTINUITY OF MYLONITIZATION OR DETACHMENT

The hybrid Oracle ages may be significant for
two reasons: 1) A perturbed 137 m.y. K-Ar age on
Oracl e "granite" is reported from upper-pl ate in the
Phillips A-l well (Reif and Robinson, 1982) and 2)
Reset Mesozoic dates for Precambrian rocks in upperplate positions occur in the vicinity of the Whipple
MCC. Precambrian original ages are p\'eserved only
well away from the region of core complex and detachment tectonism (i .e. Hualpai and Turtle Mtns.) (K.A.
Howard, 1982, oral commun.).

(Stacked Zones)
In a number of MCCs, mylonitic fabrics are
known to gradually disappear with depth into the
lovler-plate (Coney, Crittenden, 1980). This relationship has caused consternation among some of us
because of the desire to look at depth for the necessary mechanisms responsible for the deformation.
Recently, the discovery of multiple mylonite zones
within crystalline basement rocks has added a fascinating dimension to the MCC problem. These zones
are 10\'i-angle structures imbedded in a "sea" of Precambrian Oracle "granite" in the Black Mtn., area of
the Tortilla Mtns. (Fig. 1). They were first pointed
out to me by Stanley B. Keith, then at the Arizona
Bureau of Geology, and we initially reconnoitered the
area together. Figure 3 is a sketch of field relationships gained by further study. The mylonite
zones are from 7 to 30 m thick. The strike from NW
to WNW and dip <35 0 northeasterly.

These findings present the fascinating possibility that the Black Mtn. - Tortilla Mtn. region with
its known rotational effects is a huge upper-plate
block above mylonitic or detachment systems dipping
easterly off MCC terrain in the Tortolita-DurhamSuizo-Picacho region. Even more enigmatic therefore
are the stacked mylonites within this block.
On a grand scale, the counterpart to the multiple, shingle-like, mylonite zones described in the
Tortilla Mtns. may be found in the collective geometry of the Harcuvar, White Tank (?), South Mtns.,
or even Picacho core complexes where mylonite-detachment systems dip easterly but cannot be found dipping
to the wes t (Fi g. 1). As argued above, these zones
are probably discontinuous, but as modeled by relationships at Black Mtn., they may have developed at
different structural levels. Perhaps, as suggested
by this logic, the distinction between one lowerplate and one upper-plate is but an unfortunate consequence of limited depth exposure. An upper crust,
laced with such en echelon, sub-horizontal, stacked
zones of attenuation and flattening active from
approximately 30 to 16 m.y. B.P. could certainly have
contributed greatly to the overall crustal extension
experienced in the southwestern United States. Could
it be this kind of low-angle layering that recent
seismic surveys in Arizona are picking up within the
basement?

In detail, both mylonite sequences display N50 0700E lineation and orthogonal drag and kink folds
(Fig. 3) identical to those recorded in the Durham
Hills mylonite and detachment a few miles to the
southwest. At the Durham Hills, the deformed zone
dips shallowly eastward and involves tilted Miocene
volcanic rocks on the upper-plate.
The Black Mtn. mylonites at their lower contacts grade from undeformed Oracle "granite" over a
distance of 6 to 15 m. Deformation intensifies upward within the zone varying to dark, schistose
ultramylonite at the top. The upper contact of the
lowermost zone is a relatively sudden (2 m) transition to very weakly foliated Oracle quartz monzonite
porphyry. In places, some minor development of
chlorite and brecciation is noted at this contact.
Foliation above the zone is conformable to the
mylonite below and gradually plays out over horizontal distances of 150 to 300 m to the northeast.
Note the thin (2-4 cm), discontinuous mylonite bands
cutting the weakly deformed hanging wall (Fig. 3).

INFLUENCE OF MESOZOIC AND LARAMIDE METAMORPHIC
EVENTS ON TERTIARY EXTENSION
One chracteristic practically ubiguitous to
metamorphic core complexes is the presence of a preOligocene intrusive, metamorphic and deformational
history (including mylonites) upon which Tertiary extensional fabrics have been superimposed. This has

Isotopic K-Ar dating was done on mylonites and
intervening Oracl e "granite". Resul ts are summarized on Figure 3. Curiously, the relatively undeform555

caused undue confusion among workers and is the princi pal cause for creation of the so call ed USC and
Arizona "schools" and their differing core complex
interpretations (Refer to Memoir 153). In the Mojave
and Sonoran provinces, the older core complex history
appears dominated by late Cretaceous to early Tertiary sill-l ike plutonism, metamorphism creating migmatites, and deformation producing thrusts, folds and
gneissic fabrics of transposed and mylonitic character. These interrelated processes have collectively
resulted in the formation of immense nodes of lowangle structural fabrics in the crust. In certain
areas, original high-angle, Precambrian foliation
appears to have been completely transposed to a remade, low-angle fabric. Ductile, deep-seated, high
temperature tectonic processes are involved (Davis
and others, 1980; Rehrig and Reynolds, 1980). This
intense episode appears to conclude with intrusion
of adamellite-aplopegmatite, 2-mica magma in the age
range 44-50t m.y. B.P. This intrusive pulse, mentioned previously, has provided one of the keys to
differentiating between pre- and post-Oligocene deformation in the MCCs.

Map GQ-l 021.
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Figure 1: Index map of Arizona showing location of
metamorphic core complexes (MCC) (larger letters)
and mountain ranges (smaller letters) mentioned in
text. From northwest to southeast: T = Turtle
Mtns.; MO = Mopah Mtns.; M = Mojave Mtns.; CM =
Chemehuevi MCC; W = Whipple MCC; B = Buckskin Mtns.;
R = Rawhide Mtns.; A = Artillery Mtns.; H ~ Harcuvar
Mtns.; HA = Harquahala Mtns.; H = Harcuvar MCC; D.C.
= Date Crk. area; B.P. - Bullard Pk. area; BH - Bighorn Mtns.; V = Vulture Mtns.; WT = White Tank MCC;
S = South Mtns. MCC; P = Picacho MCC; P.P. ~ Picacho
Pk.; B.M. = Black Mtn. area; TT = Tortilla Mtns.;
D = Durham Hills; TL-C-R = Tortolita-Catalina-Rincon
MCC; RO = Roskruge Mtns.; G = Galiuro Mtns.; PI Pinaleno MCC.
Figure 2: Cross section of the Picacho detachment
zone, SE end of Picacho Mtns.~section is diagrammatic
and not to exact scale. 1 = Equigranular, mylonitic,
quartz monzonite, 24.4 m.y. age: deformation increasing upward, especially at contacts with flat
felsic sills and quartz veins. 2 = Dense, very
fine grained to aphanitic (partially porphyritic)
rhyolite to aplite sills or lO\'I-angle dikes.
Moderately to intensely mylonitized and microbrecciated near the top of the thick unit. Flat
quartz veining common. 3 = dark colored, mylonite
to ultramylonite gneiss and schist; unit is extremely
contorted with common structural discordances, sheared out foliation and superimposed chloritic brecciation. Flat rhyolite dikes (mylonitic) are injected
into the mylonite-breccia melange and have been torn
apart by detachment faulting. 4 = chaotic mix of
contorted, rotated slices and blocks of mylonite and
chlorite breccia; mylonitic Oracle "granite" recognized as dismembered pieces. 5 = Rhyodacite (?) flow
breccia, strongly iron stained and replaced by calcite in veins and irregular bodies; part of the Picacho Pk. upper-plate volcanic sequence. 6 = Approx.
35 m of chlorite, epidote-rich, brecciated Oracle (?)
"granite" without mylonitic texture. 7 = Dense,
greenish gray ultramylonite with partially superimposed microbrecciation. 8 = mylonitic Oracle
"granite" with lenses of breccia and ultramylonite.
9 = 1ineated, mylonitic Oracle "granite" becoming
less mechanically deformed lower in section. 10 =
rhyolite porphyry dikes and sills; moderately mylonitic but intruding more intensely mylonite rocks;
25.9 m.y. age.
Figure 3: Diagrammatic cross section across stacked
mylonite zones in 1.4 by Oracle "granite" west of
Black Mountain, Tortilla Mtns., Arizona. Enlargement
shows structural details in ultramylonite portions
of the deformed zones. Perturbed K-Ar dates and
sample locations are shown.
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ABSTRACT

INTRODUCTION

The crystalline rocks of the Old Woman-Pi ute
Range record a complex Mesozoic history involving
large-scale thrusting, regional metamorphism, and
I'l;]tipie injection b',' granitoid magmas. The dominant
structural feature is a large southeast-verging
Ilappe cored by Precambrian igneous (largely granitoid, ~1.8 b.y. old) and clastic metasedimentary
basement. Inverted lower Paleozoic strata, in depositional contact with the basement, I ie beneath
the core and are thrust over generally upright but
locally folded middle and upper Paleozoic and Triassic strata. Extra slices of Precambrian basement
occur in the thrust zone in some areas, and small
sl ivers and infolds of lower Paleozoic strata occur
both on the top of and below the nappe. The entire
structure is metamorphosed at grades ranging from
staurol ite-chlorite-biotite grade (lower amphibol ite
facies) near the northern end to si II imanite-muscovite-Kspar grade (upper amphibolite facies) in the
central part of the range. Metamorphism was syn- to
post-tectonic.

The Old Woman, Little Piute, and Piute Mountains
form a 50 km-Iong, north-northeast trending mountain
range which 1 ies 60 km west of the Colorado River in
the eastern Mojavc' Desert (Figure 1). Here, Quaternary alluvium and Tertiary sediments and volcanic
rocks cap a 800-km 2 complex of Precambrian through
late Mesozoic plutonic and metamorphic rocks. This
complex can be traced southwestward into the Kilbeck
Hi I Is.
It contrasts markedly, however, with rocks
exposed in the Ship and Marble Mountains to the west
and much of the Turtle Mountains to the east which
are relatively I ittle affected by late Mesozoic metamorphism. Mesozoic metamorphism in the Old WomanPiute Range attains the highest grades known in the
region.
Irregularly banded and contorted gneiss
probably derived from Precambrian porphyritic granite
occupies large areas in the high grade, structurally
deepest parts of the range (Fig. 2). It is thoroughly mingled with pods and segregations of Mesozoic
granite as much as I km across.
The complex is roughly equally divided between
Cretaceous plutonic rocks and Precambrian metaplutonic and metasedimentary rocks. Volumetrically
minor, but of great interest, are intensely deformed
and metamorphosed Cambrian through Triassic platformsequence sedimentary rocks. Cordilleran (Sevier?)
deformation is manifested by ductile thrusting and
isocl inal folding which places an enormous mass of
Precambrian basement above slices of the Cambrian
to Triassic(?) section. Petrochemical evidence suggests that, I ike many inner Cordilleran granitoids,
the Cretaceous plutonic rocks have a large crustal
anatectic component.

The structure was intruded during Late Cretaceous time by granodiorite and 2-mica granite.
Each of these units comprises several discrete plutons, and together they constitute a 400 km 2 composite batholith. Granite and granodiorite both cut
major thrusts, and although locally deformed, both
are in general unaffected by metamorphism and deformation. Neither imposes a distinct contact
aureole on country rocks, although local recrystal1 ization without major change in grade may have
occurred adjacent to some plutons. In the highgrade heart of the range granitoids pervasively inject country rock and contacts are highly irregular,
whereas in the lower grade region to the north contacts are sharp and well-defined. Where the two
units are in contact, two-mica granite is always
clearly younger.
In most cases, contacts between
the two are sharp: granite either dikes or brecciates the granodiorite.

The purposes of this paper are to summarize the
geology of the pre-Cenozoic rocks of the Old WomanPiute Range and to present our prel iminary interpretation of its Mesozoic history.
LITHOLOGY

Cordilleran thrusting within the Old WomanPiute Range extends the frontal thrust belt 100 km
south from its previously known southernmost exposure (in the New York Mountains), taking it farther
into a cratonal area softened by high temperature.
The same heat flux responsible for this softening
may also have induced anatexis which yielded the
granodioritic (from mafic-fntermediate Precambrian
crust) and granitic (from intermediate-felsic crust)
magmas.

Precambrian Rocks
Precambrian rocks under 1 ie almost half of the
Old Woman-Pi ute Range. Metasedimentary and metaigneous rocks are subequal in areal extent. All are
strongly metamorphosed, and much, perhaps most, of
the Precambrian complex underwent Precambrian as well
as Mesozoic metamorphism and deformation.
The most abundant and distinctive igneous rock
is augen gneiss identified as the Fenner Gneiss of
Hazzard and Dosch (1936). This porphyritic granitic
to granodioritic gneiss is the dominant rock of the
Piute Mountains and is also widespread in the Old

1 This report has not been reviewed for conformity
with standards of stratigraphic nomenclature and
classification adopted by the U.S. Geological Survey.
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Figure I - Simpl ified geologic map of the Old WomanPiute Range, showing major thrust zone and some Tertiary faults. Precambrian of southern portion of range
is migmatized and contains abundant granite of probable Mesozoic age. Abbreviations for Mesozoic plutons:
OW~Old Woman, SW~Sweetwater Wash, PR~Painted Rock, F~
Florence, LD~Lazy Daisy, EP~East Piute, NP~North
Piute, G~Goffs. Inset locator map: OWP~Old \~oman
Piute Range, LV~Las Vegas, LA~ Los Angeles. Abbreviations for explanation boxes: T~Tertiary, K~Creta
ceous, Pz-I.Mz~Paleozoic and lower Mesozoic,
P€~Precambrian. Quaternary deposits left blank.
Tick ma rks eas t of range: I 15 0 W, 34°30 I Nand 34°45 '.
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Figure 2 - Contorted banded gneiss derived from
Precambrian (7) protolith of granitic augen
gneiss, in migmatitic 10lvest level of Old
Woman Mountains.

Igneous rocks are in general younger than the
sedimentary rocks, though some contacts between
Fenner Gneiss and sediments arc equivocal. No precise
radiometric ages are avai lable, but two Rb-Sr points
for the Fenner Gneiss suggest an age of about 1.75
b.y. (L.M. Jones and W.A. Rehrig, CONOCO, unpubl ished
data, and Mi Iler, unpubl ished data). Two points for
2-mica leucogranites are consistent with a similar
age (Fig. 3; L.M. Jones and W,A. Rehrig, CONOCO,
unpublished data; Miller unpublished data).

Woman Mountains. Although the distinctive 2-5 cm
phenocrysts of K-feldspar are retained throughout the
outcrop area, the texture of the Fenner Gneiss is
quite variable, ranging from almost structureless to
intensely I ineated and from weakly metamorphosed to
thoroughly recryst.all ized.
Irregularly banded and
contorted gneiss probably derived from Precambrian
porphyritic granite (possibly Fenner Gneiss) occupies
large areas in the high grade, structurally deepest
parts of the range (Fig. 2).
It is thoroughly mingled with pods and segregations of Mesozoic granite
as much as I km across. Metaplutonic rocks are also
abundant in both the Old Woman and the Piute Mountains, often intimately mingled with metasedimentary
rocks. Among these migmatitic granites is a garnet2-mica leucogranite which, except for its intense
deformation and distinctive isotopic composition, is
similar to Mesozoic granites (see below and section
on Mesozoic granitoid rocks). Precambrian (7) syenite is also present in the western Piute Mountains.

13

o

LI

87Sr/86Sr

Amphibol ites, though not abundant, are widespread,
primari Iy interlayercd with the Precambrian metasedimentary sequence. Most are almost certainly of
igneous origin, though unusual compositions suggest
that some underwent intense alteration prior to metamorphism (cordierite-amphibole rocks; Stoddard and
Miller, 1979). Weakly metamorphosed diabase dikes
are present in the Piute Mountains; simi lar rocks
could have been precursors to some amphibol ites in
higher grade areas.
The sedimentary sequence comprises a thick, monotonous (perhaps repeated) pile of metaclastic material. Psammitic units, probably mostly metagraywackes, and pel ites are both abundant.
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Figure 3 - Rb/Sr isotopic data for Precambrian granitoids of the Old Woman Piute Range. Fi lied circles:
Fenner Gneiss; starred circles: 2-mica + garnet leucogranite gneiss. The two Fenner Gneiss samples define the 1.75 b.y. isochron shown (Sr.=O.702); leucoqr0nites are apparently about the samk age.
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Figure 4 - Tapeats Sandstone, tectonically
thinned to 1 m. Dark rock at bottom of
photo is Precambrian basement, followed
successively upward by lower dark and
upper light colored units of the Tapeats
and then by schistose Bright Angel
Shale.

Paleozoic and Lower Mesozoic Rocks

impure marble containing possible Girvanel la that is
interpreted as correlative with Chambless Limestone.
This pel itic and calcareous schist in turn is
stratigraphically overlain by distinctive banded marble (Fig. 6) correlated with the lower part of the
Bonanza King Formation of Cambrian age, fol lowed locally by white marble that may be correlative with part
of the Bonanza King, or may be, as suggested by
Howard Brown (written communication, 1981), tectonically displaced from a higher stratigraphic position.
Next higher in the stratigraphic sequence is undivided dolomitic marble that may correlate with the
combined upper part of the Bonanza King Formation,
the (higher) Cambrian Nopah Formation, and the
Devonian Sultan Limestone. A schist bed found within this dolomite unit in the Old Woman Mountains may
correlate with the Dunderberg Shale Member of the
Nopah Formation. Above the dolomitic marble is white
marble correlated with the Mississippian Redwal I
Limestone, followed by a unit of bedded marble and
calcareous quartzite correlated with the Bird Spring
Formation of Pennsylvanian and Permian age (Fig. 7).

A distinctive sequence of metasedimentary rocks
is identified as the metamorphosed equivalents of Paleozoic formations in the region. These rocks, their
correlation and their regional significance are discussed more fully by Stone and others (1981 and in
prep.). The original thickness of this sequence as
estimated from unmetamorphosed equivalents elsewhere
was between I and 3 km. Metasedimentary units in the
Old Woman-Piute Range are reduced to ~5-50% of original thickness owing to ductile deformation (Fig. 4).
Basal quartzite correlated with the Tapeats Sandstone of Cambrian age stratigraphically overl ies Precambrian rocks.
In places the nonconformity clearly
truncates Precambrian structures, while in others foliations are brought into parallel ism. Crossbeds
(Fig. 5) as well as stratigraphic sequence demonstrate that the nonconformity is overturned in most
exposures in the range. Pel itic schist and minor
metacarbonate rock that fol low the quartzite stratigraphically upward are correlated with the Cambrian
Bright Angel Shale; commonly this unit includes an
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Figure 5 - Crossbedded quartzite (inverted), met~··
morphosed Tapeats sandstone, Piute Mountains.

Figure 6 - Banded marble, metamorphosed Bonanza King
Formation. Laminations interpreted to be derived
from mottled limestone protol ith.
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Fig. 7-Air view of Little Piute Mtns. Double Z fold
outl ined by calcareous quartzite beds within metamorphosed Bird Spring Fm. in upper limb of a larger isosl inal syncl ine opening to the left{S\4). Same dark
beds are right side up on lower limb of syncl ine (bot-tom). Slopes in background are Precambrian gneiss
thrustsover the metasedimentary rocks; in far distance
gneiss is overlain by another thrust sheet comprising
inverted Cambrian strata. Rocks dip away from observer.
Three successively higher rock units are correlated
with upper Permian formations: phyll ite and calcsi I icate rock with Hermit Shale, platy quartzite
with Coconino Sandstone, and marble with the Kaibab
Limestone.
In the Providence Mountains, Bird Spring
Formation is overlain disconformably by the Moenkopi
Formation of Lower Triassic age (Hazzard, 1954).
The Moenkopi Formation may be represented in the Old
Woman-Pi ute Range by laminated calc-si I icate rock that
stratigraphically overl ies the marble correlated with
Kaibab Limestone. This calc-silicate unit is best
seen in the Little Piute Mountains, where it is tightly folded and 1 ineated and tectonically interfingered
with the underlying marble.
Its texture, fabric and
structural position indicate that it was affected by
the same structural and metamorphic events as the
underlying Paleozoic strata.

leaved with the sequence of metamorphosed Paleozoic
strata. This gneiss represents Mesozoic intrusion
before metamorphism and deformation of the host rocks,
and resembles members of a voluminous plutonic suite
in ranges to the west, tentatively assigned a Jurassic age (~1iller and other, 1982). The sills in
the Old Woman-Pi ute Range are the northeasternmost
e~posures of this Jurassic (?) suite.
The plutonic
rocks other than these si I Is, as discussed more fully
below, are bel ieved to be of Late Cretaceous age and
in most cases are not deformed.
Cenozoic Rocks
Tertiary sedimentary and volcanic rocks overl ie
the plutonic and metamorphic rocks unconformably.
They include a basal boulder conglomerate and red
sandstone, followed by basaltic andesite, crystalrich rhyol ite welded tuff, sandstone and fanglomerate
in the northern Old Woman Mountains and Little Piute
Mountains. The welded tuff has been tentatively
correlated with the Peach Spring Tuff of Brennan
(1966)
and has been dated as 18.3 ±0.6 m.y.
(Howard and others, 1982a). Basal crystal-lithic
ashflow tuff in the Piute Mountains has yielded a
similar K-Ar age on sanidine of 18.6 ±0.6 m.y.
(R.F. Marvin, written communication, 1981). These
dates establ ish a Miocene age, similar to heterogeneous volcanic and sedimentary sequences in nearby
areas (~\cCurry, 1981; Mi ller and others, 1982; Howard
and others, 1982a; Pike and Hansen, 1982; Davis and
others, 1980; Carr, 1981). The Tertiary strata in
the Old Woman-Piute Range are deformed and are overlain unconformably by Quaternary alluvium which
flanks and embays the range.

Mesozoic Plutonic Rocks
Mesozoic gzanitoids are exposed over a total area
of about 400 m. The bulk of this area is divided
almost equally between a suite of 2-mica granite,
occurring in five discrete plutons, and a suite of
more mafic granodiorite, occurring in three plutons.
The plutons are named on Fig. I. These two suites
are discussed extensively in a later section on
plutonism. The granite is very felsic 2-mica + garnet rock and intrudes the granodiorite, which is more
mafic rock containing biotite + sphene + hornblende.
The granodiorite in turn shows ambiguous intrusive
relations with a third, less voluminous lithology,
leucocratic biotite-magnetite granite that occurs as
patches intermingled with metamorphosed Precambrian
granite. A fourth type, volumetrically minor, occurs
as deformed sills of granitic augen gneiss inter-
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STRUCTURE

Ductile thinning of the sheath of Paleozoic
strata on the base of the allochthon is most extreme
in the southernmost exposures in the Old Woman-Pi ute
Range. Here, inverted strata below Precambrian
gneiss comprise metamorphosed Tapeats, Bright Angel,
and Bonanza King Formation, undivided dolomite, and
the Redwall Limestone, all fol iated and thinned to
a total thickness of 40-50 m. This is about 5% of
inferred original stratigraphic thickness.

The Old Woman-Pi ute Range exposes a fold-andthrust nappe of Mesozoic age. The Old Woman nappe is
cored by Precambrian basement rock and 0rests0 on a
basal thrust fault or faults dipping 20 -70 northwest.
Inverted, metamorphosed Cambrian strata that
outl ine the base of this nappe, and metamorphosed
younger strata in the footwall, crop out as a nearly
continuous band 45 km long trending southwest from
the Little Piute Mountains through the Old Woman
Mountains to the Kilbeck Hills (Fig. 1). Dips are
moderate and to the northwest, so that deeper structures emerge south of this band and higher structural
levels are preserved to the north. The geologic map
shows that the structurally higher northern part of
the range exposes Precambrian rocks and small plutons;
the structurally central part of the range exposes
this band of metasedimentary strata in the midst of
much granitoid rock; and the southern part of the
range exposes migmatite that is the structurally
lowest rock. The relations are shown schematically
in Fig. 8.

The thrusts are marked by I ithologic breaks but
not by gouge or cataclastic features. Metasedimentary rocks are fol iated paral leI to the thrust, and
are 1 ineated and mesoscopically folded. A zone of
mylonitic gneiss with granoblastic texture along
one thrust suggests that thrusting was ductile and
was followed by static metamorphic recrystall ization. The thermal overprint may be related to
plutonism: dikes of 2-mica granite of the Sweetwater
Wash pluton clearly cut the main thrust, and granodiorite of the Old Woman pluton appear, to as well.
Overturning, ductile thinning, and fol iation of
the metamorphosed Cambrian section also affected
Jurassic (7) sills, now schist and augen gneiss. The
thrusting and other deformation is constrained between the emplacement of these sil Is and the Late
Cretaceous plutons. Overturning of the nappe, if it
is normal to the 45-km length of the base of the
exposed nappe, is to the southeast. These loose
constraints on timing and vergence are consistent
with the foreland thrust belt of the Cordi 1lera,
previously traced southward from Utah and Nevada into
Cal ifornia in the Clark and New York Mountains, 100
km north of the Old Woman-Pi ute Range (Burchfiel and
Davis, 1971, 1977). The ducti Ie thrusts, overturning,
extensive involvement of Precambrian basement, and
associated metamorphism and plutonism in the Old
Woman-Piute Range contrast with more brittle deformational style and locus of thrusting at the margin of
stratigraphically thick miogeoclinal sections in
Nevada and Utah. These contrasts appear to confirm
speculation by Burchfiel and Davis that as the
thrust belt traces south out of the miogeocl ine and
into Precambrian crust, its position reflects not
stratigraphic boundaries so much as ductil ity contrasts due to crustal heating and softening.

Metamorphosed Cambrian and locally higher strata
all along the base of the nappe are inverted below
Precambrian rocks. They rest in thrust contact in
the Old Woman Mountains on the various metamorphosed,
higher Paleozoic and Lower Mesozoic formations.
Relationships are well displayed at the northeast end
of the belt in the Little Piute Mountains, where
metamorphic grade is lowest. There, at least two
sl ices of inverted rocks identified as metamorphosed
Cambrian Tapeats and Bright Angel Formations, and
locally their Precambrian substratum, are thrust
over a sl ice of Precambrian gneiss hundreds of meters
thick. This sl ice is not recognized elsewhere.
It
in turn overrides and truncates an isocl inal ly folded
and internally thrusted section of rocks identified,
in descending order, as Moenkopi (7), Kaibab, Coconino, Hermit, Bird Spring, Redwall (7), and Sultan(7)
Formations (Fig. 7). The contact between these folded rocks and a thin layer of schistose rocks which
underl ies them may be either a thrust or a sheared
intrusive contact. Both folded rocks and schist are
intruded by the underlying Old Woman pluton.
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Figure 8 - Schematic cross section to illustrate Old Woman nappe and its possible relation
to unmetamorphosed rocks in the Ship Mountains. The concordant Old Woman granodiorite
pluton and underlying migmatite occupy levels below the nappe.
Higher structural levels
are marked by increasingly discordant plutons, mainly 2-mica granite.
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Figure 9 - Boudined si 1Is and cross-cutting dikes of
Late Cretaceous granite in Moenkopi (7) Formation,
northern Old Woman Mountains.
underlying rocks in the Little Piute Mountains on the
0
0
downthrown side of this fault are ti Ited 10 - 15
toward the fault, but they are not offset much laterally as demonstrated by near continuity of the outcrops
of Paleozoic rocks and Mesozoic thrusts. This fault
may represent part of a headwall or breakaway zone for
extens ional faulting toward the detachment terrane
(Davis and others, 1980; Howard and others, 1982a;
Spencer and Turner, 1982). Simi lar faults are inferred to undefl ie the valley east of the Piute and
Old Woman Mountains. Steep normal faults on the
other, western, side of the Old Woman Mountains step
the rocks downward toward the valley on that side and
help account for the structural and probably the
topographic rel ief of the range above the trough
occupied by Danby Lake playa. A Tertiary reverse
fau 1t, unusua 1 in th i s reg ion, places metamorphosed
Cambrian 1 imestone in the Piute Mountains over ashflow tuff dated at 18.6 to.6 m.y. The range fronts
are sinuous indicating the range is not the result
of recent block faulting. Quaternary deposits overlap all faults.

Outl iers of Cambrian formations north of the
exposed thrust in the Old Woman-Pi ute Range represent
infolds above or behind the Old Woman nappe. One
complex outl ier in the Piute Mountains contains
recumbently folded Cambrian strata. The structural
level above and north of the thrust exposes primarily
Precambrian basement. This basement is intruded by
2-mica granite plutons, in general \.,ith concordant
contacts in the southwest and discordant contacts in
the northeast.
This style contrasts with the structural level
southeast of and below the thrust. That level is occupied by the large, concordant, sheetl ike Old Woman
pluton, underlain by a floor of contorted migmatite
derived from Precambrian (7) granite (Fig. 2). Small
infolds of metamorphosed Paleozoic strata are present
locally.
Near the south end of the range the exposed part
of the Old Woman pluton and the upper part of its
floor are deformed to mylonitic gneiss containing
gently dipping fabric, similar to mylonitic gneiss
across the val ley in the Iron Mountains to the south
(Mi ller and others, 1981; Howard and others, 1982b).
Mylonitic gneiss fabrics are also developed locally
in the Sweetwater Wash and East Piute plutons, and
in rock tentatively identified as part of the North
Piute pluton, as discussed below. These fabrics
evidently postdate latest movement on the thrust cut
by the plutons.

The cover of Miocene rocks 1 ies on part of the
thrust and on higher structural levels, but not on
deeper levels. The deeper levels in the south part of
the range were evidently unroofed relatively late in
Tertiary time.
METAMORPH ISM
General Nature
Metamorphism within the Old Woman-Piute complex
is of regional type, within the low pressure portion
of the amphibolite facies (andalusite-sillimanite
series). Absence of well-defined contact aureoles
or chilled borders and presence of extensive terranes
of injection migmatite indicate that the plutonic
magmas were not greatly out of thermal equil ibrium
with their surroundings - that is, that emplacement

Cenozoic faulting disrupts the crystall ine rocks
in a few places. One of these is a fault along the
southeast margin of the Piute Mountains that places
the Lazy Daisy pluton against Tertiary fanglomerate
dipping into the fault. This is the westernmost of
a series of normal faults that drop rocks progressively eastward toward the detachment-fault terrane of the
Whipple and Chemehuevi Mountains. Tertiary strata and

568

Mineral assemblages from metamorphosed Bright
Angel Shale have been used to construct AFM and AKNa
topologies between which discontinuous reactions
(isogradic reactions) can be inferred. The StauroI ite Zone is characterized by the assemblage Mu + Qz+
Bio:!:" Ch (abbreviations are defined in Fig. 12).
Although no staurol ite was observed in samples collected within this zone, andalusite porphyroblasts in
samples from the nearby andalusite zone contain
metastable inclusions of coexisting staurol ite and
prograde chlorite. This implies that staurolitechlorite assemblages characteristic of a Barrovian
type staurol ite zone preceded the growth of andalusite, and that designating the lower grade andalusite-absent region the Staurol ite Zone is probably
correct. Restricted range of bulk composition and
1 imited sampl ing may explain why staurol ite was not
observed from samples collected within the Staurol ite
Zone. The Andalusite Zone is characterized by the
assemblage Mu + Qz + Bio + St + And + Gar. Some
porphyroblasts of andalusTte fr~m this-zone contain
metastable inclusions of coexisting staurol ite and
prograde chlorite, indicating that the path of metamorphism passed through the Staurol ite Zone before
reaching the Andalusite Zone. The AFM topology for
the Lower Sil I imanite Zone is identical to that of
the Andalusite Zone with the exception that sill iman i te rep 1aces anda 1us i te; s tau ro 1 i te and garnet
are lost within this zone through continuous reactions to sillimanite and biotite, yielding assemblages of Qz + Mu + Bio + Silo The transition from
the Lower Si 11imanite Zone to the Upper Si II imanite
Zone involves the terminal reaction of staurol ite
and is not observed in Bright Angel Shale. Nevertheless, the disappearance of staurol ite from
Precambrian metapel ites (presumably of wide-ranging
composition) suggests this transition. Bright Angel
Shale from the Si 11 imanite-Kspar Zone is characterized by the assemblage Sil + Mu + Qz + Ksp + Bio and
by a sharp decrease in modal muscovite from an average of 30% at lesser grades to 3%. Mineral assemblages from metamorphosed Bright Angel Shale are
summarized on AFM and AKNa projections in Fig. 11.

occurred during metamorphism. Textural evidence
commonly records multiple events; in particular,
textures of Paleozoic pelites (discussed below) in
some areas record demonstrably syntectonic metamorph i sm.
Both Precambrian basement and the CambrianTriassic cratonal sequence record similar metamorphic
histories, though the Precambrian maintains some
vestiges of pre-Paleozoic as well as Mesozoic events
(compare Stoddard and Miller, 1979, Hoisch and Mi IleG
1981). Where sufficient data are available, peak
conditions recorded throughout the cratonal sequence
and in adjacent Precambrian rocks are simi lar, perhaps identical.
Bright Angel Shale was chosen as the subject for
a detailed study of Mesozoic metamorphism because
its Cambrian age e1 iminates the possibil ity of a
Precambrian imprint and its pel itic composition makes
it a sensitive metamorphic indicator. Results of
this study (Hoisch, thesis in preparation) are
summarized below.
Metamorphism of the Bright Angel Shale
The highest grade of metamorphism in the area
occurs in the core of the range, where conditions
reached the Sill imanite-Kspar Zone (SKZ). The metamorphic grade decreases northward through a succession of metamorphic zones: Upper Sil I imanite Zone
(USZ), Lower SillimaniteZone (LSZ), Andalusite
Zone (ANi), and Staurol ite Zone (STZ) (in order of
decreasing grade). In a broad sense, isograds trend
northeast, similar to the trend of the major thrus~
zone which extends through the area (Fig. 10).
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Figure 10 - Map of metamorphic zones and isograds in
the study area. Presence of possible Lower Sill imanite Zone in southern Old Woman Mountains suggested
by the occurrence of staurol ite in a single Precambrian sample. Stippled pattern: Mesozoic plutonic
rocks; black: Paleozoic-lower Mesozoic strata.

Sil
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Fi~ure 11 - AFM and AKNa topologies for metamorphic
zones in the study area. Assemblages observed in
Bright Angels Shale are shown as .'s. Muscovite
+ quartz in equil ibrium with all AFM assemblages,
and quartz with all AKNa.
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above reactions based on different petrogenetic grids
and assuming isobaric sections.

Discontinuous reactions can be inferred between
the topologies of Figure 11 and provide the basis for
distinguishing metamorphic zones:

TABLE Z
TABLE 1
ZONES I
STZ to ANZ
ANZ to LSZ

SYSTFM Z
KFMASH

LSZ to USZ

A1 ZSi0
5
KFMASH

USZ to SKZ

KNASH

P-T estimates for conditions of metamorphism
observed in metamorphosed Bright Angel Shale Old
Isobaric conditions are ~ssumed.
Woman-Pi ute Range.

REACTION
(a) Mu + St

+ Ch
ss + Qz -ss
And + Bio ss + HZO

GRID
Hess ( 1973)
Thompson
( 1976)
Dickinson and
Hess (1981 ,and
personal commun i ca t ion)

(b) And -- S i 1
(c) St

ss

+ Mu + Qz

S i 1 + Gar ss + Bio ss

ss

~

(d) Muss + Ab ss + Qz -S i 1 + Kspss + HZO

sol id solution

REACTION:
P(HZO) ~
P(total) ,kb (a)
4.8
615
5.0
3.3

630
515

(b)
650

( c)
675

TOC
(d) NOTES
w, z

645
530

685
570

w, z
610 x, y

Reaction letters a,b,c,d correspond to reactions of
Tabl e 1.

1: STZ ~ Staurol ite Zone; ANZ ~ Andalusite Zone;
LSZ ~ Lower Sillimanite Zone; USZ ~ Upper Sill imanite
Zone; SKZ ~ Sill imanite-Kspar Zone.
z: KFtlASH ~ KZO, FeO, '~gO, A1Z03, SiOZ, HZO. KNASH:
+ KZO, NaZO, A1 Z0 3 , SiOZ, HZO.

w

Uses the Al?Si0 stabi 1ity curves of Richardson and
5
others (1969).

x

These reactions, in combination wi th others,
constrain the P-T-a(H~O) region in which the topologies of Figure 11 ar~·st~ble.
Unfortunately, these
regiors are not well determined. Nevertheless as is
apparent from the petrogenetic grids of Hess (1973),
the most straightforward section which can explain
these topologies would appear to be one that is isobaric (Fig. lZ). Table Z gives temperatures for the

Uses the A1 Si0 stabil ity curves of Holdaway (1971).
Z
5

YThe stabil ity of reaction (d) is taken from Chatterjee and Froese (1975) and used in combination with
the petrogenetic grid.
zThe stabi 1 i ty of reaction (d) is not shown on the
grid and its position according to Chatterjee and
Froese (1975) is incompatible with other reactions
on the grid.

Even though values in Table Z vary by as much as 1.7kb
and lZOoC, it is clear that the conditions of metamorphism reflect high temperatures and low pressures
simi lar to those observed by Labotka (1981) in the
Panamint Mountains, California.
Textures observed in metamorphosed Bright Angel
Shale from the northwest-trending band of metamorphosed
Paleozoic strata in the Piute Mountains reflect
mu 1tip 1e events of metamorph i sm and deformat ion. A
~trong f~l iation is first developed parallel to origInal sedimentary stratification. At the northwestern
end of the metasedimentary band, microfolds bend the
fol iation and a second generation of biotite paral leIs
the axial surfaces (Fig. 13a).
Along the metasedi~entary band to the southwest, metamorphic grade
Increases and deformation becomes progressively more
in~ense, producing a well developed sl ip cleavage.
AXial s~rvaces of the sl ip-cleavage are paralleled by
staurolite as well as second-generation biotite (Fig.
13b). The syntectonic growth of minerals is indicated
by textural features that suggest rotation of the
minerals as they grew (Fig. 13c).

Figure lZ. Schematic petrogenetic grid showing discontinuous reactions which provide boundaries for
metamorphic zones observed in Bright Angel Shale from
the Old Woman-Piute range.
Irrelevant discontinuous
reactions which radiate from invariant points are
omitted for clarity. Although the axes are not
cal ibrated, the reader may obtain a sense of their
values from two estimates of the position of the
A1ZSi05 triple point: 3.7kb and 500 0 C (Holdaway,
1971) and 5.5kb and 645°C (Richardson, et al., 1969).
Sources: Thompson (1976), Hess (1973), and Dickenson
and Hess (1981, and personal communication).
Reactions: 1. Garss + Ch ss + t1u ~ Stss + Bio ss + Qz
+ HZO; Z. Ch ss + Al + Qz ~ Cd ss + St ss + HZO;
3. Mu + Ch ss + St ss + Qz ~ Bio ss + Als + H20; 4. Al
+ Bio,s + Qz ~ St ss + Cd ss + Mu; 5. Sta ss + Mu + Qz
~ Bio ss + Gar ss + Als + HZO; 6. Muss + Ab ss + Qz ~
Kspss + Als + HzO; 7. Mu + Qz ~ Ksp + Als + HZO.
Reaction 3 ~ (a) of Tables 1, Z; 5 ~ (c); 6 ~ (d).
Mineral abbreviations: K ~ kyanite, S ~ sill imanite,
A ~ andalusite, Gar ~ garnet, Ch ~ chlorite, Mu
muscovite, St ~ staurol ite, Bio ~ biotite, Qz ~
quartz, Cd ~ cordierite, Als ~ A1ZSi05'

Toward the southeastern end of the metasedimentary band in the Piute Mountains, andalusite-biotite
assemblages are post-kinematically retrograded to
sericite-chlorite, while at an isolated exposure Z km
southeast, 'the metamorphosed Bright Angel Shale is a
granofels, containing large (to I/Z cm) post-tectonic
andalusite poikiloblasts. These probably represent
the distal and proximal effects (respectively) of the
intrusion of the Lazy Daisy pluton (described under
plutonism).
It appears that heat and vol~tiles introduced with the magma have produced modest retrograde
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A)

Bright Angel Shale from the northeastern end of the
Paleozoic metasedimentary band, Piute Mountains. The
strong foliation parallels original bedding surfaces.
Second-generation biotite parallels the axial surfaces
of microfolds.

B)

Bright Angel Shale from the middle of the Paleozoic
metasedimentary band, Piute Mountains.
Staurolite
and second-generation biotite parallel the axial
surfaces of well developed slip-cleavage.

Figure 13 - Photomicrographs of Bright Angel Shale; long dimension approximately 2 mrn (A,B,C,D).
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C)

Bright Angel Shale from the middle of the Paleozoic
metasedimentary band, Piute Mountains.
Inclusion
trails in the biotite reflect syntectonic growth.

D)

Bright Angel Shale from Meteor Gulch, Old lvoman
Mountains. Here, it is within the Sillimanite-Kspar
Zone.
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metamorphism 2-3 km away from the pluton and modest
prograde metamorphism within one km or so, but pressure
has remained roughly constant. This indicates that at
the time of emplacement the country rock had cooled
somewhat but not a great deal from peak conditions and
that depth had not changed much.
Elsewhere in the range, textures in metamorphosed
Bright Angel
Shale reflect a variety of histories.
In some local ities, evidence of only one fol iation and
metamorphism is preserved (Fig. 13d). Samples from
the Fenner Hills, 10 km northwest of the north end
of the range, contain partially sericitized idioblastic andalusite and biotite altering to chlorite. Textures from these samples indicate that retrograding
followed the development of strain shadows.
In
samples from the northern Old Woman Mountains, textures suggest that lenticular porphyroblasts of
sericite with sill imanite inclusions came about through
the retrograding of deformed alkal i feldspar prophyroblasts with sillimanite inclusions.
Ultrametamorphism of Precambrian (?) Granite
The lowest structural level in the range exposes
migmatite consisting of banded gneiss derived from
Precambrian(?) granite augen gneiss, intermingled with
Mesozoic leucocratic biotite-magnetite granite (Fig.
2). Gray feldspar phenocrysts or augen in the least
deformed exposures grade Into white feldspathic
stripes characteristic of much of the gneiss. The
banded gneiss commonly fades into nearly structureless biotite-magnetite granite containing pink
porphyroblastic K-feldspar and gradational pegmatitic
pods. These relations are suggestive of ultrametamorphism and incipient anatexis of the Precambrian(?)
granite. Chemical and isotopic studies of the gneiss
and the Mesozoic granite with which it is intermixed
are underway to test this possibil ity.

granitic rock (Fig. 2). One or more gently dipping
sheets or tongues of the pluton, on the order of 100m
thick, intercalate with the gneiss and migmatite.
The flat floor and underlying migmatite is reminiscent
of the view expressed by Hamilton and Myers (1967)
that bathol iths are sheet-I ike and are underlain by
migmatite terranes.
2
The smaller (20 km ) Florence pluton is virtually identical in composition, u=xture, roof zone, and inclusion assemblage to the Old Woman pluton
and may be its structural continuation.
It crops out
in two bodies separated by younger muscovite granite
and alluvium.
2
The 10 km Gaffs pluton has been investigated
only in reconnaissance fashion. Average rock is
very similar to the other two granodiorite intrusions,
but whereas each of the others is relatively homogenous (K-feldspar-bearing tonal ite-granodiorite),
this pluton includes appreciable quantities both of
more mafic (diorite/hornblende gabbro) and of more
felsic (granite)rocks.
All of the plutons appear to be largely free
from effects of post-consoJ idation deformation and
metamorphism, though parts of the southern portion
of the Old Woman pluton have a mylonitic fabric.
Pet rag raphy
As stated above, the granodiorite plutons are
quite homogene?us. Some of the more mafic samples
are tonal ities with 10% K-feldspar, but most have
10-15% F-feldspar, 15-20% quartz, and about 50%
plagioclase (sadie andesine). The remainder of the
rocks (15-25%) is largely biotite; sphene and
magnetite are abundant in all 'amples, apatite, zir~
can, and allanite are ubiquitous, and hornblende is
present in more mafic samples. Mafic and accessory
minerals were the first to begin crystall ization and
oftpn form clot~ pl~giGclase fol lowed closely in the
paragenetic sequence and in some cases is included
in the clots, and K-feldspar and quartz are the
latest-crystall izing phases. Kspar occurs both as
poikil itic phenocrysts and as interstitial grains;
quartz is present only as anhedral interstitial grains.
Hafic (presumably cognate) inclusions have similar
mineral assemblages and textures to granodiorite and
appear to be larger counterparts of the mafic clots:
they contain abundant hornblende, biotite, sphene
and other accessories, and plagioclase, and have
1ittle or no quartz and K-feldspar.

PLUTONISM
Granodiorite Plutons
Three plutons in the Old Woman-Piute Range are
predominantly granodioritic. Together these intrusions, herein referred to informally as the Old Woman, Florence and Goffs plut2ns, crop out over an
area of approximately 200 km (Fig. 1).
The Old Woman pluton is by far the largest of
the th2:ee.
It is exposed over an area of more than
150 km in the central and northern Old Woman Mountains and the Little Piute Ijountains.
It is medium
grained, typically equigranular although over large
areas it contains l-cm K-feldspar phenocrysts, and
ranges from mass i ve to we II fall ated. Except for
locally abundant pegmatite and apl ite dikes, the
pluton is free of felsic differentiates. The most
striking foliation is present at the roof, where
schl ieren and flattened mafic inclusions paral lei the
contact. A weak, pervasive mineral-al ignment fol iation is also present in the eastern and southeastern
portions of the pluton. The granodiorite carries
sparse cognate mafic inclusions, mostly <10 cm across
but occasionally up to 10's of m, throughout its
extent. Also pre~ent locally are small (several em)
to enormous (5 km ) xenol iths and/or roof pendants
of Precambrian gneiss. The center of the pluton
has been punctured by a large intrusion of 2-mica
granite (see Painted Rock pluton).
The pluton is
floored by layered Precambrian(?) gneiss which in
turn overl ies migmatite derived from Precambrian

Chemistry
Major element chemistry of the granodiorites corresponds to their mineralogy: they show modest variation, all (except mafic inclusions and late dikes)
having 58%-68% Si0 . A typical analysis is shown in
2
Table 3; Figure J4 illustrates the range of composition of samples from these three plutons.

I. The classification of Streckeisen (1976) is followed in this paper.

573

,

55

I

,

I

,

,

2

3

4

!

5

I

6

CoO
Figure 14 - Variation in representative major clement oxides in Mesozoic
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Fig. 16 - Chondrite - normalized rare earth element
ranges, Old Woman (4 patterns) and Sweetwater Wash
(9 patterns) plutons. Nine patterns fron other 2mica granite plutons are similar to those of the
Sweetwater Wash pluton, except for granodiorite from
the East Piute pluton, which is more depleted in
heavy REE.

Abundance of Rb is near 100 ppm; Sr concentration
is very high, ranging from about 600 to 1000. Barium
is largely within the range 1000-Z000 ppm. Rb is
highest and Ba and Sr lowest in the most felsic rocks
(Fig. 15). Rare earth element patterns show strong
negative slopes and moderate negative Eu anomal ies
(F i g. 16).
Initial 87 /86
ranges from 0.7095 to 0.711
S
S
within the Old Womanrpluton. A single sample from
the Florence pluton yields a ratio within that range.

eral cm), sparse Z-mica schist inclusions and
apl ite/pegmatite dikes, the southern portion is noteworthy for its abundance of diverse xenol iths which
range to several hundred meters in maximum dimension
(Fig. ill.
Some of these may actually be roof pendants. Many of the xenol iths and adjacent country
rocks were migmatized by injection. At this southern margin some of the muscovite granite is moderately deformed, perhaps by protoclastic flow along the
margin, perhaps by larger scale movements related to
the nearby (mainly older) major thrust faults.
Interpretation of this deformation is rendered difficult
by the presence in adjacent country rock of Precambrian 2-mica + garnet granite. This rock is very
similar to th~ Mesozoic granite in the field, though
it is generally more intensely deformed and tends to
have somewhat different chemistry (Hay, 1981). The
Paleozoic Section and a thin, structurally higher band
of Precambrian gneiss constitute a remarkably continuous barrier between the Old Woman and Sweetwater Wash
plutons. Although both plutons invade the section and
cut the thrusts, they have largely concordant contacts
with it (floor of the Sweetwater Wash, roof of the Old
Woman), and only in rare instances are they in contact
with one another.
In these instances, the 2-mica
granite clearly cuts granodiorite. The Sweetwater
Wash pluton appears to have a similar relationship on
the west with the Florence pluton.

Age of the granodiorite is probably Late Cretaceous. The Old woman pluton postdates Mesozoic
thrusting and predates, perhaps only sl ightly. 79 m.
y. Z-mica granite. A single Rb-Sr isotopic point
from a pegmatite which cuts the pluton gives an age
of approximately 95 m.y. when tied into the cluster of
low Rb/Sr points from the granodiorite (Jones and Rehrig, CONOCO, unpubl ished data; Hurst and Miller, unpubl ished data). The granodiorite itself has too
small a Rb/Sr spread to yield a reI iable age.
Z-Mica Granite Plutons
Four Mesozoic plutons are composed almost entirely of muscovite + biotite + garnet granite,
and a fifth contains -primary-appearing muscovite
locally. We have given these plutons the informal
names Painted Rock, Sweetwater Wash, Lazy Daisy, East
Piute and North Piute pluton (Fig. 1). Muscovitebearing plut2ns are exposed over a total area of
about 160 km. Various aspects of the geology of
these plutons have been discussed by Miller (1973,
1977), Miller and Stoddard (1981), Hay (1981),
Sparkes (1981), and Miller and Mlttlefehldt (in prep.).
The Sweetwater Wash pluton is the best studied
of the five. zit crops out over an area of approximately 50 km and comprises mostly Z-mica granite,
with lesser amounts of 2-mica + garnet and muscovite
+ garnet granite.
Though most of the pluton is
homogeneous and structureless except for small (sev-

With the exception of one small area at its
southwestern cornZr where it invades Precambrian
gneiss, the 60 km Painted Rock pluton is intruded
entirely into granodiorite of the Old Woman pluton.
Its most distinctive feature is the presence of
smail to massive (several hundred meters) stoped blocks
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Fig. 17 - Rotated xenol iths of Precambrian gneiss,
southwest portion of Sweetwater Wash pluton; also
common in this area are unrotated xenol iths and extens i ve Ii t-par-l it i nj ect i on terranes.
of granodiorite. Otherwise, the pluton is rather
monotonous, with only a few sma]) gneiss and schist
inclusions and relatively sparse dikes. Two-mica
granite similar to that of Sweetwater Wash is dominant, 2-mica + garnet granite is fairly common, and
muscovite-poor to muscovite-free granite is present
in some areas adjacent to granodiorite. Hybridization
with or contamination by granodiorite may occur locally,
as is indicated by the presence of relatively biotiterich, muscovite-poor sphene-bearing rocks near contacts.
2
The Lazy Daisy pluton (25 km ) intrudes Precambrian rocks except at one point on its west side
where it comes into contact with Cambrian strata.
It
sends fairly abundant dikes a short distance into
country rock, but otherwise it has sharp, regular
contacts. The pluton itself is virtually identical
to the homogenous portion of the Sweetwater Wash pluton: texturally similar 2-mica + garnet granite with
very sparse, small xenol iths of 2-mica schist and
abundant garnet-bearing dikes.

stoped blocks of country rock are present, one in the
granite cupola, the other in the granodiorite. No
other inclusions are found in either rock type.
Except for modest diking, the contact (entirely with
Precambrian gneiss) is strikingly regular and sharp.
Most of the granodiorite is very weakly fol iated,
and near the southern margin an intense mylonitic
1 ineation is developed. The muscovite granite
reveals no fabric in the field, but in thin section
modest cataclasis (shattered quartz grains, bent
plagioclase and muscovite) is evident.
2
The North Piute pluton is small (8 km ?) and
like the East Piute pluton, it is perplexing. The
southern half comprises 2-mica ~ garnet granite
identical to that found farther south in the range,
but the northern half, which shares a seemingly
continuous common contact against Precambrian gneiss
(Fig. 18), is intensely lineated. This rock, which
also is primarily 2-mica granite, is intruded by
rocks of the south portion. Prel iminary chemical data
seem to ally these rocks with deformed Precambrian
2-mica granites elsewhere in the range (see Chemistry,
below) .

2
The East Piute Pluton, covering 15 km is distinct from the other muscovite-bearing plutons and
enigmatic in its relationship to them (Sparkes, 1981).
It is primarily biotite granodiorite, distinct from
the other granodiorites in the range in that it contains no sphene and less biotite and not uncommonly
has sm211 amounts of primary-looking muscovite. A
one km cupola of coarse grained, muscovite-rich,
garnet-bearing granite is exposed at the western
margin. Dikes of identical material cut the biotite
granodiorite adjacent to the cupola, and compositionally simpler but typically finer-~rained dikes are
found elsewhere near the margin of the pluton. Smal I
(5-20 cm), dark, ovoid xenol iths of intermediate
igneous composition and texture are sparse but widespread in the granodiorite. Two large (100-400 m)

Essentially all of the Mesozoic muscovite-bearing granites are true granites, falling near the
granite/granodiorite boundary (roughly 30% quartz,
25% K-feldspar, 40% plagioclase, 5% muscovite + biotite + garnet,
«1% total monazite + magnetite +
zircon + apatite). Garnet granites are sl ightly richer ln quartz and poore in feldspar,
Muscovite
increases and biotite decreases or is absent in garnetbearing rocks. The muscovite-poor rocks of the East
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Figure 18 - Extremely sharp contact between North
Piute pluton and country rock (Fenner Gneiss). Note
granite dikes cutting gneiss. Granite at extreme
right is intensely 1ineated, rema inder is undeformed.

positional sequence which was apparently controlled
by crystal fractionation (Hay, 1981; Miller and
Stoddard, 1981; Mittlefehldt and t'liller, in preparation). Typical compositions of Sweetwater Wash rocks
are shown in Table 3, and compositional trends are
illustrated in Fig. 14. Fractionation must have been
very effect i ve, for Sr and Ba drop by factors of ~ 50
and La by a factor of 20 from least to most felsic
rocks (Figs. 15, 16). All trends are consistent with
removal of a plagioclase + mica + K-feldspar + monazite + quartz crystall ine assemblage from the magma.
Analyses from other muscovite-bearing plutons appear
to I ie on the same trends (Fig. 15).

Piute pluton have more plagioclase and less quartz and
Kspar
and I ie mostly in the granodiorite, to a
lesser extent in the granite, field (Sparkes, 1981).
They have more biotite and more of the accessory minerals than the muscovite-richer granites found elsewhere.
In al I samples biotite, plagioclase, and all
accessories began crystall ization early, and
feldspar and quartz are late. Muscovite is also
early, except in the granodiorite of East Piute pluton.
Hay (1981) has noted quartz inclusions in plagioclase
that suggest two episodes of quartz crystall ization.
This may indicate that the magma crossed out of and
re-entered the quartz + liquid stabi Ii ty field as
it ascended.

Hay (1981) has noted that intensely deformed
muscovite + biotite + garnet granites exposed at
the southern margin of the Sweetwater Wash pluton
are apparently Precambrian in age, based up field
relations and a single Rb-Sr isotopic point provided
by CONOCO through W. A. Rehrig and L.M. Jones. These
rocks are far more s~attered both in major and trace
element chemistry than the Sweetwater Wash granites,
but they tend to be considerably richer in K 0 (~
2
5 wt%).

Chemi stry
Except for granodiorites of the East Piute pluton,
which are poorer in SiO and have lower normative
corundum, al I samples ot the muscovite-bearing granites have high Si0 (70-76 wt. %) and normative corun2
dum (most 1-3%), and low CaO and mafic oxides (CaO +
LFe as FeO + MgO < 4 wt.%). Late differentiates
develop very low Sr, Ba, and light REE concentrations
and extreme negative Eu anomal ies; typical rocks, however, have rather normal granite abundances of al I
analyzed trace elements (Sr,-; 200-400 ppm, Rb ~120160 ppm, Ba "'400-1000 ppm, negatively sloping REE
patterns with moderate negative Eu anomal ies).

Initial 87 /86
ratios are currently available
Sr
Sr
only for the Sweetwater Wash pluton (0.718, Miller
et al., 1980) and the granodioritic portion of the
East Piute pluton (0.7075, R.W. Hurst, unpubl ished
data) .
Data for the Sweetwater Wash, Painted Rock, Lazy
Daisy, and North Piute plutons are permissive of a
comagmatic origin, and their spatial proximity and

Major and trace element chemistry of Sweetwater
Wash pluton reveal a relatively simple temporal/com-
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simi lar textures and mineral paragenesis suggest at
least simi lar histories. Strontium isotopic evidence
seems to indicate that at least the main granodioritic
mass of the East Piute pluton is not closely related;
the very different inclusion assemblage and more
mafic, more weakly peraluminous composition is consistent with this interpretation (Sparkes, 1981).

and was apparently entirely consol idated at the time.
Major and trace element data permit a fractionation
relationship between the two and thus would allow interpretation of the older, more mafic granodiorite as
the early-crystallizing portion of a magma which was
also parental to 2-mica granite. Strontium isotopic
compositions, hOlvever, seem to rule out a close 1 ink
between the two rock units. The difference between
the two (~0.718 vs. "'0.710) seems irreconcilable;
unreal istically extensive contamination by ancient
country rock would be required to account for the much
higher ratio of the granite.

A four-point isochron, with some scatter but a
great spread in S7S r /86 Sr (0.718-0.971), yields an
age of 79 + 7 m.v: for the Sweetwater Wash pluton
(Miller, 1977; Hu~st, unpublished data). I(-Ar ages
of 72.3 m.y. for the North Piute pluton (Needles
Sheet, Bishop, 1963) and 70.5 m.y. on the Sweetwater
Wash pluton (Armstrong and Suppe, 1973) have also been
determined. Further geochronologic work by Hurst,
J.E. \.Jright and L.T. Si lver is in progress.

Origin of the Granitic Rocks
Major and trace element and isotopic data together
constrain the origins of both granodioritic and granitic
magmas. Granodiorite was probably generated in large
part, perhaps entirely, by extensive anatexis of maficintermediate lower crust. There may have been a sig~ificant mantle-derived component, but initial 87S r /
. 6S r ratios are so high that it is difficult to
envision a magmagenic scenario which reI ies on modest
contamination of mantle-derived magma. Two-mica
granite magma was nlso apparently primarily generated
from crustal material, but in this case the material
was intermediate to felsic in composition. Sedimentary
rock may have been an important source consti cuent,
but if so, it was not primarily pelitic (see Miller,
1981, or t1i ller and Stoddard, 1980, for reasoning).

Emplacement of the Sweetwater Wash Pluton
The fol lowing history is proposed for ascent,
emplacement, and crystallization of the Sweetwater
\.Jash pluton, based primarily upon Hay (1981), Miller
and Stoddard (1981), and Miller and ~1itt1efehldt (in
prep.). The history has been inferred from field
relations, textures and whole rock and mineral
chemistry. Histories of the other 2-mica granites
are probably in most respects very similar.
Felsic magma was generated, probably in the
middle crust (see discussion of origin below). This
magma was initially, or became during ascent, rich
in plagioclase + biotite + muscovite and carried
at an early stage much of the accessory monazite,
zircon, apatite, and magnetite that it wou1d eventually hold. At one point quartz was stable, but
ascent along a steeper P-T trajectory than that.of
the rather gently sloping boundary of the quartz
+ magma stabil ity field carried the magma out of
the quartz field and el iminated most early quartz (cf.
Fig. 4 of Clemens and Wall, 1981). Near the time of
emplacement, K-feldspar and late quartz were added
to the 1iquidus assumblage as the magma became
water-saturated and the quartz primary volume grew.
Based upon the compositions of apl ites as approximations of later 1 iquids in equil ibrium with quartz
+ 2 feldspars (Hay, 1981; cf. Winkler, 1976, Fig. 186) and upon apparently synplutonic metamorphic assemblages (Hoisch and ~li ller, 1981), emplacement probably was at a depth of roughly 15 km. Differentiation
then occurred through effective crystal-l iquid separation which resulted in extreme trace element
variations. Rise in Mn/(Fe+~1g+Mn) and in excess Al
in the late 1 iquid resulted in the reaction:

Sparse Rb-Sr isotopic data for Precambrian rocks
of the Old Woman-Piute Range suggest an age for crustal
generation of -1.8 b.y. in this portion of the craton,
consistent with most other estimates.
If the sources
of granodiorite and g§anit~ magmas were part of this
1.8 b.y. crust, then 7Sr/~6Sr of these source rocks
at thp time of Cretaceous magma generation (=initial
87S r / 86 S r of granodiorite and granite) vlill indicate
thei r Rb/Sr (Fig. 19). Values of about 0.1 (granodiorite) and 0.2 (two-mica granite) are consistent
respectively with mafic-intermediate igneous and
intermediate-felsic igneous (or perhaps greywacke)
sources.
We suggest that a major Late Cretaceous thermal
disturbance was responsible for anatexis at varying
levels within the crust; early stages of this disturbance generated granodioritic magma in the lower
crust, whereas later on heat was transferred to
shallower, more felsic levels, where the granite
magma was formed
(see Mesozoic evolution of the
Old Woman-Pi ute Range).
K-AR COOLING AGES
K-Ar ages give some insight into the cool ing history of the plutonic and metamorphic rocks. Biotite
K-Ar ages from plutonic rocks sampled at about 20 km
intervals southward in the range are as follows (using
new decay cons tants, Ca 1z i a and Morton, 1980):

biotite + Mn, AI-rich 1 iquid -. garnet + muscovite
and was responsible for biotite-poor or free, garnetbearing, muscovite-rich differentiates.

72.3 +
70.5 +

During, and particularly late in, emplacement,
the magma invaded its wall rock pervasively. Late
fracturing within the pluton as the cool ing magma
became relatively rigid allowed the segregation and
invasion of numerous highly differentiated apl itepegmatite dikes.

66.1 +
66.9 +

Relationship Between Granodiorite and 2-Mica Granite
Wherever the two are in contact, muscovite
granite clearly intrudes granodiorite.
In most
cases, granodiorite fractured in a brittle manner

3.0 m.y., North Piute pluton (Bishop, 1963)
1.4 m.y., Sweetwater Wash pluton (Armstrong
and Suppe, 1973)
2.0 m.y., granodiorite (Calzia and Morton,
1980)
2.3 m.y., gneissic pegmatite at south end
of range (R.F. Marvin, written
communication, 1980)

These ages reflect cool ing of the plutonic and
metamorphic complex and are similar to ages for
metamorphic rocks. Metamcrphosed Bright Angel Shale
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from the Old Woman Mountains yielded K-Ar ages of
68.7 + 2.5 m.y. on biotite and 68.5 + 2.5 m.y.
on muscovite (R.F. Marvin, written Co~munication,
1982). Sl ightly older K-Ar ages were obtained on
metamorphosed Bright Angel Shale from the Ki lbeck
Hi lls to the west: 71.0 + 2.6 m.y. on biotite and
72.3 + l.7 m.y. on muscovite (R.F. Marvin, written
commu~ication, 1982). The oldest K-Ar age obtained
in the range is 192 + 5 m.y. on muscovite from a
Precambrian pegmatit~ dike truncated by the Cambrian
unconformity in the Piute Mountains (R.F. Marvin,
written commullication, 1981). This age is from an
area in which Cambrian strata were metamorphosed to
andalusite grade, at temperatures calculated to
0
be above 500 C (see Table 2). Either argon did not
thoroughly flushfrom the coarse-grained Precambrian
muscovite at these temperatures, or else metamorphism unexpectedly is early Mesozoic in age. Together
the K-Ar
ages suggest relatively rapid cool ing
of the metamorphic and plutonic rocks through the
blocking termperatures for biotite and muscovite
66 to 70 m.y. ago in the Old Woman Mountains, and
70-73 m.y. ago in the Kilbeck Hills and through the
blocking temperature of biotite 70 or more m.y. ago
in the Piute Mountains.

Although in nearby areas deformation spanned much
of the t1esozoic (e.g. Burchfiel and Davis, 1977), circumstantial evidence suggests that much of the metamorphoism and deformation in the Old Woman-Piute Range
may have occurred over a relatively brief time interval.
Metamorphic textures of Bright Angel Shale record multiple deformation and recrystal I ization events in the
lower grade portions of the range which may correlate
with important structural and intrusive events, hut
interpretation of relic assemblages indicates that
P-T conditions did not vary greatly from event to
event. To explain the pressures and temperatures
recorded by mineral assemblages it is necessary to
invoke major tectonic thickening along Ivi th introdllction of large quantities of heat; it seems to us much
simpler to account for such unusual conditions by
appeal ing to a single, perhaps protracted, event, than
to appeal to multiple events, separated in time, with
coincidental conditions.
Neither muscovite granite nor granodiorite shows
evidence of metamorphic recrystall ization, and both
cut major thrusts and, in most cases, metamorphic foliations. On the other hand, both granite and granodiorite are locally deformed: dikes and si lis of
granite are commonly boudined, and a modest mylonitic
(or protoclastic?) fol iation is present in some areas.
Still other, later dikes are totally undeformed. No
contact aureoles are present around plutons, except
in the sense that highest metamorphic grades are
coincident on a large scale with areas of most abundant plutonic rocks. We are attracted to the relatively simple interpretation that thrusting occurred
early and plutonism late within the same thermal
episode, although we cannot rule out the possibi I ity
of more than one discrete tectono-thermal event. K-Ar
ages establish that the complex cooled (by unroofing?)
rapidly in latest Cretaceous time.
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The following r,ighly speculative moriel provides
a possible explanation for the spatial and proposed
chronological correspondence of thrusting and nappe
formation, metamorphism, and crustal magma generation
(cf. Mi ller, 1982; Hay and Mi] ler, 1982).
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During the Late Cretaceous, great quantities
of mafic-intermediate magma, probably generated
within or above a subduction zone, rose into the
ancient cratonal lower crust beneath the present Old
\oJoman-Piute Range (d. Hamilton, 1969; Hiidreth, 1981)
Crustal under- and intraplating, accompanied by gravitational spreading of the orogenic welt, contributed
to heating and compression and transferred volatiles
into the crust. Resulting anatexis of relatively
mafic lower crust yielded granodioritic magma; anatexis of more felsic, higher level crust produced
granitic magma. The ascent of magmas and accompanying
heat metamorphosed and softened the middle and upper
crust. Crustal shortening was accompl ished by ducti Ie
thrusting.

0.70 '-------0-'-.I-----0..lc.2--R-b-/-S-r---O-'-3---------'0.4

Fig. 19 - Strontium isotopic compositions of Old
Woman pluton granodiorite and Sweetwater Wash 2-mica
granite explained in terms of anatexis of Nl.8 b.y.
crust of varying composition (~1.7 b.y. old at time
of magma generation). Fenner Gneiss initial ratio
of 0.702 assumed for the l.8 b.y. crusts Horizontal
arrows indicate enhanced RblSr, equal
7S r /86S r to
be expected in magmas relative to sources. RblSr of
source is thus value at intersection of arrow and
1.7 b.y. isochron.
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MESOZOIC EVOLUTION OF THE OLD WOMAN-PIUTE RANGE
Our tentative and simpl ified interpretation of
the chronological sequence of Mesozoic deformation,
metamorphism, and plutonism is shown in Fig. 20.
Our absolute time control is very poor: we can say
only that the 79 + 7 m.y. granite is unmetamorphosed
and postdates at least the major thrust faults.

The stratigraphy and structural geology presented here rely heavily upon excellent observations and
analysis by Paul Stone. David Hay's thorough and insightful investigations of granitoid rocks in the
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Figure 20 - Suggested relative chronology of deformation, metamorphism,
and plutonism in the Old Woman-Piute
Range.
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_northern Old Woman Mountains form much of the basis
for our discussions of the nature and timing of plutonism. We are especially grateful to Paul and Dave;
their contributions to this project have been invaluable.
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LATE MESOZOIC FOLDING AND THRUSTING
AND TERTIARY EXTENSIONAL FAULTING IN THE ARICA MOUNTAINS,
RIVERSIDE COUNTY, CALIFORNIA

Rachel Baltz
Department of Geological Sciences
San Diego State University
San Diego, California 92182

ABSTRACT
The Arica Mountains consist of a metamorphosed
cratonal sequence of Paleozoic rocks thrust over previously metamorphosed Precambrian gneiss. The cratonal
sequence can be correlated to the Redwall Limestone,
Supai Formation, Hermit Shale, Coconino Sandstone, and
Kaibab Limestone of the classic Grand Canyon sequence
in northern Arizona. These rocks have been recrystallized into calcite marble, alternating quartzitic and
silty marble, phyllite, quartzite, and siliceous
marble.
These Paleozoic rocks are in thrust fault
contact with the underlying Precambrian gneiss, along
which the lower portion of the Paleozoic section has
been removed.
This deep-seated deformation was accom-

Figure 1.

panied by intense folding of the Paleozoic rocks and
the development of multiple, small thrust faults related to many of the larger folds.
Greenschist-grade
metamorphism accompanied this deformation, producing
the metamorphic character of the units. Kinematic
indicators suggest both northeast and southerly transport of the upper plate, indicating a complex history
of mid- to late-Mesozoic thrust faulting.
Regional
tensional stresses in the Tertiary caused the Aricas
to dome into an arcuate shape and produced a major
normal fault, which offset previously formed structure.
This normal fault is interpreted to merge with the
regional detachment fault at depth.

Low-altitude aerial photo of the Aricas looking southwest. From left to right above the Aricas are the
Little Maria Mountains, McCoy Mountains, Palen Pass, and the Granite Mountains.
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Figure 2.

High-altitude air photo of the Arica Mountains.
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Figure 3.

General geologic map of the Arica Mountains.
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INTRODUCTION

The Paleozoic sequence is bounded on the east
side of the range by a curved thrust fault, ,,,hich
places folded, Paleozoic rocks over Precambrian basement (Fig. 3). A younger normal fault cuts the older
units and structure, causing the Paleozoic units and
thrust fault to be repeated in the central part of the
range (Figs. 3 and 5).

The region around the Arica Mountains can be
characterized as a terrane of Paleozoic cratonal sedimentation and Mesozoic arc-related tectonics
(Burchfiel and Davis, 1981; Stone and Howard, 1979;
Stone and others, in press).
Regional Tertiary
tectonics in this region have been linked to a belt of
metamorphosed and domed extensional terranes, or metamorphic core complexes, which trends from southern
Canada to northern New Mexico (Coney, 1979; Davis and
Coney, 1979; Rehrig and Reynolds, 1977, 1980; Davis
and others, 1979, 1980.)

Access
The Aricas are located about 56 kilometers northwest of Blythe, California, and 8 kilometers southwest
of the truck stop of Rice on California state highway
62 (Fig. 6).
They are accessible by the Blythe-Rice
road which is paved northwestward out of Blythe and
graded gravel southwestward out of Rice. About 8
kilometers out of Rice, a dirt road extends eastward
into the central Aricas from Blythe-Rice road.
This
road is periodically graded, but deteriorates with use
and can be difficult to negotiate without a four-wheel
drive vehicle.

The purpose of this study was to map the Aricas
in detail, clarify the stratigraphy and lithology of
the respective rock units, and define the structure
with respect to tectonic events in the Aricas, relating them to regional tectonics of the eas tern ~Ioj ave
and western Arizona.
The Arica Mountains consist of Precambrian gneiss,
and Paleozoic and Mesozoic metasedimentary rocks.
The
range is small, only 4 kilometers long and 2 kilometem
wide (Fig. 1).
It forms a gently curving are, which
trends to the northwest (Fig. 2).

The southern Aricas are accessible by an ungraded
road joining the Blythe-Rice road furhter to the south.
This road is generally negotiable with a two-wheeldrive truck or van. There are old mining roads leading
to the northern Aricas off the Blythe-Rice road, but
they are badly eroded and only traversable with a fourwheel drive vehicle with high clearance.

Figure 4. Low-altitude aerial photo of the Aricas looking west-southwest. Precambrian gneiss with lighter
intrusive granodiorite is in foreground o Trace of thrust fault dividing Precambrian gneiss and
Paleozoic metasediments follows foliation across the front of the range.
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Figure 5.

Normal fault and repeating thrust fault in east and central Aricas.

The Arica Mountains are mentioned by Stone and
others (1980; in press) in their works concerning
Paleozoic rocks in the Mojave Desert. They correlate
the Paleozoic rocks in the Aricas with the metamorphosed Grand Canyon Paleozoic sequence found in
other mountains in the Mojave region. They point out
that the metamorphism of these rocks is less severe
in the Palen and Arica Mountains than in the Big Maria,
Little Maria, and Riverside Mountains.

Previous Work
Very little has been published on the geology of
the Arica Mountains, except in regard to its gold
prospects.
Gold was discovered there in the 1880's.
Several letters and reports concerning mining in the
Aricas are in the possession of Paul Chester Cochet of
Blythe, California, who presently holds mining claims
in the central part of the range. Kendall (1949) outlined the succession of claim owners and the profits
made from the late 1800's to 1946. He also made a
surface map showing the location of the claims.
Whitmore (196la; b; c) wrote letters to the president
of Blythe Mining Company briefly describing the
geology of the range and nature of the ore bodies, and
listing tonages and prices. A state mineralogist's
renort (state mineralogist's report XXV) reiterated
the ownership history of the Arica claims.

Comprehensive studies have been done on most of
the mountain ranges in the southeastern Mojave Desert.
Many of these ranges have rocks similar to those in
the Aricas. Miller (1944) described highly deformed,
Paleozoic and Mesozoic metasediments of crystalline
limestone, quartzite, and phyllite in the Big Maria,
Little Maria, McCoy, Palen, and Coxcomb Mountains. He
named the rocks the "Maria Formation." Hamilton later
described the isoclinal folding and shearing of Maria
Formation rocks in the Big Maria, Little Maria and
Riverside Mountains (1960, 1964, 1971). He compared
the structure of these ranges to that of the Alps in
Europe. He found that the structure of the studied
ranges in the Mojave indicated a northeast transport
direction for rocks in the area.

A Master's thesis was begun on the Aricas by
Edward Steiner at U.S.C., but not completed.
Steiner
recognized the major stratigraphic and structural
features of the range in the middle 1970's. His overall impression of the structure and stratigraphy were
similar to those presented here (E. G. Frost, pers.
commun., 1981). His work was an outgrm>Jth of studies
by G. A. Davis, who was the first to recognize the
overall structure of the range \"ith its Mesozoic
thrust faulting and Tertiary normal faulting.

These studies laid the groundwork for further
detailed investigation of the Big Maria Mountains.
Tucker (1980) did a reconnaissance study of meta-
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morphism in the Big Harias in which he describes
amphibolite-grade Proterozoic basement rocks, and
Paleozoic rocks metamorphosed to lower amphibolitegrade and retrograded during a later greenschist-grade
event. Miller (1981) found correlations between
Mesozoic rocks in the Big Marias and those in other
mountain ranges in the vicinity. Ellis (Ellis,198l;
Ellis, and others, 1981) studied the structure of the
Big Marias and interpreted them as the products of
east or northeast-directed underthrusting. she interpreted the complex structure in the range to be the
result of progressive flattening of folds during
deformation.
Martin and others (1981) reported on
their geochronologic studies of metamorphosed Precambrian and Mesozoic rocks in the Big Marias, Granite
Mountains, and Palen Pass and found evidence of two
thermal events in southeastern California. They suggested that a 65-55 m.y. old event is related to
Laramide tectonics, and that a 45-38 m.y. old event
may be related to Tertiary detachment faulting.

Emerson (1981) and Emerson and Krummenacher (1981)
assigned an upper-mid greenschist-grade to the metasedimentary Paleozoic rocks in the Little Marias.
Recumbent folding of the rocks trends east-west, and
all units are offset by northwest-striking, rightseparation faults which these workers related to midTertiary (?) faults in the Big Marias.

Shklanka (1963) investigated the metamorphism of
the Maria Formation in the Little Maria Mountains,
directely south of the Aricas. He described the northeast-trending Little Maria syncline as being refolded
about a north-trending axis.
Synchronous with the refolding was the production of north-striking faults.

The rock contains roughly equal amounts of
oligoclase and microcline, abundant quartz and lesser
amounts of biotite and opaque minerals. The texture
is thoroughly recrystallized and heteroblastic.
Vague anomalous extinction areas in the center of
some feldspar crystals indicate relict crystals that

ROCK UNITS AND STRATIGRAPHY
Precambrian Basement Rocks
The lower-plate basement rock in the eastern
Aricas is a lower amphibolite grade, quartz-feldsparbiotite gneiss.
It forms a drainage-dissected pediment sloping eastward to the desert floor. Folds from
several millimeters to several meters wide occur
throughout the rock. Bands of dark and light minerals
are often tightly folded and attenuated, indicating a
migmatitic mobility during deformation.
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acted as nuclei for new crystal growth. Othenvise, no
relict textures are apparent, making the prototype of
the gneiss indeterminate.

Contacts between units are commonly sharp and
sheared. Drag folds along contacts and the presence
of slickensides and brecciation within and between
units indicates that imbricate thrusting occurred
throughout the upper plate during the major thrusting
and folding event.

Paleozoic Metasedimentary Rocks

Stone and others (in press) found the metamorphosed Paleozoic rocks of parts of the southeastern
Mojave Desert and western Arizona to be correlative
with the cratonal Paleozoic sequence of the Grand
Canyon, Arizona. The Paleozoic rocks in the Aricas
are a continuation of several of the metamorphosed
Grand Canyon rocks found in the Big Maria, Little Maria,
and Riverside Mountains and other mountain ranges in
the area. The sequence in the Aricas consists of the
Redwall Limestone, Supai Formation, Hermit Shale,
Coconino Sandstone, and Kaibab Limestone. These rocks
are metamorphosed to lower greenschist grade.
Metamorphism in the Aricas appears to be heterogeneous. Sedimentary textures remain in some areas
and can be observed in outcrop and thin section,
although recrystallization generally occurred throughout the section. The sedimentary rocks, therefore,
were mostly transformed into a sequence of siliceous
marble, phyllite, and quartzite (Figs. 7 and 8).

SW

Thicknesses of the individual units vary dramatically. Many units occur in extensive outcrops in one
part of the range and in thin stringers elsewhere.
Local thinning and thickening of units along strike is
common. Thicknesses presented in this work were
calculated from the final map and should be regarded
as averages for the specified areas.
Redwall Limestone
The Mississippian Redwall Limestone is stratigraphically the lowest Paleozoic unit in the Aricas,
positioned in the upper plate directly above the
thrust surface.
It crops out most visibly along the
east side of the range where its white color contrasts
sharply with the dark Precambrian gneiss below it (Figs.
2 and 4.). The Redwall is a white to gray, mediumgrained, calcite marble with minor relict quartz and
plagioclase. It has rare, darkly desert-varnished,
siliceous layers several millimeters thick.
In the
eastern Aricas the Redwall is about 4 meters thick.
It pinches out to the south along the thrust fault,

GEOLOGIC CROSS SECTION THROUGH THE CENTRAL ARICA MOUNTAINS
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Stratigraphic column for the Arica Hountains.

but thickens to 26 meters in the north.
It is repeated in a thin outcrop pattern along the thrust fault in
the central Aricas.

phyllite weathers readily and produces differential
weathering with the more resistant quartzite and marble
beds. This gives slopes a marked terraced appearance.
The resistant carbonate and quartzite beds weather
beige with a splotchy, dark brown desert varnish, and
form low ridges along strike. Relict sedimentary
textures remain in some Supai strata. Thin sections
reveal burrow structures and recrystallized fossil
debris in silty beds. The carbonate in many clastic
samples appears to be post-depositional.

Supai Formation
The Pennsylvanian Supai Formation lies above the
Redwall. Both units are involved in folding along the
thrust fault so that the Supai and Redwall crop out in
alternate positions adjacent to the fault.
In the east-central Aricas the Suapi is 45-60
meters thick, but widens dramatically to the north
where it averages 100 meters thick.
In the south the
Supai thins to about 45 meters.

Hermit Shale
The largest exposures of the Permian Hermit Shale
in the Aricas are in the central part of the range
where it is almost 90 meters thick.
It disappears
entirely to the north and thins to 15 meters in the
south. The Hermit is a fine-grained, green-gray,
quartz phyllite.
It is friable to massive, forming
uneven, rounded cliffs with a marked foliation.
In
some places small chevron folds occur along foliation.

The Supai consists of siliceous, beige to white
m~rble and quartzitic strata.
These layers widen,
p~nch out, or merge as they are traced laterally.
In

some areas layers of platy, gray, siliceous phyllite
are interspersed with thick marble layers.
The
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gray or white, but often grades into light green or
pink, and desert-varnishes a dark brown or rust red.
The thickest sections of Coconino occur in the southcentral Aricas where it is over 170 meters thick.
It
disappears to the north and thins to 27 meters in the
south. The outcrops are highly jointed and the foliation often obscure.
In thin section both relict and
recrystallized grains are apparent.
Sericite occurs
in stringers in the interstices.

Thin sections show relict quartz, anorthoclase grains,
and stingers of sericite and opaque minerals aligned
along a pronounced, streaky foliation.
Crystal granulation is apparent in some samples, and relict quartz
and pligioclase grains show strain features.
Coconino Sandstone
The upper Pennsylvanian or lower Permian Coconino
is a fine-grained, compact quartzite.
It is mostly

Figure 9.

Figure 10.

Trace of normal fault truncating gray marble marker bed of Kaibab 1
(left).

Kaibab 2. Thin, siliceous, desert varnished layers sho" parasitic
folding and boudinage.
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Kaibab Limestone
In the Aricas it is possible to divide the Permian
Kaibab Limestone into two members. The basal member
is designated Kaibab 1 and is characterized by the
presence of distinct gray marble marker beds several
meters thick, and by a scarcity of thin, desertvarnished, siliceous layers (Fig. 9). Kaibab 1 is
mostly tan in color, but varies to white or pink and
weathers buff.
In some areas, a 3 meter thick bed of
siliceous phyllite is exposed at the base of Kaibab 1.
Kaibab 2 is a buff, gray, or white marble with
ubiquitous thin siliceous layers that desert-varnish
dark bro'vn.
These layers clearly show small, parasitic
folds and boudins (Fig. 10). Kaibab 2 lacks the
distinct gray marker beds of Kaibab 1. The Kaibab
unit shows metamorphic textures, although abundant
relict minerals remain. The texture is heteroblastic
with a faint foliation.
The thin quartzite layers
appear in thin section as gradational masses of quartz
grains within the silty and sandy marble.
In the
west-central Aricas, Kaibab 1 is 25-50 meters thick
and Kaibab 2 averages 10 meters thick.
Hesozoic (?) Hetasedimentary Rocks
In the western and southwestern Aricas, slightly
metamorphosed to unmetamorphosed sandstone, siltstone,
and volcanic las tic rocks crop out beneath the Kaibab,
which is overturned.
It is difficult to determine
whether these rocks are indeed Hesozoic, or represent
complexly deformed Paleozoic phyllite now sitting
structurally above the Kaibab. Only a few small exposures of this unit are present in the range. These
exposures are on the westernmost edge of the Aricas,
with a small exposure also present in the southernmost
portion of the area.
Sedimentary structures are well
preserved in outcrop. Burrow fillings and soft-sediment
slumping are clearly visible in thin section. The
carbonate in the clastic rocks appears to be post
depositional.
Intrusive Rocks
Cretaceous Granodiorite
A foliated granodiorite intrudes the basement
gneiss on the eastern side of the Aricas, but is not
present in the Paleozoic rocks or near the thrust contact.
It crops out in irregular elongate patches that
trend east-west. These average 300 meters wide and up
to 1,130 meters long and are easily distinguished on
the air photo from the darker gneiss that surrounds
them (Fig. 4).
The granodiorite is massive to slightly
foliated with large, euhedral phenocrysts of potassium
feldspar and phenocrysts of quartz. Biotite is
ubiquitous in small masses and defines a faint foliation.
Zircon from the granodiorite was dated by Roy
Dokka at about 63 myBP using the fission-track method
(R.K. Dokka, 1977, pers. commun. to E. G. Frost).
Tertiary Rhyolite

interstitial sericite. Large, euhedral phenocrysts
of feldspar occur both as unaltered and sericitized
crystals. Euhedral quartz phenocrysts often appear to
have formed around smaller quartz grains or around
sericitized orthoclase.
STRUCTURAL GEOLOGY
Precambrian Hetamorphism
In a preliminary comparison of the deformation
recorded by basement gneiss and the Paleozoic metasedimentary rocks, fold orientations suggest that two
different metamorphic events have affected the upper
plate versus the lower plate of the thrust fault.
Fold orientations are measured in the southeastern
corner of the range from both Paleozoic (Kaibab) and
Precambrian gneiss. Because the two areas from which
the detailed fold measurements were taken are so close,
a comparison of the two should indicate whether they
are recording the same deformational events.
Basement folds have axial surfaces striking eastnortheast and dipping to the south-southeast (Fig.lla),
and fold axes that group tightly in a maxima plunging
to the south-southeast (Fig. lIb). Kaibab folds show
more scatter in their orientations and very different
trends. Axial surfaces strike predominantly to the
north-northwest (Fig. llc) and folds axes plunge to
the southeast and northwest (Fig. lId).
It appears that the Precambrian gneiss retains the
imprint of an earlier tectonic event than that recorded
in the Kaibab.
It also seems that the gneiss is
virtually unaffected by the thrusting and folding event
that later deformed the Kaibab Limestone and other
Paleozoic units.
Thin sections indicate that the
upper-plate Paleozoic sequences was metamorphosed to
lower greenschist facies, but the Precambrian gneiss
retains a lower amphibolite grade of metamorphism.
Either the lower plate was not subjected to the
stresses of the younger tectonic event that caused the
thrusting and folding of the Paleozoic sequence, or
the temperatures and pressures of the younger event
'''ere not sufficiently high to overprint the amphibolitegrade metamorphism on the Precambrian rocks.
Mesozoic Thrust Faulting and Folding
The thrusting and folding of Paleozoic rocks in
the Mojave Desert and western Arizona has been attributed to regional events related to Mesozoic and
Tertiary tectonics and arc building (Burchfiel and
Davis, 1981; Hamilton, 1969; Stone and Howard, 1979;
Stone, Howard, and Hamilton, in press). The style of
folding and thrust faulting in the Aricas is comparable
to that of other mountain ranges in the region that
have deformed Paleozoic rocks, and it is, therefore,
assumed to be Mesozoic in age, as it is in neighboring
ranges.
The major structural feature in the Arica Mountains is a curved, north-to northwest-trending thrust
fault along the eastern side of the range.
This fault
places metamorphosed and folded Paleozoic rocks
tectonically over Precambrian basement rock (Figs. 3
and 7).
The fault is offset by a younger normal fault
and repeated in the central Aricas (Fig. 5).

Small bodies of unfoliated, porphyritic rhyolite
intrude the Precambrian basement rock and all
Paleozoic units. The outcrops are discontinuous and
occur in oval pods up to 40 meters in diameter and in
sill-like lenses that continue for 120 meters. They
are commonly found at or near contacts and may have
risen along zones of weakness caused by earlier
imbricate thrusting along these contacts. The rhyolite
is assumed to be Tertiary due to its lack of metamorphic texture.
In thin section, the rock appears
as a fine-grained matrix of quartz and feldspar with

folding that accompanied the faulting has deformed the Paleozoic sequence into a series of imbricately
faulted anticlines and synclines. A northeast transport direction of the upper plate is suggested by the
orientation of these large folds in cross section
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(Fig. 7), the trends of small-scale parasitic folds
measured in the Kaibab Limestone (Fig. lIe and lId),
and drag folds along the thrust fault (Fig. 12). The
opposite transport direction is suggested by the bending of this earlier (?) foliation along a major southeast-plunging, south-verging, anticline in the westcentral Aricas.
The relative age of the two directions
of motion is difficult to determine, making the
interpretation offered in this paper tentative and
subject to change as more work is done.

Tertiary Normal Faulting and Doming
Cordilleran tectonism continued to affect the
Mojave region in the Cenozoic when crustal extension
caused normal faulting and doming (Coney, 1979;
Hamilton, 1969). The major normal fault extending
the length of the Aricas and offsetting older units
and structures is presumably a result of these tensional
stresses.
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The marked arcuate shape of the Arica range
appears to be a result of Tertiary doming.
Stereonets
showing poles to foliations (Figs. l3a, l3b, and l3c)
trace the changing orientation of the bedding from the
northern to the east-central to the southeastern Aricas.
The curvilinear progression of these rock trends from
north to south is clearly mirrored in the shape of the
range as seen from the air (Figs. 1, 2 and 4) and in
map view (Fig. 3).
CHRONOLOGY OF GEOLOGIC EVENTS AND
THEIR TECTONIC SIGNIFICANCE
.The geologic events that formed the Arica Mountains are seen to correspond with regional and continental geologic evolution. The metamorphism of the
Precambrian basement rock presumably occurred before
the Late Precambrian and Paleozoic miogeoclinal and
cratonal deposition discussed by Burchfiel and Davis
(1971, 1972, 1981). The Paleozoic cratonal sequence
was deposited east of a zone transitional between
cratonal and miogeoclinal environments (Stone, Howard,
Hamilton, in press).
The first post-Precambrian tectonic event recorded in the Aricas probably occurred in Late Jurrasic to
Early Cretaceous. At this time an Andean-type plutonic
and volcanic arc was forming at the western continental
edge, and the western margin of the continent was being
underthrus t by an oceanic plate (Burchfiel and Davis,
1972, 1975). In the Mojave region, this tectonism was
reflected by thrusting and folding of continental rocks.
In the Aricas at this time, upper-plate Paleozoic rocks
are interpreted to have been thrust to the northeast
over Precambrian basement rocks.

thrusting closer to the surface (Cross and Pilger,
From latest Cretaceous to earliest Tertiary
this caused a reverse in thrust direction in the Aricas
as local underthrusting to the northeast began.
It is
possible that at this time no thrust faulting actually
occurred in the range, but refolding took place due to
the change in stress direction.

1978).

In early Tertiary the subduction zone at the
continental edge began to collapse, which caused massive extension in the Mojave area (Coney, 1979). These
regional tensional stresses caused normal faulting and
doming in the Arica Mountains. The intrusion of
rhyolitic rocks through the basement and Paleozoic
sequence may also have occureed at this time.
Although no detachment surface is seen in the
Aricas, it is present in the nearby Hhipple, Buckskin,
and Rawhide Mountains (Davis and others, 1979, 1980),
andin the Riverside Mountains (Carr and Dickey, 1980;
Carr, 1981; Lyle, this volume; Hamilton, this volume).
It is inferred that the detachment surface lies
beneath the Aricas, and that the normal fault in the
range flattens at depth and joins the detachment surface.
CONCLUSIONS
The depositional and tectonic environment of the
Arica Mountains is the same as that of the Big Marias,
Little Marias, Riversides, and other mountain ranges
in the eastern Mojave and western Arizona region. 7he
Aricas are the site of Paleozoic cratonal deposition,
Late Jurassic to latest Cretaceous regional crustal
metamorphism, folding, and thrusting, and Tertiary
extension and detachment faulting.

As continental underthrusting continued, the
downgoing slab began to flatten, bringing the under

Figure 12.

Drag folds at thrust contact between Redwall Limestone (top) and
Precambrian gneiss (bottom) shows northeast transport direction
of upper-plate rocks.

593

DB

l3A

POLES TO FOLIATLON
EAST-CENTRAL ARICAS

POLES TO FOLIATION
NORTHERN ARICAS

o

o
o

CONTOUR INTERVAL

28 pointe

CONTOUR INTERVAL

1

91 pointe

2
3
5

1-2
3-5
6-7
8-11

l3C
POLES OF FOLIATION
SOUTHEASTERN MICAS

o

~
CONTOUR INTERVAL

III polnto

Figure 13.

1-3
4-11
7-9

Foliation orientations of Paleozoic units from north to south through the Aricas. l3A. Poles to
foliation in northern Aricas. l3B. Poles to foliation in east-central Aricas. l3C. Poles to
foliation in southeastern Aricas.

594

ACKNOHLEDGMENTS
I would like to thank my advisor, Daniel
Krummenacher, for his guidance in the field and in the
lab. Pat Abbott's interpretation of sedimentary structures in thin section was also contributory. The
author also wishes to thank Eric Frost for his helpful
discussions concerning structure and regional geology,
and for time spent editing this paper. Scott Fenby
did an excellent job drafting the stereonet data and
lettering the included illustrations. Special appreciation is due Jerry Peterson who spent hours of his
time photographing and developing the air photo grids
on which the original geologic mapping was done. The
low-altitude air photos were taken by John Lyle. Paul
Chester Cochet of Blythe, California graciously spent
an afternoon sharing information on the mining history
of the Aricas. Sue Tanges was helpful in acquiring the
use of a transfer machine to transfer the geology from
the air photo grids to the final topographic map. This
research was supported in part by an NSF grant to
Daniel Krummenacher.
REFERENCES CITED
Burchfiel, B.C., and Davis, G.A., 1971, Clark Mountain
thrust complex in the Cordillera of southeastern
California: Geologic Summary and Field Trip
Guide, in Elders, H.A., ed., Geological
excursions in southern California: Univ. of
Calif. ,Riverside, Campus Mus. Contrib., no. I,
p. 1-28.

Burchfiel, B.C., and Davis, G.A., 1972, Structural
framework and evolution of the southern part of
the Cordilleran orogen, western United States:
P;m. Jour. Sci., v. 272, p. 97-118.
Burchfiel, B.C., and Davis, G.A., 1975, Nature and
controls of Cordilleran orogenesis, western
United States: Extensions of an earlier synthesis:
Am. Jour. Sci., v. 275-A, p. 363-396.
Burchfiel, B.C., and Davis, G.A., 1981, Mojave Desert
and environs, in Ernst, H.G., ed., 1981, The
geotectonic development of California, Rubey,
v. I: Englewood Cliffs, New Jersey, PrenticeHall, Inc., 706 p.
Carr, 1'.J., 1981, Tectonic history of the Vidal-Parker
region, California and Arizona, in Howard, K.A.,
Carr., M.D., and Miller, D.M., eds., Tectonic
framework of the Mojave and Sonoran Deserts,
California and Arizona: U.S. Geol. Survey Openfile Report 81-503.
Carr, H.J.,andDickey, D.D., 1980, Geologic map of the
Vidal, California, and Parker SH, CaliforniaArizona quadrangles: U.S. Geol. Survey Map
1-1125.
Coney, P.J., 1979, Tertiary evolution of Cordilleran
metamorphic core complexes, in Armentrout, J.M.,
Cole, M.R., and TerBest, H.,-Yr., eds., Cenozoic
paleogeography of the western United States:
Pacific Coast Syrnposiom 3, Pacific Section, Soc.
Econ. Paleontol. and Mineral., p. 15-28.
Cross, T.A., and Pilger, R.H., Jr., 1978, Constraints
on absolute motion and plate interaction inferred
from Cenozoic igneous activity in the western
United States: Am. Jour. Sci., v. 278, p. 865902.
Davis, G.A., Anderson J.L., Frost, E.G., and
Shackelford, T.J., 1979, Regional Miocene
detachment faulting and early Tertiary (?)
mylonitization, Hhipple-Buckskin-Rawhide Mountains,
southeastern California and western Arizona, in
Abbott, P.L., ed., Geological excursions in the
southern California area: San Deigo State
University, Dept. of Geol. Sciences, p. 73-108.
595

Davis, G.A., Anderson, J.L., Frost, E.G., and
Shackelford, T.J., 1980, Mylonitization and
detachnent faulting in the j1hipple-BuckskinRawhide Mounta:'cn terrane, southeastern California
and w!:!stern Arizona, in Crittenden, M.D., Jr.,
Coney, P.J., and Davi~ G.H., eds., Cordilleran
metamorphic core complexes: Geol. Soc. America
Mem. 153, p. 79-129.
Davis, G.A., and Coney, P.J., 1979, Geologic
development of the Cordilleran metamorphic core
complexes: Geology, V.7, p. 120-124.
Ellis, M.J., 1981, Structural analysis and regional
significance of complex deformational events in
the Big Maria Mountains, Riverside County,
California: Master's thesis, San Diego State
University, 109 p.
Ellis, M.J., Frost, E.G., and Krummenacher, D., 1981,
Structural analysis of multiple deformational
events in the Big Maria Mountains, Riverside
County, California: Geol. Soc. America Abstracts
with Programs, v. 13, no. 2, p. 54.
Emerson, H.S., 1981, Geological and deformational
characteristics of the Little Maria Mountains,
Riverside County, California: Master's thesis,
San Diego State University, 102 p.
Emerson, H.S., and Krummenacher, D., 1981, Geological
and deformational characteristics of the Little
Maria Mountains, Riverside County, California:
Geol. Soc. America Abstracts with Programs,
v. 13, no. 2, p. 54.
Hamilton, lV., 1960, Structure in the Big Maria Mountains
of southeastern California, in Geological survey
research 1960: U.S. Geol. Survey Prof. Paper
400-B, p. 277-278.
Hamilton, H., 1964, Nappes in southeastern California:
Geol. Soc. America Spec. Paper 76, p. 274.
Hamilton, H., 1969, Mesozoic California and the
underflow of Pacific mantle: Geol. Soc. America
Bull., v. 80, p. 2409-2430.
Hamilton, H., 1971, Tectonic framework of southeastern
California: Geol. Soc. America Abstracts with
Programs, v. 3, no. 2, p. 130-131.
Kendall, D.E., 1949, Brunton survey of claims kno.Vll as
the Colorado Group and the Long Shot Group in the
Ironwood Mining District, Riverside County,
California: Unpublished data in possession of
Paul Chester Cochet, Blythe, California.
Martin, D.L., Krummenacher, D., and Frost, E.G., 1981,
K-Ar dating in the Big Maria Mountains, Granite
Mountains, and Palen Pass; thermal history., rates
of cooling and uplift, and tectonic implications:
Geol. Soc. America Abstracts with Programs, v. 13,
no. 2, p. 94.
Miller, C.M., 1981, Mesozoic stratigraphy of the Big
Marias, Little Marias, Aricas, and Riverside
Mountains, and the Palen Pass area, Riverside
County, California: Master's thesis, San Diego
State University, 163 p.
Miller, H.J., 1944, Geology of the Palen Springs-Blythe
strip, Riverside County, California: Calif. Jour.
Mines and Geology, v. 40, p. 11-72.
Rehrig, H.A., and Reynolds, S.J., 1977, A northwest
zone of metamorphic core complexes in Arizona:
Geol. Soc. America Abstracts with Programs, v. 9,
no. 7, p. 1139.
Rehrig, H.A., and Reynolds, S.J., 1980, Geologic and
geochronologic reconnaissance of a northwesttrending zone of metamorphic core complexes in
southern and western Arizona, in Crittenden,M.D.,
Jr., Coney, P.J., and Davis, G:H., eds.,
Cordilleran metamorphic core complexes: Geol.
Soc. America, Mem. 153, p. 131-157.

Shklanka, R., 1963, Repeated metamorphism and
deformation of evaporite-bearing sediments,
Little Maria Mountains, California: Doctoral
disserta ion, Stanford University, 127 p.
State Mineralogist's RepolCt XXV- covering mining in
California and the activities of the Division of
Mines: Unpublished data in possession of Paul
Chester Cochet, Blythe, California.
Stone, P., and Howard, K.A., 1979, Paleozoic metasedimentary rocks in the eastern Mojave Desert,
Stone, P., and Howard, K.A., 1979, Paleozoic
metasedimentary rocks in the eastern Mojave
Desert, California: Geol. Soc. America Abstracts
with Programs, v. 11, no. 3, p. 130.
Stone, P., Howard, K.A., and Hamilton, H.B., 1980,
Paleozoic metasedimentary rocks of the southeastern
Mojave Desert region, California and western
Arizona, in Hmmrd, K.A., Carr, M.D., and Hiller,
D.H., eds--:-:- Tectonic framework of the Hojave and
Sonoran Deserts, California and Arizona: U.S.G.S.
Open-file Report 81-503, p. 104-106.
Stone, P., HOlvard, K.A., and Hamilton, H.B., in press,
Hetamorphosed Paleozoic sedimentary rocks of the
southeastern Hojave Desert region, California:
Geol. Soc. America Bull.
Tucker, R.S., 1980, A reconnaissance study of
metamorphism in the Big Haria Mountains, Riverside
County, California: Haster's thesis, San Diego
State University, 123 p.
lihitmore, N., Jan. 24, 1961a, written corom. to G.F.
Kremm, President of Blythe Hining Co., Los
Angeles, California: Unpublished data in
possession of Paul Chester Cochet, Blythe,
California.
lihitmore, N., Feb. 8, 1961b, Ivritten corom. to G.F.
Kr emm , President of Blythe Mining Co., Los Angeles,
California: Unpublished data in possession of
Paul Chester Cochet, Blythe, California.
lihitmore, N., Harch 24, 1961c, Hining engineer's
progress report on the Lum Grey Hine, Rice,
California: Unpublished data in possession of
Paul Chester Cochet, Blythe, California.

596

C1l

<0

(»

Fig. 1

Calcified/silicified detachment zone in the southwestern Castle Dome Mountains.

GEOMETRY OF DETACHHENT FAULTING AND DIKE EHPLACEHENT IN THE
SOUTH,fESTERN CASTLE DO~m HOUNTAINS, Y~1A COUNTY, ARIZONA
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INTRODUCTION

ABSTRACT

The Castle Dome Mountains are located in southHestern Arizona approximately 50 km north of Yuma, in
the Kofa National Wildlife Refuge (Fig. 2), Exact
latitudes and longitudes for the boundaries of this
study area are 114°10'30" - 114°07'00" Wand
33°00' - 33°04' N, respectively. This area is easily
accessible by travelling east on the Castle Dome Mine
Road, off HighHay 95, for about 15 km. A four-Hheel
drive vehicle is recommended but not necessary.

A detachment fault of mid-Miocene age is exposed
in the Cas tIe Dome l10untains of sou th\ves tern Arizona.
The fault separates tilted upper-plate volcanic units
from lmver-plate metasedimentary rocks of l1esozoic
age.
These metasedimentary rocks contain an enormous
dike SHarm that "as elegantly mapped by Hilson
(1933) . This north'vest-trending dike Slvarm indicates
major northeast-southl'lest extension in mid-11iocene
time based on tHO age dates on the dike SHarm.
Upper-plate extension suggests the same structural
history as does the presence of a large northeastplunging antiform that deforms the detachment fault,
the underlying metasediments and the overlying volcanic units. l1ineralization in the area is spatially and temporally associated "ith the 11iocene dike
SHarm.
The Castle Dome Mountains appear to reflect
the same style of major mid-Tertiary crustal extension seen in most of southHestern Arizona and
southeastern California.

/

/

The mountain range is composed primarily of
Tertiary volcanic rocks that overlie Mesozoic metasedimentary rocks.
The contact betHeen these units
has been previously reported as being unconformable
(Hilson 1933, 1960) and also as being nonconformable
(Gutman, 1981). This report only slightly improves
upon the location of the metasedimentary-volcanic
contact that Wilson (1960) mapped, but suggests a much
different interpretation of that contact. As mapped
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Fig. 2

Location map of study area in southHestern Arizona.
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by Wilson (1933), the Tertiary volcanic rocks are
tilted into the metasedimentary rocks (Fig. 3).
Such
a relationship does exist, but is poorly exposed in
most parts of the range.
In the southwestern portion
of the area, however, the contact is exposed and appears to be a 10lo/-angle normal fault, or detachment
fault, similar to other detachment faults present in
much of western Arizona.
PREVIOUS WORK
Previous work done in the Castle Domes is minimal.
Most noted of all geologic work for this and surrounding areas was done by Wilson (1933, 1960). Wilson
made a detailed map of the dike swarm in the southwestern Castle Domes (Fig. 3).
These dikes are associated with silver-lead-zinc mineralization that was
very profitably worked in the early part of the century.
Wilson mapped this enormous dike swarm and distinguished two types of dikes;
a quartz porphyry and a
diorite porphyry. His studies were concentrated on
the dike swarm because of its association with the mineralization. He did, however, measure and draw the
volcanic flows of the range as being tilted into the
contact with the metasedimentary rocks. Although his
1933 and 1960 maps show this contact as an unconformity, the geometry that he mapped is correct.
Rehrig and Heidrick (1976) drew a strike rosette
of the dikes in the Castle Domes and inferred them to
be Tertiary in age based on their strong northwest
trend.
They used these dikes as part of their regional
interpretation of the crustal history of Arizona, suggesting that dike swarms like the Castle Domes reflect
northeast-southwest extension in mid-Tertiary time.
Rehrig (1981) further developed this theme by showing
how such dike swarms fit with the regional extensional
terranes, or detachment terranes, of western Arizona
and southwestern California.
Gutmann (1981) studied the range as part of a
Los Alamos Labratories team examining the geothermal
potential of the region.
Because the Castle Domes sit
above one of the largest gravity anomalies in the state
(Lysonski and others, 1980) this team tried to determine if the gravity anomaly indicated the presence of
a large plutonic body at depth (C. Aikens, pers.
comrnun. to E. Frost 1982). Gutmann (1981) suggested
that the volcanic sequence is caldera-related and
described the overall structure as being similar to
that in detachment terranes such as the Whipple Mountains of California (Davis and others, 1979, 1980)
and the Harcuvar-Harquahala Mountains of Arizona
(Rehrig and Reynolds, 1980).
LITHOLOGIC UNITS

reddish-bro\o/ll rhyolite units. Dacitic flows are commonly green to brown to reddish-broHn and are generally
on the order of 5-10 m thick. These flows normally
weather to a dark, reddish-brown desert varnish. Massive pyroclastic flows, some of which are tuffaceous,
are often in excess of 10 m thick and exhibit colors
of light green, red and brown. These flows weather to
very pale colors and tend to crumble easily. Fracture
patterns in the entire sequence are dominantly N-NW
striking, with less prominent fracturing that strikes
N-NE.
The inter-bedded flows of resistant rhyolite
and dacite with the less resistant pyroclastic flows
tend to form steep cliffs.
K-Ar ages on these units suggest that the base of
the volcanic sequence is about 25 myoId with the upper
portion being about 20 myoId (Gutmann, 1981).
Metasedimentary Rocks
The oldest rocks exposed in this area of the
Castle Dome Mountains are predominantly metamorphosed
sedimentary rocks, which are probably Mesozoic in age.
A lesser amount of metamorphosed volcanic and/or
plutonic rocks are also present. Most of the preTertiary clastic rocks consist of micaceous schist,
phyllite, and quartzite, with a few calcareous layers.
These rocks appear to have originally been siltstone,
shale, sandstone, conglomerate, calcarenite, and
feldspathic arenites. The foliation wit:lin these rocks
is very well developed, making bedding or other primary
sedimentary structures difficult to see. Within the
conglomerate layers, the bedding is most easily visible
and appears to be fairly shallowly dipping. Clasts
within the conglomerate are almost all composed of
quartzite, suggesting derivation from the continent.
l~tamorphism within these rocks is restricted to
lower greenschist grade at most.

DIKE SHARI'IS
The most pronounced geologic feature in the
southwestern Castle Come t10untains is an enormous
dike swarm that cuts through the metasedimentary
sequence and makes up the bulk of the Castle Dome
tUning Dis trict. Hilson (1933) designated two sets
of dikes (Fig. 3), Hhich he termed diorite porphyry
and quartz porphyry.
T\% distinct compositions of
dikes are indeed present in the area, and are termed
dacite porphyry and rhyolite porphyry in this study,
with the rhyolite being the youngest.
Phenocrysts
in these dikes are typically plagioclase and biotite
with large blebs of disseminated quartz common in
the rhyolite porphyry dikes.
Associated Hith the
dike SHarm are fissure veins mineralized with
argentiferous galena, fluorite, and barite.

Volcanic Rocks
The volcanic rocks exposed in the Castle Dome
Mountains are comprised of a thick sequence of silicic
to intermediate flow units and tuffs. At least 600 m
of these calc-alkaline rocks are preserved in the
western Castle Domes. The basal volcanic rocks appear
to be dacitic and grade upward into a more rhyolitic
composition.
Throughout the volcanic pile, porphyritic
rocks predominate, with plagioclase being the most
abundant phenocryst type. Biotite, sanidine, and
quartz are also common, with lesser amounts of hornblende and pyroxene.
The volcanic stratigraphy consists of interlayered, multi-colored rhyolite to dacite and pyroclastic flows. Numerous porphyritic rhyolite flows,
approximately 1 em thick, combine to make thick
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These dikes make up a very large proportion of
the 10Her plate in the Castle Domes.
In some parts
of the study area, the amount of metasedimentary
rocks that remain betHeen dikes is very small,
indicating that major extension has occurred within
these rocks.
The dikes typically continue along
strike for long distances and Io/eather as dark,resistant ribs in the lighter-colored metasedimentary
rocks.
The margins of many dikes are well exposed,
shmo/ing that they intruded as irregular bodies up
through the metasediments and along the metasedimentvolcanic boundary.
tlost of the dikes are near vertical, except the dike along the metasediment-volcanic
contact, which is greatly tilted.
The trend of the
dikes is very uniform, making mapping of the dike
SHarm fairly straightforHard. IHdths of the dikes
vary from a few meters to several tens of meters.
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Fig. 3

Geologic map of the Castle Dome District, Arizona.
(Redrawn from Eldred D. Wilson, 1930)
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Because the dikes are so resistant compared to the
metasediments, the dike Sl,arm is the most prominent
feature of the 10lver plate.

the detachment surface in this area.
This probably
explains the 20° variation in the dip of the fault
and also the high angle encountered at this location.
(The detachment surface varies in dip from 30° to 50°
east-southeast.)

The rhyolite porphyry dikes can be seen cutting
through much of the overlying Tertiary strata, ",hereas
the upper plate appears to be devoid of the dacite
porphyry dikes.
These north to north",est-trending
dikes appear to have been feeders for the Tertiary
volcanic lavas during l\iocene extension in the area.
STRUCTURAL GEOLOGY
Detachment Surface
As previously mentioned, the metasediment/volcanic contact mapped by Wilson (lg33, 1960) i~ no",'
knolm to be a fault contact.
This contact is nondescript and displays little evidence for its faulted
character through most of its exposure.
The contact
forms an arcuate feature in map viel' as the tl.JQ-dimensional expression of an east-plunging antiform (Fig. 4).
Immediately ",est of the contact are lo",er plate metasedimentary rocks and the dike s",arm.
East of the
contact are ",eathered volcanic rocks that form a
broad erosional valley leading up to high cliffs of
volcanic material.
It is worthy of note that at the
eastern portion of Hilson's ((1933j) cross section
(Fig. 3), the steep-sided volcanic section that he
sho",s does not exist as a topographic high.
Instead.
volcanic rocks along this cross section comprise a
10l,-lying valley that extends approximately 2 km to
the east of the line of section before such vertical
proportions are encountered.
The nature of the rocks
in this valley makes precise attitude determinations
difficult, but in a general sense the bedding strikes
parallel, and dips into the contact.
Bedding in the
higher relief areas to the east have easily discernable
attitudes that are consistant ",ith those of the valley.
Wilson's cross section (Fig. 3) accurately illustrates
these geometries in a diagramatic ",ay and thus suggest
something less than conformity bet",een the volcanic
rocks and the metasedimentary rocks.
This ",as apparently the only allusion made by Hilson to the nature
and possible significance of this contact.
Gutmann
(1981), must have recognized these relationships
because he refers to the contact as a nonconformity,
but did not extend his investigation further.
Actual detachment surface exposures are nonexistant along the northern 10 km of the contact. The
only exposures are found in the southern section as
the contact crosses the western flank of a volcanic
section that rises nearly 500 m upward from its alluvial floor (Fig. 8).
In this section, two exposures
of the detachment fault may be found.

Approximately 1 km to the south-south",est (33°
00.50' N Lat., ]]4° 09.75' W Long.), the detachment
surface is exposed as a zone of simple shear 20-30 m
thiele.
In this area, the detachment surface strikes
nearly parallel to the strike of the volcanic upperplate rocks, but hClS a nearly opposite dip.
The
detachment surface dips east ",hile the volcanic rocks
dip ",est.
The lo",er boundary of this zone is a slip
surface developed on the metasedimentary lo",er-plate
unit.
The upper boundary is marked by a durable
volcanic floll that has a "ell-developed slip surface
on its 100,er surface. Hithin these boundaries lie
less consolidated volcaniclastic upper-plate rocks
that have been deformed into a series of shear planes
3-4 cm thick which parallel the bounding surfaces
(Fig. 7).
Upper-Plate Structures
Rocks of the upper-plate are structurally complicated by numerous faults of varied orientation.
Because the intricate nature of the volcanic stratigraphy is not yet understood, ho", much of the structural complexity that is related to initial volcanism
is not kno",n. The dominant structural trend ",ithin
the upper-plate is northwest-trending, just as the
lower-plate dikes. Within the upper-plate, the
volcanic rocks are fragmented by predominantly northwest-striking normal faults.
This rotates the strata
producing a repetition of west-dipping fault blocks.
This style of deformation is best illustrated in the
volcanic section pictured in Figure 8. In this vie",
looking south, t",o normal faults are easily recognized that break the main mass into three rotated
blocks. These upper-plate geometries suggest a thinskinned style of deformation reported locally by
other workers (Rehrig and others, 1980, Davis and
others, 1980). No major listric faults ,,,ere directly
observed, although the curviplanar portions could
exist'at depth. Minor fractures near the detachment
surface exposures do show some dO'VD",ard-flattening
and extension-related antithetic structures are welldeveloped.
Although the volcanic section in Figure 8 is an
excellent example of local upper-plate structures, it
should be pointed out that this area has some significant deviations from the general northwest structural trends. At least one of the faults causing
major rotation strikes northeast on the north side
of the section, but makes an abrupt southeast turn
and appears to die out to the south. As mentioned
earlier, the detachment surface is a plunging antiform in the southwestern Castle Domes. This creates
a situation where the trace of the detachment surface
pivots to roughly parallel the northeast-striking
normal fault on the southern antiformal flank. One
possible model to account for the variation might
envisage local variations in tensional direction
created on the flanks of the plunging antiform. This
would cause the normal faults adjacent to the detachment surface to act in a manner characteristic of
parallel folds and broaden back into the northwest
orientation at a given distance.

The first exposure is present in a major valley
(33° 00.85' N Lat., 114° 09.60' W Long.) in ",hich the
detachment surface is offset by a normal fault.
Here
the detachment surface is characterized by a distinct
zone of resistant material that appears as a dark
band 1 to 5 m thick (Fig. 1). The zone is comprised
of brecciated volcanic fragments contained in a matrix
of calcite and silica in approximately equal proportions (Fig. 5).
The nature of this zone suggests
fragmentation of the rocks adjacent to the fracture
as a result of relative plate movements and subsequent
cementation resulting from the movement of mineralized
solutions through the permeable fault zone.
Fine
exposures of the detachment surface can be seen in
this area, many of them appear as mirrored surfaces
(Fig. 6).
Striae indicate a general down-dip motion.
Several significant normal faults offset and rotate

Referring once again to Figure 8, the westernmost
block is separated from the main mass by a normal
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Fig. 4

Fig. 5

Overview of the study area showing the massive dike s"arm (left center)
separated from upper-plate volcanic rocks by the detachme~t contact (dashed
line). Ten km due north is Castle Dome Peak (upper left).

Sample piece of the calcified/silicified zone illustrated in Fig. 1.

603

Fig. 6

Hirrored detachment exposure.

(Cactus at center is 50 em high.)

DIKE-SWARM

fault that also offsets the detachment surface. There
are several faults of this nature evident in the
relatively short section of exposed detachment surface.
These faults may reflect subsequent regional stresses
that are associated with a different tectonic framework, or more likely that they are part of the same
stress field that forms the exposed detachment structures. This may then suggest that detachment faulting
is only one component of the spectrum of responses
to regional crustal extension.

GEO~lliTRY

AND SIGNIFICANCE

The Castle Dome Hining District contains " ••• one
of the most remarkable dike swarms kno,m in the
United States ... " according to E. D. Wilson (1933).
His detailed geologic map of this swarm is an exhaustive work that has gone virtually unnoticed (Fig. 3).
In field checking this work the authors found his
attention to detail unparalleled. As illustrated by
Figure 3, the majority of dikes strike northwest and
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dip nearly vertical, although local exceptions exist.
There are t\·70 compositionally distinct dike sets
\,ithin the dike swarm proper. Field evidence indicates
that the rhyolite porphyry dikes are younger than the
dacite porphyry dikes. Wilson (1933) indicates that
as volcanism progressed, the dikes became increasingly
rhyolitic. Gutmann (1981) speculates that some of
these rhyolite porphyry dikes became feeder dikes for
the voluminous rhyolite flm,s in the area. T\w new
K-Ar dates set absolute ages for these two dike sets.
The dacite porphyry (Table 1, sample CD-2) yields an
early Hiocene age of 19.0 ±. 1. 2 myBP. The rhyolite
porphyry (Table 1, sample CD-9) is also early Hiocene
and yields an age of 20.4 + 0.6 myBP. The two dike
sets are thus essentially the same age. Considering
the 22.2 + 0.47 myBP age (Gutmann, 1981, sample CD-77)
of the only dated rhyolite flow in the Castle Dome
!fountains, i t seems likely that the rhyolitic porphyry
dikes and the rhyolite flo\,s may be rela ted.
If the emplacement of oriented dike swarms is
assumed to be in direct response to crustal extension
(Rehrig and Heidrick, 1976), the detachment structures
and dike emplacement must be in large part penecontemporaneous. Gutmann (1981) indicates that rotational events in the Castle Domes took place from
approximately 25 myBP to 18 myBP. This would fix
dike emplacement in the later stages of rotation.
Radiometric dates for rotated and non-rotated upperplate dikes are planned. This may lead to interpreting the possibility of dike emplacement after
rotation and relative plate motion.
It is economically, as well as structurally,
significant to report that the majority of the mineral
Health of the Castle Dome Hountains is associated with
the dike swarm. As reported by Hilson (1933), and
observed by the authors, mineralization is confined

Fig. 7

primarily to fractures that cut the metasediments
am! the dacite porphyry dikes. The mineralized veins
seem to prefer the vicinity of the rhyolite porphyry
dikes, but are poorly developed within them. Thus,
mineralization may represent the last gasps of the
nagmatic source during the closing stages of regional
extension. (For detailed mineralogical information,
refer to Wilson, 1933.)
SUNHARY
Our understanding of the geologic development of
this area is far from complete. The detachment fault
is present I,ithin this study area as well as in several other locations in the southern Castle Dome
Mountains (J. Phillips, S. Rugg, Pers. Corum., 1981).
The overall geometry of this surface must be completed
before the local structures can be completely understood. A thorough geochronologic study is needed to
more fully decipher the relationships between extension, volcanism, dike emplacement and movement along
the detachment surface. Study of the mineralization
could both improve the structural interpretations
and also produce far-reaching economic implications
associated with the detachment phenomenon. A key
to understanding the upper-plate structure is distinguishing a volcanic section suoh as that shmm in
Figure 8. Determining how, or if, the caldera-related (?) volcanic rocks of this arca are genetically
related to detachment faulting is also a direction for
future research. Future detailed studies are warranted
for this area and may hold many of the keys necessary
to complete the regional Tertiary extensional tectonics
of the south\,estern United States.

Shear planes developed in upper-plate volcaniclastic rocks.

605

Fig. 8

View looking south of the southern volcanic section that illustrates upper-plate geometry.
(Dashed line with hatchures indicates the trace of the detachment surface. Solid line
shows trace of normal fault that rotates the volcanic stratigraphy.)

TABLE 1
K-AR DIKE SHARH AGE DETERHINATIONS, CASTLE DOHE HOUNTAINS, ARIZONA

Sample No.

**

Rock type and locality

Age (Hyt:)

Hineral

%K

40 Ar

rad

/40 Ar

CD-2

Dacite porphyry dike, southeast section of dike swarm.
33°02.10' N Lat.,
114°09.85' W Long.

19.0 + 1.2

Plagioclase

4.51

0.28

CD-9

Rhyolite porphyry
southeast section
swarm. 33°02.10'
114°09.85'

20.4 + 0.6

Hho1e rock

8.67

0.45

dike,
of dike
N Lat.,
H Long.

Constants used: -10
I\{! = 4.962 x 10
per year
0.581 x 10-

10

per year

0.01167 %
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moves over and through these folds.
In other cases
folds are displaced along the movement direction (e.g.
Fold Y). The movement of the detached sheet over a
series of these ramps can account for the approximate
synchronous development of folds in various orientations.
In addition the ramps may act as nucleation
sites for the development of normal faults at higher
more brittle levels.
Implicit in the model presented
is the presence of a number of stacked detachment
faults, the lm"est of which is the last to move and
displacement on this stepped surface causes deformation (folding and faulting) of the upper sheets.

Hovement of detachment faults over a foot\<lall
\<lith varying geometry provides a possible explanation
for the production of folds in different orientations
commonly observed in the extensional terrains. The
development of ramps (sections \<lhere the detachment
fault changes level abruptly) provide a potential
source location for the nucleation of folds.
A simplified evolutionary sequence illustrating the production of folds ,,,ith axes parallel and perpendicular
to the movement direction of detachment is shm"n
belo\<l. Note that some folds formed \<lith axes perpendicular to the movement direction (e.g. Fold X) are
fixed in location and material in the hanging wall
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EVOLUTION OF SECTION A-B
DEVELOPMENT OF FOLDS PERPENDICULAR
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