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ABSTR,<\CT
gation because of the large section of Tertiary
strata exposed there.
Such an accumulation of sedimentary rock should provide at least a partial record
of the depositional and deformational history for
that time. Therefore, the purpose of this investigation was to describe the stratigraphy and structure
and their interrelationship, and to propose a tentative depositional model.
The development of this
model was intimately associated with the structural
character of the range because the deposition and
deformation appear to have been coeval.

The Baker Peaks of south,,,estern Arizona are
composed of reddish arkosic sandstone and graniticboulder conglomerate units deposited in an alluvialfan environment with a provenance located to the
south.
Deposition of these units was coeval with
rotation along northeast-dipping growth faults interpreted to merge into the low-angle detachment fault
observed to the south of the range.
The Tertiary
strata (upper plate) lying above the detachment fault
appear to have been affected by northeast-southwest
extension with transport of the upper plate to the
northeast. A regional reconstruction provides a
model depicting the interrelationship between
Tertiary sedimentation and structure for this area.
Alluvial-fan formation appears to have been initiated
along northeast-dipping growth faults in close association with the dmmwarping of the Gila Trough to
produce the main catchment basin.

The presence of regional Tertiary detachment
faulting described to the north, northwest, and east
of the Baker Peaks (Frost and Mueller, pers. commun.,
1981) further suggests that this area should provide
a record of this regional extensional event.
The
ideas put forth in this paper are not a final summation but are meant to provide a framework for further
investigation and to provoke further inquiry into the
interrelationship of extensional tectonics and basin
development.

INTRODUCTION
The Baker Peaks are located within the Hohawk
Valley of southwestern Arizona, approximately 57 km.
east of Yuma.
The main access to the range is dirt
roads, Avenues 36 and 40, off Interstate Highway 8
(Fig. 2).
The Baker Peaks lie within the boundaries
of Luke Air Force Range, an active gunnery range, and
thus entrance into the region is restricted by military jurisdiction.

Previous Hork
Host of the earlier work in this area has been
included in mineral deposit reports. Hilson (1933)
provided a good general description of the sandstone
and conglomerate from the Baker Peaks. He included
descriptions from earlier work, notably work by Bryan
done in 1925. Hilson commented briefly on the orientation of the bedded units, suggesting that the
changes in strike and dip that he observed indicated
that the units had been considerably affected by
faulting.

The Baker Peaks reach a maximum elevation of

432 meters and encompass approximately 13 sq. km.
From Interstate 8 the Baker Peaks can be seen as a
set of angular, pyramid-shaped peaks characterized by
northwest-trending strike ridges with southwestfacing dip slopes (Fig. 3). The range is surrounded
by a rock-cut pediment surface.
To the immediate
east and west of the range, the pediment is overlain
by wind-blown sands and Recent alluvium.
To the
south, low-lying hills cross the plain to the contact
between Tertiary conglomerate and Precambrian to
Mesozoic crystalline rocks of the Copper 110untains,
mapped by \,ilson (1933).
To the north, the pediment
extends for at least 1 km; hm"ever due to the proximity of similar Tertiary units at Antelope Hill, which
lies 5 km north of Baker Peaks, the pediment probably
extends much further.

Keith (1978) also included a description of the
Baker Peaks in his report on the mining districts of
Yuma County; however, most of this description cites
much of the earlier work by \,ilson and Bryan.
Eberly
and Stanley (1978) divided the Cenozoic stratigraphy
of southwestern Arizona into two units; they considered the strata of the Baker Peaks region to
belong to the older unit which predates late Miocene
time. Host recently Lynch and Lundin (1980) provided
a field guide description at Baker Tanks, 2 km to the
south of the Baker Peaks, in which they included a
description of the units and a brief discussion on
their provenance; however, no structural observations
for this area were noted.

The Baker Peaks are composed of stratified
arkosic sandstone and conglomerate that appear to be
derived from a granitic source terrane.
The sandstone is predominantly coarse grained with crossbedding and thin-bedded shales occurring locally.
The conglomerate is composed of well-rounded cobbles
and boulders.

STRATIGRAPHY OF THE BAKER PEAKS
General Setting
Reddish, arkosic sandstone and granitic boulder
conglomerate units make up the succession of sedimentary rocks in the Baker Peaks range.
The dip
slopes of these tilted beds define the profile of the
Baker Peaks, and are quite prominent when viewed from
a distance (Fig. 3)

Purpose
In light of the growing interest in mid-Tertiary
tectonics in southwestern Arizona, the Baker Peaks
,,,ere considered to be a good target area for investi-
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View to south of Arltelope Hill (foreground), Baker Peaks and Copper Mountains (skyline).

A dark coating of desert varnish covers a large
percentage of the sandstone effectively obscuring
most of the primary sedimentary structures.
The only
outstanding unit easily seen under these conditions
is a tabular-shaped, thick, 1.5 to 3 m, graniticboulder conglomerate (Fig. 4). 1fuile most of the
sloping beds are varnish covered, clean exposures are
located along steep canyon walls.
Clean exposures
are also found in the stream beds south of Baker
Peaks at Baker Tanks.

units in contrast to the darker sandstone.
The supporting matrix varies from a moderately sorted
arkosic, silty, coarse-grained sandstone to an
unsorted, lithic, micaceous, silty, pebbly, coarsegrained arkose breccia sandstone, which is inversely
graded at the base.
A generalized lithologic column is illustrated
in Figure 6.
This figure depicts the lack of megacycles, and shows a small-scale, cyclic, finingupward trend. However, in several exposures these
cycles did not appear to dominate the sedimentary
sequence.
Instead, the sandstone contained a random
arrangement of alternating massive, coarse-grained
sandstone and crudely bedded, coarse-grained sandstone.

Lithologic Description
The sedimentary succession of Baker Peaks is
largely composed of reddish to purple-brown and
bro\'ll-gray, planar-bedded units often appearing as
massive, poorly sorted, pebbly, coarse-grained sandstone.
Many times these units alternate with crudely
laminated, moderately sorted, pebbly, medium-grained
sandstone.
The base of these units is sometimes
graded or inversely graded. Locally, thin beds of a
very fissile, dark-red, silty claystone form prominent blocky shelves in sharp contact with the overlying sandstone.

The total thickness for these sandstone and conglomerate units in the Baker Peaks is not seen due to
faul ting. lIm"ever, canyon exposures display an
uninterrupted thickness of at least 90 m.
Faulting interrupts the sedimentary rock
sequences throughout the Baker Peaks.
Therefore, any
sedimentary megacycles that could be used to reconstruct the tectonic history of this ancient fan system, are someHhat obscured.

A distinctive repetitive unit within thesaridstone sequence is composed of a light-gray, moderately sorted, granitic-boulder conglomerate.
The
repetitive nature of these units is sho\'ll in Figure
5, which illustrates the light-gray conglomerate

The sedimentary structures include: mudcracks
(Fig. 7), small- and large-scale channel cuts (Fig. 8
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Figure 4. A tabular-shaped, approximately 3 1/2 m thick, granitic, boulder
conglomerate exposed along a canyon wall. These units show conspicuous small
caverns. These units do not seem to be coated by desert varnish as the sandstone above is. For scale notice person in the right-hand side of photo.

Figure 5. A distant view, looking northeast, of light-gray boulder conglomerate units alternating with the sandstone. The boulder conglomerate beds
are dipping up along the ridge.
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Principal Sandstone Units
.6 to 3 meters thiclc: Tabular- to lens-shaped beds described as purple-brOl'1n, massive, pebbly, coarse- to medium-grained, poorly sorted, silty sandstone.
meters

35-

.3 to .6 meters thick:
Thin, parallel-bedded reddish units composed of alternating
pebbly, coarse-grained, well-sorted, coarse- to medium-grained sandstone displaying normal to inverse grading.

1-1/2 to 2 meters thick:

Thin-bedded, reddish to brown-gray, well sorted arkosic

sandstone.

15 to 30 em thick:

Parallel bedded, brown-gray, coarse- to medium-grained, arkosic
sandstone containing lens-shaped units normally graded with pebbles and cobbles.
Imbrication is absent.

10 to 30 em thick:

Parallel laminated, small-scale cross bedding "ith reddish
units composed of silty, medium- to fine-grained sandstone.

Pervasive throughout the sandstone are occasional boulder- and/or cobble-sized
clasts (15 em to 2 m in dia.).
Conglomerate Unit

1-1/2 to 3 meters thic!,:

Tabular, light-gray units described as a moderately wellsorted, subrounded- to well-rounded granitic conglomerate supported by silty,
arkosic, lithic sandstone.
Clast sizes range from 15 em to 2 m, with an
average diameter of about 60 em.
Clasts are randomly oriented with reverse
grading above a non-erosive base. Matrix varies from a reddish, unsorted,
angular, silty, pebbly, coarse-grained, lithic arkosic sandstone; to a tan,
moderately well-sorted, "ell-indurated, silty, coarse-grained, arkosic sandstone.
Heathering of this unit produces cavernous structures.

l1udstone Unit

30 em or smaller:

laminated, dark-red, silty to very fine-grained, sandy, fissile
mudstone; weathering into tablets or bricks forming sharp, prominent shelves.
The contact with the overlying and unerlying sandstone is abrupt and occasionally convoluted or truncated. l1udcracks and ripple marks present on upper bedding surface.
This mudstone is not a frequent lithofacies within the sandstone sections observed,
and is itself laterally discontinuous.

Figure 6. Generallized lithologic column showing the gross lithologic units.
random sequence of units that was observed in the field.

This column also shows the

the southern contact with a gneissic complex (Hilson,
In addition, Hilson reports the boulders to
be subangular to subrounded, ranging in size up to 12
feet in diameter.
These sandstones and conglomerates
continue north from the Copper 110untains to the foot
of the Baker Peaks.

and 9), small-scale crossbedding (Fig. 10), and ripple marks.
The sandstone is usually planar laminated
or crudely bedded (Fig. 11), and is either massive,
graded, or inversely graded.
COlmnonly, these units
are laterally discontinuous either becoming truncated
or lensing-out due to channeling.

1960).

Located north of the Baker Peaks are several lowstanding hills. One is Antelope Hill and is located
on the southern bank of the Gila River (Fig. 2 and
Fig. 3).
It is composed of gently southward-dipping
beds of coarse-grained, gray, arkosic sandstone
(Hilson, 1933) (Fig. 12). A small hill southwest of
this described by Bryan in 1925 (Hilson, 1933), as
being composed of coarse-grained, arkosic, micaceous
sandstone with lenses of small pebbles (not greater
than 8 em), and in places thin lenticular shaly beds.

A Regional Description and Comparison of the
Tertiary Rock Sequences
A regional alluvial-fan system responsible for
the deposition of redbeds of the Baker Peaks cannot be
considered unless the surrounding Tertiary nonmarine
sequences are also considered.
Brief descriptions of
several surrounding mountain ranges by previous
workers presented.
South of the Baker Peaks, in the northern Copper
110untains (Fig. 2), reddish, coarse-grained, arkose
sandstone and conglomerate is described by Hilson
(1933). Hilson describes these Tertiary rocks as
resembling the Baker Peaks redbeds in composition.
IIowever, the texture is reported to be coarser toward

East of Baker Peaks (Fig. 2), Hilson also describes a section of redbeds located in the northwestern portion of the l10hawk l10untains as lithologically identical with strata of the Baker Peaks,
Antelope Hill, and the northern Copper 110untains.
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Figure 7. A cross-sectional viet, of very thin, concave up, mudstone layers
partially detached from the underlying mudstone. Their origin is interpreted to
be the result of dessication. These features t,ere at one time mudcracks, and SO
represent a subaerial environment. Later, they t,ere infilled by a fine-grained
sand.
This series of steeply dipping sedimentary rocks is
made up of poorly stratified conglomerate, grading
upward into well-stratified sandstone and shale. At
the northern end of the range Wilson has measured a
section containing over 183 m of sandy shale.
He
notes that hte conglomerate contains mainly rounded
to subangular boulders of gneiss and granite ranging
in size from a few inches to two feet in diameter.
Present tcorkers report some boulders as having a
diameter as large as a Volkswagon (Mueller, pers.
comm., 1981).

workers postulate a probable Tertiary age for these
rocks, at the same time noting that their stratigraphic assignment is uncertain.
In the Huggins !1ountains area, located about
20 km east of the Laguna Hountains (Fig. 2), are
strata resembling the lower member of the Kinter Formation and the underlying redbed sequence (Olmsted
and others, 1973). These beds are noted by Olmsted
and others as being assigned an early 11iocene to late
Oligocene age based on fossil camel teeth found in
the fine-grained rocks ..

Hest of the Baker Peaks in the Gila Mountains
and southern Laguna Mountains, a variety of nonmarine
redbeds have been described (Fig. 2).
Generally,
they range from an older fine-grained, gypsiferous,
lacustrine deposit to a younger coarse-grained fluvial arkosic sandstone deposit. Hithin the mudstone
are a few thin tuff layers and white ben tonic ash
(Olmsted, and others, 1973). The reddish, coarsegrained sandstone intertongues with a thick sequence
of coarse breccia and conglomerate, representing
debris-flow deposits. The lower part of this breccia
conglomerate contains a distinctive pre-Tertiary,
crystalline rock type, while the upper part is more
heterogenous in its clast population (Olmsted, and
others, 1973).
These deposits are .overlain by volcanic rocks (with angular discordance), which are in
turn overlain by the Kinter Formation (Olmsted and
others, 1973).

Stratigraphic Correlation and Timing of Events
A correlation of the stratigraphy of these continental deposits just described has been attempted
by previous tfOrkers.
The attempts are based on a
variety of age markers such as radiometric age
dating, fossil age dating, association with volcanic
deposits, and lithologic comparisons.
Eberly and Stanley (1978) have used widespread
unconformities (tvhich are inferred to be related to
certain volcanic orogenic events) to subdivide the
nonmarine Tertiary deposits in and around this area
(Fig. 2).
Based on their report the sequences of
redbeds previously described are bracketed in age
from Eocene (post Laramide) to Late Hiocene (preblock faulting).
Their correlations are based on
cadiometric dating of volcanic extrusive rocks,
lithologic character of the sedimentary units, and
seismic interpretations of the geophysical data.
Eberly and Stanley also subdivide the Tertiary nonmarine rocks using the presence or absence of volcanic detritus.

The Kinter Formation in the Laguna Mountains are
a sequence of coarse-grained sandstone and conglomerate with minor intercalated beds of tuff and ash.
The age is estimated as Miocene based on radiometric
and stratigraphic evidence (Olmsted, and others,

1973) .
The timing of this system is difficult to define
at present.
Correlation across the ranges without
marker horizons is at best a risky business. HOtvever, in light of the fact that the Baker Peaks conglomerate contains absolutely no volcanic detritus,

Within the Gila Mountains are scattered localities of nonmarine, coarse-grained breccia and conglomerate similar to the Baker Peaks and surrounding
redbed sequences (Olmsted and others, 1973). These
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Figure 8. Large-scale channel cut is seen truncating fine-grained sandstone
and mudstone. This channel is filled by a debris-flow deposit. Reverse grading
is found along the base of the conglomerate unit. Notice also the grain-supported
texture and random orientation of the clasts, which is characteristic of a
sediment-gravity flow deposit.

Figure 9. This photo shows the identical channel cut shown previously in
Figure 8. This shows the extent of the channel.
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Figure 10. Sandstone unit displaying small-scale cross bedding.
bedding was rarely ovserved in the field due to poor exposure.

Cross

the deposition of these Tertiary redbeds could be
interpreted as occurring before the great volcanic
outpourings of the early Hiocene (26 my BP) (Eberly
and Stanley, 1978).
This could place the age of the
Baker Peaks conglomerate as pre-latest Oligocene.
However, volcanic depocenters could have been limited
to the area north of the Gila Trough and thus volcanic rocks ,vould simply not have been a part of the
source terrane for the Baker Peaks succession of sediments.
The age of the Baker Peaks clastic section
would then not be constrained by the age of the volcanic rocks to the north.

Large-scale changes of the stratigraphic character
are present through the section, and preclude the
possibility of simply repeating a relatively uniform
section several times by widely spaced faults.
Instead, the faults are probably closely spaced with
normal offset distributed through the range.
Changes
in structural character across the range indicate
that the stratigraphic section is not continuous and
structural complexities are present.
The identification and placement of normal faults are based primarily on changes in the character of small-scale structural domains.

The age of the volcanic rocks in the nearby
Huggins Hountains have been determined by Scarborough
and Hilt (1979) as Oligocene.
These volcanic rocks
are overlain by a thick sequence of redbeds.
If
these redbeds are equivalent to those in the Baker
Peaks, then the redbeds in the Baker Peaks are probably mid-Hiocene in age.

Structural Character of the Upper Plate
Structural Domains
Based primarily on changes in strike orientations of the bedded units, fracture patterns and dip
relationships, the range may be subdivided into preliminary structural domains. Along the northwestern
edge of the range four domains may be recognized:
(1) the western domain, with northwest strikes and
southwesterly dips; (2) the north-central domain,
h'ith northeast strikes and shallOlv northerly dips;
(3) the eastern-ridge domain, ,,'ith north and northwest strikes and westerly dips; (4) the eastern domain, with variable strikes oriented northeast, east,vest and nortlHvest, all dipping to the north.

STRUCTURE
The Baker Peaks are characterized by nortlHvesttrending ridges with southwest-facing dip slopes.
This body of Tertiary strata dips steeply into a lowangle detachment fault which is exposed directly to
the south of the range.
The detachment fault
separates the upper-plate, bedded units of the Baker
Peaks from the 10lver-plate Precambrian and Hesozoic
crystalline rocks of the Copper Hountains, ,vhich lie
directly to the south.

The range is pervaded by vertical fractures
indicating that deformation was penetrative. Changes
in fracture patterns appear to roughly coincide with
the strike domains. Hithin each region there appears
to be a characteristic set of dominant fracture sets.
The "estern domain seems to be the least complex with
prominent fractures oriented predominantly N30H.
In
this region the alignment of topographic lows, such
as valleys and saddles, parallels the trend of the
fractures.
The fracture orientations for other parts
of the range are more complex, but they do indicate
a predominant northwest trend.

The enormous stratigraphic section (approximately 2000 meters thick) represented by these
steeply tilted sedimentary units, implies that the
section is cut and repeated by normal faulting.
However, the lateral discontinuity and masking by the
ubiquitous desert varnish make recognition of structural features, such as faults, very difficult.
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A.

B.

Figure 11. A wide variety of sandstone units was observed in the field.
Figure 11 A shows a crudely laminated pebbly sandstone, while Figure 11 B
shows a more coarsely laminated aspect of the sandstone.
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Figure 12. Gently dipping beds of a coarse-grained sandstone exposed at
one locality in the Antelope Hill area, north of Baker Peaks. These units were
described by Bryan in 1925 OHlson, 1933) I"ho noted that the clas t size did not
exceed 8 em.
faulting for this area may have been lnitiated by a
vertically oriented tensional stress, such as
gravity, with the actual orientation of the faulting
being controlled by a horizontal northeasterly tensional stress.

One of the most striking features of the Baker
Peaks strata is the great variability in the dip of
these tilted units; dip inclinations range from 13 to
86 degrees.
There appears to be a pattern of progressive decrease in dip upsection followed by a jump
to very steeply dipping units, which in turn appear
to become more shallOlv upsection.
These jumps from
shallow to very steep dips also appear to coincide
with the boundaries of the structural domains, with
each package of progressively dipping strata confined
to a structural domain.

The progressive decrease in dip upsection provides good evidence for growth faulting.
The dip
relationships indicate that continued or intermittent
sedimentation I,as probably occurring during rotational displacement of the down-thrOlVll block along curved
normal faults.
These faults are interpreted to be
listric, concave up surfaces to accommodate the rotational nature of the hanging-wall strata, and they
are assumed to flatten dOlvmvard into the shallol"
detachment surface that underlies the range (Fig.
13). However, the actual shapes of the fault surfaces are not knOlvn.

Normal Faulting
As mentioned previously, the nature of the
exposed strata does not allow for easy recognition of
normal faulting; however, the presence and character
of the previously described structural domains do
suggest that these rocks have undergone a penetrative
deformation, which has resulted in these subdivisions
of the range.
Locally, pervasive fractures provide
evidence for normal vertical movement, such as slickens ide surfaces, striations, mullion surfaces, and
small-scale vertical offset.
Normal faulting in this
range is thought to parallel these fractures, with
displacements occurring over a fault zone rather than
a single fault plane.
Zones of intensive fracturing
do coincide with the boundaries of the structural

Similar types of growth faulting have been described by Proffett (1977) in the Yerington district
of western Nevada, by Frost (1979) in the lfuipple
Mountains of southeastern California and by Suneson
(1980) in the Castaneda Hills quadrangel of westcentral Arizona.
The origin of these faults may be
similar to the model described by Proffett (1977)
\,hereby the initial rupture of the fault is straight,
but further extensional stress produces new breaks,
allowing the hanging wall to rotate to accommodate
the extension. The older faults are progressively
rotated producing the listric-like faults that
flatten with depth.

domains.

In the western part of the range prominent
northwest-trending fracture sets that show evidence
of small-scale normal displacement suggest that extension has occurred with a vertical oriented tensional stress. Subordinate conjugate fractures
related to the northlvest-trending fractures appear to
have resulted from a northeast extension direction
which may have controlled the orientation of the
normal faulting.
This interrelationship of fracture
patterns suggests that the range has been affected by
both vertical and horizontal extension.
The normal

Baker Peaks-Copper lfuuntains Detachemnt Fault
In a stream channel to the south of the range
the low-angle detachment fault is exposed, separating
the Tertiary units of the Baker Peaks from the Precambrian and IJesozoic crystalline rocks of the Copper
Mountains.
This contact Ivas mapped by Hilson in 1933,
however no reference was made regarding its nature.
Locally the fault is exposed as a dark, reddish-brown
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processes are indicated by the normally graded, cobble sandstone, Hith 10H-angle erosional surfaces.
Also present are small-scale crossbeds, and channel
cuts. The nature of the fluvial sedimentation seems
to be largely due to shalloH-channel, braided streams
and sheetfloods.

polished sur face (Fig. 1), ,,,hich is exhumed in the
stream bed.
A resistant ledge forms directly belm"
the fault trace making a sharp contact Hith the less
resistive overlying sedimentary units.
The ledge is
1 to 20 em thick, and is aphanitic and flinty in
character.
The fault surface is remarkably planar
and dips 10 to 15 degrees to the Hest.
Striae and
very 101" amplitude grooves (mullion structures) trend
~36-28E, suggesting a northeast-soutm"est transport
direction for the upper plate.

The small-scale ripple marks and mudcracks found
on the 10Her and upper contacts of the silty mud
layers respectively, indicate a shalloH-",ater to subaerial depositional environment.

The fault is remarkably similar in character to
the microbreccia zone of the \fhipple detachment fault
described by Davis and others (1979; Fig. 14). The
microbreccia zone of the Baker Peaks exhibits flowbanding (Fig. 15), Hhich is considered to form due
to the superplasticity of the unit and may act as a
fluid-like lubricant that facilitates fault motion
(Phillips and Samis, 1982; Phillips, this volume).
In the microbreccia zone floH banding directly underlies the aphanitic, resistant ledge; it is a highly
altered and variegated zone composed of irregular
bands of chlorite and iron-bearing minerals.
The
microbreccia is pervaded by fine, closely spaced,
vertical hairline fractures (Fig. 16). The fractures
intersect at right angles and form cube-like fragments.
The best developed set of these fractures is
oriented perpendicular to the inferred direction of
movement, and appears to be the same as fractures
present along many other detachment faults (Frost,
pers. commun., 1982; Mathis, this volume).

These interpretations suggest that the sandstone
and conglomerate of the Baker Peaks ",ere deposited as
part of an arid alluvial-fan complex.
The aerial distribution of the character and grain size appear to
indicate a source terrane approximately to the south.
The frequency and amount of silty mudstone increases
in the northern portion of Baker Peaks, Hhile grainsupported, boulder conglomerate dominates the exposures to the south near the Copper Mountains.
In
addition, the paleocurrent directions obtained indicate a complex drainage pattern for this alluvial-fan
system.
Source Terrane
The composition of the dominant clast types
Hithin the Baker Peaks conglomerate indicates a
mostly granitic-type source rock. Although gneissic
clasts are alHays present, they are not the dominant
type, except in the northern portion of the Copper
Mountains.

Where the fault is not Hell exposed, it may be
traced due to the color contrast betHeen the overlying redbeds and underlying green zone of alteration
and mineralization.
The lm"er-plate crystalline
rocks are exposed to the east and south of the fault
zone.
These rocks are gneissic and are extensively
pervaded by small dikes. Brecciation of the overlving redbeds is confined to Hi thin approximately on~
meter of the fault or is absent altogether (Fig. 17);
whereas brecciation of the lower plate rock involves
a much Hider zone of alteration.

At present, the nearest granitic source rock
Hithin proximity to Baker Peaks is located in the
Copper Mountains, south of the gneissic complex
mapped by Wilson (1960). Although this location
generally agrees with the southern source proposed
for the Baker Peaks area, the intervening gneissic
complex precludes the possibility of it being the
only source rock for the Baker Peaks conglomerate.
Also of interest concerning the source for these
conglomerates is the total absence of any volcanic
detritus Hi thin the Baker Peaks section.

Transport and Extension of Upper-Plate Units
There appears to be substantial evidence to suggest that the direction of upper-plate transport in
this region Has primarily to the northeast.
This
is supported by the presence of upper-plate Tertiary
rocks, Hhich strike north",est and dip southHest, that
have been rotated along northeast-dipping normal
faults.
In conjunction Hith this, fracture patterns
also indicate a northeast-oriented extension direction.
The orientations of stress fractures, striae
and mullion structures on the detachment surface provide further support for northeast-southHest transport orientation.
The close association of the
detachment fault and northHest-trending normal faults
suggest a coeval development of the tHO in response
to northeast-southHest crustal extension.

Also absent are fine-grained metasedimentary
rocks such as a phyllite, schist, or slate, ",hich
typify many of the crystalline rock exposures of the
nearby ranges (Frost, pers. comm., 1982). Granitic
rocks like those that pervade the Baker Peaks are
conspicuously absent from the ranges north of this
area. A source area from the north for the clastic
rocks of the Baker Peaks seem to be very unlikely,
therefore a granitic source terrane lying to the
south of Baker Peaks is proposed.
Catchment Basin
The catchment basin for Tertiary nonmarine
deposits in this area Has probably an area nOH named
the Gila Trough. According to Eberly and Stanley
(1978) this is a northeast-trending, fault-bounded
basin filled Hith a thick sequence of Tertiary redbeds and volcanic rocks (Fig. 18).
The existence and
geometry of the Gila Trough is interpreted from the
sedimentological, geochronological, and geophysical
studies of Eberly and Stanley (1978).
Figure 19 is
an interpretational cross section shoHing the boundary relationships of the trough as inferred from
their seismic evidence. A redrffi"n version of this
seismic profile is shoHn in Figure 19-B to shm" the
basin geometry Hithout vertical exaggeration.

DEPOSITIONAL ENVIRONMENT
The depositional processes for the strata of the
Baker Peaks, appear to alternate betHeen sediment
gravity floH (or debris-floI') and fluvial gravity
floI'.
Debris floHS are inferred from the matrix supported boulder conglomerate Hhich displays normal to
inverse grading, and the absence of imbrication or
preferred orientation. Within the sandstone are tabular to lens-shaped, pebbly, coarse-grained units
that display a grain supporting texture Hhich suggests
a sandy sediment gravity floH mechanism.
Fluvial
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Figure 13 A. Vietl to the northwest of the Baker Peaks. Note the dmmdropped ridge, which is presumably rotated by the fault located in the valley
between the peaks. Eastern Muggins Mountains and Antelope Hill are located
on the horizon beyond the peaks.

sw

NE

Figure 13 B. Diagrarrmlatic cross section across Figure 13 A, depicting
the rotation of Tertiary strata along normal faults. Note the relatively shallow
depth at Ivhich the detachment fault and lOI(fer-plate crystalline rock presumably
underlie the range. Dotted line represents elevation of the alluvial contact.
Scale is approximately 1:12,000, with negligible vertical exaggeration.
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Figure 14.
breccia ledge.

Exhumed Hhipple detachment fault Hith characteristic micro-

Figure 15. Microbreccia developed directly beloH the Baker Peaks-Copper
Mountains detachment fault, due south of the Baker Peaks.
Note the floHbanding structures.
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Figure 16. Slnall-scale fractures on detachment fault surface oriented
perpendicular and parallel to the direction of movement. Small-scale mullion
structures indicate the direction of upper-plate motion.

Figure 17. Coarse-grained, bedded sandstone showing the coherent nature
of the upper-plate strata; photograph was taken within one meter of the detachment fault.
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Figure 20. Reconstructed paleogeographical model. Figure 20 A depicts the onset of northeast-directed
crustal extension, and the initial formation of a detachment surface within the crystalline basement. Figure 20
B depicts a later-stage development of crustal extension producing detachment faulting, regional \;arping and
northeast-dipping growth faults.
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closely spaced normal faults.
Erosion of the rotated
crystalline blocks within the upwarped highlands shed
detritus to the northwest into the Gila Trough.
Locally, extensive alluviation along the rotated
crystalline blocks produced the coarse detritus which
also became rotated along the normal faults.
This
produced the growth-fault character observed within
the closely spaced alluvial-fan sequences. As the
fault blocks continued to be rotate~ denudation of the
upper-plate crystalline rock probably occurred along
the detachment surface.

Faulting within the area of the Baker Peaks does
not seem to reflect the northeast-striking faults
that would parallel the Gila Trough of Eberly and
Stanley (1978).
Instead the Baker Peaks are dissected by northwest-striking faults that are oriented
essentially perpendicular to the Gila Trough.
On the
basis of the faults exposed on the study area, the
Gila Trough may be largely a dOlmwarped (Fig. 19-B)
rather than fault-bounded basin.
m,GIONAL RECONSTRUCTION

The Tertiary strata exposed in the Baker Peaks
today probably represent a lower structural level of
the upper plate, accentuated by the removal of overlying strata by regional erosion (Fig. 13). The
proximity of the detachment fault to the Baker Peaks
also suggests that the Tertiary section exposed there
represents the lower structural levels of the rotated
fault blocks.

The continental sandstone and conglomerate of the
Baker Peaks were at one time deposited during a period
of regional alluviation and crustal extension., Equivalent in age are numerous fanglomerate deposlts that
make up portions of the surrounding ranges.
All of
these Tertiary continental deposits help define the
expansive basin that at one time was the site for not
only alluvial flood-plain deposits but volcanic
extrusive rocks as well (Eberly and Stanley, 1978).
The development of these major packages of continental rocks appear to be related to the same regional
crustal extension that produced detachment faulting.

CONCLUSIONS
Based on small-scale structural observations,
the Baker Peaks appear to represent blocks of Tertiary strata rotated along northeast-dipping normal
faults.
These faults are interpreted to join with
the shallOl", 10l,,-angle detachment fault observed to
the south of the range.
Extension seems to have been
oriented northeast-south,,,est with transport of the
upper plate to the northeast.

The follOldng model provides a frame,,,ork for
interpreting the interrelationship of the structure
and stratigraphy of the Baker Peaks terrane.
This
simplified paleogeographic reconstruction is highly
interpretive, and is largely influenced by the ideas
generated from recent work done in other detachment
terranes, notably the Hhipple Nountains (Davis and
others, 1979, 1980; Frost, 1979, 1981). This model
is not intended to resolve the complex Tertiary
history for the region, but is a first attempt to put
together a framework for further investigation.
The
authors recognize the many problems that arise due to
the unresolved structural complexities that are not
dealt with here and realize that the final interpretation for this region ,,,ill not be as simple as our
present model.

The depositional environment for the Tertiary
strata can be characterized by alluvial-fan formation with its provenance located to the south.
Alluvial-fan formation is proposed to have been initiated
by northwest-trending northeast-dipping growth faults
in conjunction with the development of a northeasttrending, highland to the south of the Gila Trough.
The dOl"mmrping of the Gila Trough provided the main
catchment basin ",llich was filled with extensive alluvial-fan sediments.
The timing of this system is
difficult to define at present.

Hith the onset of crustal extension, the crystalline basement terrane was cut by widely spaced
normal faults that developed coevally with the
detachment surface (Fig. 20A).
The detachment surface probably originated at a shallow crustal level
as indicated by the brittle style of deformation
observed along' the detachment fault and in the upperplate rocks.
The development of the northeast-trending Gila Trough and nortln"est-trending normal faults
appears to be closely associated with regional northeas t-soutllHes t extension.

The significance of this study is two-fold.
The
presence of detachment faulting in the Baker Peaks
region of southwesternmost Arizona extends the
boundary of the knOl,m detachment-fault terrane,
providing further indication of the ,,,idespread
regional occurrence of this mid-Tertiary extensional
phenomenon.
The proximity of the Hexican border to
the south of the Baker Peaks terrane strongly suggests that detachment faulting should be found in
northern Sonora, Nexico.
Secondly, the Baker Peaks
offer an example of hOI" the Tertiary stratigraphy
of soutlnves tern Arizona prOVides a pm"erful tool for
interpreting the extensional tectonics of this
region.
Further investigation of the Tertiary sedimentation in this region should provide an understanding of the history of the basin development and
its association ",ith the regional detachment terrane
and mid-Tertiary crustal extension.

Two fold_,;ets appear to be associated with the
warping of the detachment fault in this region
(Cameron and Frost, 1981).
The more dominant fold
set produced the downwarping of the northeast-trending Gila Trough catchment basin and adjacent upwarping of the source terrane.
The second set of folding trends northwest and is more subtle in character;
its presence is suggested by the arched nature of the
detachment fault exposed to the east of the Baker
Peaks in the Nohm"k Hountains (Hueller, pers. commun.,
1982) and by the warped nature of the detachment
fault in the Baker Peaks-Copper Mountains terrane.
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ABSTRACT
114 t!

Pre-Tertiary crystalline rocks in the Mohave,
Buck, and Bill Williams Mountains consist largely of
Precambrian
gneiss
and granitoid rocks.
Older
gneisses include metasedirnentary rock, amphibolite,
and granite gneiss.
A widespread porphyritic granite
of probable middle Proterozoic age is metamorphosed to
augen gneiss at deeper stpuctural levels.
It is cut
by leucocratic and pegmatitic rocks.
The gneisses
define large tight folds that now plunge SSW but
originally plunged NNE before Tertiary til ting. These
folds are cut by Proterozoic diabase sheets that were
originally subhorizontal.
Cretaceous( 7) diorite,
granodiorite, and granite which intrude these rocks
are some of the northeasternmost exposures of Mesozoic
plutonic rocks in this papt of the Cordillera.
However the related( 7) plutonic suite of Chemehuevi
Mountains now exposed to
their west originally lay
below them or to their east.
The crystalline rocks
are over la i n nancon formably by Miocene strata, and are
distended by a dense swarm of dikes.
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Rocks in the ranges were disrupted in Miocene
tL'Tle by severe crustal extension that resulted in
rotation of alloc'1thonous blocks to the southwest and
relative transport of higher blocks or plates to the
northeast.
Til ted blocks are shingled on low-angle
listric(7) faults, and lie above the Whipple and
equivalent(7) Chemehuevi detachment faults.
Some of
the
shingling
faults
feed
displacement
into
a
detachment faul t, along which displacement increases
from 4 kill at its SW exposed end to 15 kill in its NE
exposures.
This fault, which lies above the Whipple
Mountains detachment faul t, juxtaposes Tertiary stra ta
ag;ainst basement gneiss that was originally lO-12km
below these strata.
Relatively intact structural
plates expose 5-13 kill of upended crustal section.
This thickness establishes an original depth, at least
as
gpeat,
for
the underlying Whipple Mountains
detachment faul t.
The detachment faul ting records
crustal thinning to perhaps 10-50 percent of original
thickness.
This thinning may account for isostatic
uplift that has since exposed middle crustal rocks
beneath the detachment faults.
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Figure 1.
Location map of southeastern California
and western Arizona showing study area and
surrounding ranges.
Regional detachment fault
shown with teeth on upper plate and stippled
areas below fault.
Hachured fault indicates
inferred headwall area of Whipple Mountains
fault,
in the Turtly Mountains area.
The
Hualapai
Mountains
lie
northeast
of
the
detachment terrane.

INT RODUCTION
The Mohave, Buck, and Bill Williams Mountains lie
in western Arizona just northeast of the Whipple
Mountains, California (Fig. 1).
These ranges expose
pre-Tertiary
crystalline
rocks
and
Tertiary
sedimentary, volcanic, and dike rocks.
Geologic
mapping
by
aU. S.
Geological
Survey team
has
established that the pre-Tertiary and older Tertiary
units ,are upended and alloch thonous.
Companion

reports describe dike swarms (Nakata, 1982) and the
stratigraphy and structure of Tertiary strata (Pike
and Hansen, 1982).
In this report we describe the
pre-Tertiary rocks and evidence of their structural
disruption in Tertiary time.
The data suggest a
characterization of the Earth's upper crust for this
region, and lead us to make inferences about the depth
and style of low-angle normal (detachment) faulting.
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FRAMEWORK

EXPLANATION

The Mohave, Buck, and Bill Williams Mountains lie
within a terrane cha~acterized by major low-angle
normal f'lul ts, commonly called detachment faul ts, of
Tertiary age (Carr and Dickey, 1976; Davis and others,
1980; Rehrig and Reynolds, 1980; Reynolds, 1980; Carr,
1981) •
The Whipple Mountains detachment faul t, a
major fault exposed southwest of the Mohave Mountains,
separates numerous tilted upper-plate fault blocks
from a footwall of generally dissimilar rocks (Carr
and Dickey, 1976;
Anderso!1 and others, 1979; Davis
and others, 1980; Carr and others, 1980; Dickey and
others, 1980; Carr, 1981). Detachment faults that may
be equivalent to the Whipple Mountains fault are known
to the southeast of the Bill Williams Mountains, in
the Rawhide-Buckskin Mountains, and to the west of the
Mohave Mountains in the Chemehuevi Mountains (Davis
and others, 1980; Shackleford, 1981; Cameron and
others, 1981; Joh!1, 1982). Detached blocks above the
Whipple Mountains fault generally are til ted steeply
down to the southwest, and they cO!1sis tently show
t!'a!1sport to the northeast ove!' their substratum and
distension of section (Davis and others, 1980).
Our
reconnaissance mapping in the Mohave, Buck, a!1d
northern Bill Williams Mountains indicates that these
ranges are similar to previously described blocks
above the Whipple Mountains faul t; the ranges consist
of numerous blocks or plates tilted down to the
southwest, separated by generally low-angle normal
faults (Fig.2).
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Quaternary (and locally Pliocene) sediments
Tertiary racks, mostly Miocene volcanic
and sedimentary rocks
Dense dike swarm
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Gronite
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Diorite
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Proterozoic

Augen gneiss
Gneiss and pegmatite
Amphibolite
Contact
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-1-.....i._..... Normal faUll, dashed where inferred, do

Tertiary
volcanic
and
sedimentary
strata
nonconformably overlie the crystalline rocks along the
southwest sides of these blocks and provide a
structural reference (Fig. 2).
These strata dip
steeply southwestward, towa"d the Whipple Mountains
detachrnent faul t and allochthonous blocks above it.
That faul t does not surface in the Mohave, Buck, and
Bill Williams mountains but instead projects under
them.
The equivalent (?) Chemehuevi detachment fault
underlies the Mohave Mountains as seen by exposures at
the northwest end of the Mohave Mountains near the
Colorado River (John, 1982).
The upended blocks or
plates in these ranges may be no more than 1-2 km
thick between low-angle faul ts that bound them, but
represent as much as 12 km of til ted crystalline
rocks
measured
structurally
downward
below and
perpendicular to the now til ted Tertiary unconformity
(Fig. 3).
Areas referred to here as the Crossman,
Tumarion, Buck, and Bill Williams plates (Fig. 4)
appear to be essentially intact, whereas the Boulder
Mine and Standard Wash areas show repeated slices of
crystalline rocks, each capped on the southwest end by
tilted Tertiary strata.

whe7e concealed, bar and boll on downthrown side, arrow shows dip

..............'35

.

Detachment fault, dolled where concealed,
teeth on upper plate, arrow shows dip
Strike-slip fault, dolled where concealed,
arrows show reiative movement

T

Strike and dip of bedding

l'

Strike and dip of foliation
Antiform

Crossman Peak in the Mohave Mountains rises to an
elevation of 1555 m, which is 1420 m above Lake Havasu
and the Colorado river.
The northern Bill Williams
Mountains rise to 820 m elevation, and Tumarion and
Powell Peaks in the northwestern Mohave Mountains rise
to 635 and 716 m.
These topographically high areas
represent low struc tura 1 plates. Struc tura lly higher
plates in the more disrupted Standard Wash and Boulder
Mine areas are topographically mostly lower, and
occupy structural troughs.

Precambrian Metamorphic and Granitoid Rocks
Precambrian metamorphic and granitoid rocks are
described below in three rock groups:
(1) an older
group of metasedimentary
rocks,
amphibolite and
granite gneiss, (2) leucogranite gniess, which appears
to represent two generations separated in time by (3)
a suite of porphyritic granite and related rocks.
Except for group (3) these rocks have generally not
been mapped separately. Most of the rocks are igneous
and metaigneous,
and
no
stratigraphy
has
been
recognized.

CRYSTALLINE ROCKS
The basement below the Tertiary unconformity is
largely Precambrian gneiss and granito id rocks. They
are cut by diabase sheets, by granitoid stocks of
Cretaceous (?) age, and by hypabyssal rocks including
dense swarms of dikes of Tertiary age.

378

9

gn

....

.............

.......
•••.•

Q

'.

·.. . ··.4

....
........

.....
CROSSMAN

PEAK FAULT

a

F3

F3

E3

E3

E3

Figure 2.
Geologic m~p of the Mohave, Buck and northern Bill Williams Mount~ins. Many faults in Tert~ary strata
are not shown. This map is preliminary and has not been reviewed for conformity with U. S. Geologlcal Survey
editorial st~ndards and stratigraphic nomenclature,
Figure 5 illustrates Precambrian metamorphic
foliations and lithologic layering crossed by younger
dikes.
Precambrian me.tamorphic rock types are
co~~only
intermixed; a geologic map of the Buck
Mountains (Fig. 6) serves to illustrate a typical
distribution of lit'101ogies. Similar terranes in the
Mohave Mountains are obscured by extensive younger
faul ting and diking. The Buck Mountains expose finegrained biotite granite gneiss, leucocratic gneiss,
pegmatite, granite augen gneiss, undivided gneisses
and
amphibolite,
all
approximately
concordant.
Metasedimentary schist and quartzite occur locally
within the mapped units.
Contacts shown on Figure 6
are
mostly
gradational
and
represent
differing
proportions of mixed rock types.
These contacts
outline
a
large
fold,
conspicuous
on
aerial
photographs, that is crossed by sheets of diabase.

Metasedimentary rocks, amphibolite and granite gneiss
Metasedimentary rocks include sillimanite schist
and
gneiss,
dark
feldspathic
quartzite,
garnet
quartzite, and possible metaconglomerate. These rocks
are probably the oldest rocks exposed but are present
in such small amounts that their history is not
clear.
Amphiboli te
is
more
common
than
metasedimentary rocks; it includes small laminae in
granitic gneiss, as well as large bodies hundreds of
meters across. Some of the larger bodies contain
coarse-grained textures suggestive of gabbro and
diabase protoliths.
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Figure 3. Schematic cross section to illustrate relation of plates and faults. Not to scale.
Strata younger than early Miocene not shown. In expanded upper section across the Mohave
Mountains, Crossman Peak detachment fault varies in offset from 4 to 15 km. The Crossman plate below this fault exposes rocks that were originally as deep as 12 km below Tertiary strata. The lower cross section, from the lVhipple Mountains to the Buck Mountains,
interprets the lVhipple Mountains detachment fault as lying below the Crossman plate. Sections are very schematic.
Gneissic pegmatite containing purple quartz in
places grades into the leucogranite gneiss, and occurs
as narrow (5 cm to 0.5 cm) layers in the leucogranite
gneiss or in amphibolite, and as dikes.
Pegmatite
cuts the fine-grained granite gneiss. Gneissic fabric
in the pegmatite is weakly defined by flattened and
aligned feldspar.
Hhi te, gaY'net-bearing pegmatite is
also found, as large bodies hundreds of meters across,
commonly intermingled with amphibolite (e.g. Fig.

A rock type that is widespread in some areas
(e.g. Fig. 6) is light gray, well foliated, finegra ined biotite granite gne iss.
This rock resembles
gneiss of Virginia May Mine in the Turtle Mountains,
70 !<In to the southwest (Fig. 1; Howard and others,
1982).
The gneiss in the Turtle Mountains intrudes
amphibolite, and predates diorite dated as at least
1350 m.y. old (Howard and others, 1982). Gray, fineto medium-grained,
moderately
foliated
biotite
granite in the Boulder Mine area may be related to the
granite gneiss.

6) •

Field relations
suggest
two generations of
leucograni te
gneiss
and
associated
pegma t i te,
separated in time by intrusion of porphyritic granite
and associated rock that is now augen gneiss.
The
relative proportions in these two generations remains
uncertain, because large bodies of leucogranite gneiss
are generally concordant to augen gneiss, and definite
age relations are not yet established.

Leucogranite gneiss
Leucogranite
gneiss
is
a
major
rock
tne
throughout much of the Crossman and Bill Williams
areas.
It cuts the fine-grained biotite granite
gneiss.
Leucogranite gneiss is a white to yellowgray, well foliated, fine- to medium-grained gneiss
containing white feldspar and purplish or bluish
quartz.
Garnet is commonly present as small linear
trains parallel to foliation and gives the rock a
spotted appearance. Much of the ga~net is replaced by
brown biotite through retrograde metamorphism.
The
resul ti ng spots of bioti te are commonly arranged in
linear trains that fan and feather over distances of a
few centimeters or tens of centimeters, giving the
rock an unusual plumose pattern.

Quartz monzodiorite,
gneiss

porphyritic

granite,

and

augen

Another major group of rocks includes qua~tz
monzodiorite, pophyritic granite, and related augen
gneiss.
Fine- to medium-grained quartz monzodiorite
is a dark rock and is characterized by interstitial Kfeldspar.
Stained slabs closely resemble those of
quartz
monzodiorite
from
the
Hhipple
Mountains
described by Davis and others (1980) and Anderson and
others (1979). The quartz monzodiorite also resembles
rock to the northeast in the Hualapai Mountains, which
contains rare tabular feldspar phenocrysts like those
of porphyritic granite associated with it there. A KAr apparent age of 723 m.y. on hornblende obtained by
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Mohave, B'Jck, and no"'thern Bill Williams Mountains.
Named areas are major
Boulder Mine and Standard Wash areas are synformal relative to adj acent
Figure 2.
Circles a.rF'l plots of poles to foliat ion, contoured as indicated by
area); number of measurments = 191 for eastern Crossman area, 94 for western
Mine a"'ea, 67 for Buck area; lower hemisphere equal-area projection.

CONOCO (unpublished data, 1982) from diorite from the
Standard Wash area is probably from the quartz
monzodiorite unit; the intrusive age is likely much
older.

Fluorite-bearing granite that appears very similar in
outcrop and in stained slabs to the porphyritic
granite in the study area and in the Whipple Mountains
crops out extensively along the southl;lestern part of
the Hualapai Mountains to the northeast (Fig. 1; e.g.
Stensrud and 'lore, 1980). Porphyritic granite in the
north'nestern Mohave Mountains is more mafic (up to 20
percent mafic minerals) and less potassic than typical
elsewhere in the study area (Fig. 8).

The quartz monzodiorite in the Standard Wash area
is associated with medium-grained granite and wi th
porphyritic granite, which cuts and locally grades
into the quartz monzodiorite.
Typical
porphyritic granite weathers pinkish
gray, $ contains coarse-grai ned flow-aligned tabular
phenocrysts of alkali feldspar in a medium- to coarsegrained matrix of quartz, biotite and plagioclase. It
texturally closely resembles rock described as granite
porphyry in the Whipple Mountains by Davis and others
(1980), Anderson and others (1979) and Anderson and
Frost (1981). They suggested an age of 1.4-1.5 b.y. on
the basis of compositional similarities to rocks of
that age and on preliminary isotopic information.
Their granite porphyry is typically a potassic granite
(syenograni te) • Porphyritic granite in our study area
ranges
to
syenogranite
but more
typically
has
plagioclase subequal to alkali feldspar (Fig. 7).

A surprising discovery is that the porphyritic
granite grades northward across large areas in the
Crossman and Bill Williams areas into augen gneiss.
On an outcrop scale, granite and augen gneiss grade
"11 ternately into one another in zones;
within a
distance of several meters, fresh-looking, twinned
rectangular
pheoncrysts
of
alkali
feldspar
progressively exhibit rounded corners and lie in an
increasingly
foliated
medium-grained
matrix.
Aggregates of biotite or biotite and hornblende
enhance a penetrative fabric in the deformed parts.
On northward traverses across hundreds or thousands of
meters,
the
augen gneiss takes on increasingly
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Figure 5.

Aerial view of high ridge
nort'1W8st
of
Crossm"ln
Pe"lk,
Moh"lve
Mountains.
Numerous
Tertiary dikes, which cross from
right to left, cut "l Precambrian
fabric
of
steeply
dipping,
alternating layers and pods of
amphibolite
and
leucog"'anite
gneiss, crossing steeply from
upper left to lOHer right.

conspicuous
gmnobla,stic
(lepidoblastic)
textu"'e
defin8d
by medi=-grained
biotite,
quartz,
and
feldspar.
Modal analyses indicat8 that the more
metamorp'lOsed rock is comrnonly poorer in quartz, and
in several places it cont'lim g;irnet.
The northward
traverses that demonst"''lte these transitions encounter
increasingly deeper levels as measured structur'llly
below upended Tertiary strata.
Th8 unmetamorphosed
porphyritic granite occurs only in close proximity to
nonconformably overlying Tertiary rocks, whereas augen
gneiss rarely is overl'lin by Tertiary strat'l but
instead occurs at levels th'lt were structurally de8per
below the now-til ted Tertiary sections.
Some aug8n
gneiss occurrences are unco!1nected to exposures of
unmetamorphosed porphyritic granite, and we can not
certify that they are not different, perhaps older,
rocks (e.g. in the Buck Mountains, Figure 6).

contains inclusions of them (Fig. 8).
Yet the augen
gneiss and granite porphyry are cut in many places by
leucogranite
and
pegmatite
dikes.
Lacking
geochronologic and critical field data, we connot
exclude the possibility that much of the leucogr"lnite
gneiss is you!1ger than the porphyritic granite suite.

Metamorphism "lnd deformation
The metamorphic histopy is complex and is k!1OIVTI
only from field reconn"lissance studies.
Garnet
amphibolite "lnd the common occurrence of sillimanite,
and g8neral absence of muscovite, in structurally
deeper parts of the Precambri"ln terrane suggest upper
amphiobolite facies metamorphism.
A major retrograde
event
is
suggested
by
the
nearly
ubiquitous
replacement of g"lrnet in leucograni te gneiss by
biotite.

Augen gneiss that is similar in appearance and
modal composition occurs in the \'1hipple (Davis and
ot hers, 1980), Turtle (Howard and ot hers, 1982) and
Sacramento Mountains, and in those ranges is intruded
by undeformed porphyritic granite very similar to the
rock we identify as t'le protolith for aug8n gneiss in
the Mohave Mountains. The augen gneiss in t'lose three
ranges
must
therefore
have
been
emplaced
and
metamorphosed prior to intrusion of the widespread
porphyritic granite.
The field evidence in the
Mohave
and Bill Williams Mountains instead argues
th'lt
most
or
all
augen
gneiss
there
is
t'le
metmorphos8d equivalent of the same
porphyritic
granite.
Isotopic studies could help sort out the
correlations.

Precambrian
deformat ion
is
recorded
in
the
various gneisses by penetrative foliation, locally
developed lineation and mesoscopic folding, and by two
large SSE-plunging antiform'll folds Hith steep limbs
and northeast-trending "lxi'll traces.
Th8se two folds
are outlined by map patterns and foliations (generally
steep) near Crossm"ln Peak (Fig. 2) and in the Buck
Mountains (Fig. 6).
Both folds have wavelenths "lnd
amplitudes measuring several kilometers.
The fold in
the Buck Mountains is defined by several mappable rock
types.
The fold near Crossman Peak is obscured by an
overprint of Tertiary dikes (Fig. 5) but is inferred
from the pattern of amphibolite outcrops seen in U-2
aerial photographs. Similarities between the forms of
these two large folds suggest they may be related, and
potentially provide a link between the separate
Crossman and Buck structural plates.
Foliations in
and around these folds mostly dip steeply, and define
girdle patterns in stereographic projection that are
indicative of fold "lxes that plunge south-southwest
(Fig. 4).
Many measured sm'lll folds and lineations
are similarly oriented; east-trending lineations are
also common (Fig. 9A).
The plunge of the large folds

Map patterns of the porphyritic granite and 'lugen
gneiss within the are'l of Figure 2 suggest that they
are you:1ger t'lan mos t ot'ler gne isses.
The augen
gneiss occurs as massifs that rarely cO!1tain other
rock types, whereas leucogranite gneiss is generally
intermingled with amphibolite, biotite granite gneiss,
and metasedimentary rocks.
Aug8n gneiss intrudes
amphibolite and fine-grained granite gneiss. Granite
porphyry transitional to augen gneiss locally cuts
amphiboli te and leucocratic gneiss and pegmatite, or
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Figu"e 6.
Geologic map of the Buck Mountains.
Proterozoic map units (except for diabase) named
for principal lithology, but other litholoiges
occur in each, and most contacts are gradational.
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before Tertiary til ting was very different than now,
although
their
axial
surfaces
were
similarly
northeast-trending.
If Tertiary strata, now dipping
55 - 80 0 in the blocks containing these folds, are
restored to horizontal by rotation about their strike,
both folds are found to plunge north-northeast instead
of south-southwest (Figs. 9B, C).

Alluvium
Volcanic and sedimentar
rocks (Miocene)
Silicic dike (Miocene)

~Diabase
[·:p9:.1 Pegmatite

~LeUCogranite gneiss

Precambrian Diabase Sheets
Sheets of dark ophitic hornblende diabase cut
across the folded gneisses (Nakata, 1982).
The
diabase occurs in each of the structural domains
identi fied
on
Figure
4,
and
texturally
and
mineralogically
resembles
hornblende
diabase
widespread in the region.
A K-Ar age in the Turtle
Mountains establishes that similar hornblende diabase
is older than 400 m.y. (HoHard and others, 1982).
Anderson and others (1979) reported that similar
diabase in the Whipple Mountains texturally and
compositionally resembles diabase associated with the
Pahrump Group of late Proterozoic age in the Death
Valley region. The diabase sheets may be analagous to
subhorizontal diabase sheets in the Hualapai Mountains
found by H. Stensrud, for which he reports a middle
Proterozoic K-Ar age (written comrnun., 1982; Stensrud
and More, 1980).

PROTEROZOI

1'<8g=;'"'./ Augen gneiss pods and
:... ,.' undivided gneiss
Fine-grained biotite
granite gneiss

1+,. a

:1 Amphibolite

~ Gneiss, undivided
- - - - Contact
12
Fault, dashed where
-1- - - , ,. inferred, dotted where
concealed, showing dip
• f
Antiform
->Strike and dip of bedding
..-AStrike and dip of foliation
...Trend and plunge of
lineation
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Tertiary rotation and structural disruptio:1 of the
blocks in which they occu....
SimilarlY oriented
diabase sheets can also be found i:1 highly tilted,
allochtho:1ous
blocks
in
the
southern
Sacramento
Mountains to the Hest (Fig. 1).
The orientation
para 11els Tertia~y beds where they occur in the same
blocks, showing that before Tertiary tilting and
disruption the diabase occurred
in subhorizontal
sheets.
The constant northHest trend of the sheets
reco:'ds regional Tertia~y rotation 3.bout that 3.xis,
and provides another tool with Hhich to eX3.mine
Tertiary deformation.
The diabase sheets in the
Mohave t10untains are cut by Cretaceous(?) gr·anite.

\

\

I
granite

e:5 0

Cretaceous(?) Plutonic Rocks

\
\0

000 CD \

Granite,
granodiorite,
and
diorite
in
the
northern Mohave Mountains ~esemble a suite of rocks to
the Hest in the Mojave Desert for Hhich available
geochrono logic
information
ind icates
Cret3.ceous
ages.
Cretaceous K-A~ d3.tes on similar rocks are
reported
from
the
nearby
Whipple
(D3.vis
3.nd
others,1980), Turtle and Stepladder (Armst"'ong and
Suppe, 1973; HO'dard and others, 1982), and Chemehuevi
Mountains (John, 1982).

0

granodiorite

p

A

Diorite and granodiorite are the older of the
Cretaceous(?) rocks, as both are cut by granite.
The
diorite in the Mohave Mount'lins is fresh, m'lssive rock
containing hornblende.
Both mapped bodies of diorite
(Fig. 2) are associated Hith granite. Small bodies of
similar diorite, not m3.pped, occur in the southern
part of the study area.
Medium-gr3.ined biotitehornblende granodiorite occurs in the Tumarion area.

Q

The granite is medium-g~ained leucocratic biotite
monzogranite, locally containing garnet.
One stock
has a border of intrusion breccia (Fig. 10), and
numerous offshoot dikes or sheets (Nakat'l., 1982),
fe'ltures
that
suggest
relatively
shalloH
emplacement.
A single granite body a feH tens of
meters
across
is
porphyritic.
The
granite,
granodiorite,
and diorite
resemble
rocks of the
plutonic suite of Chemehu"lvi Mount'lins, exposed below
a major detachment fault in the range just west of the
Mohave Mou:1tains (John, 1982).

F

M

Figure
7.
~lodal
composition of Precambrian
porphyritic granite (squares) and augen gneiss
(circles).
Ternary plots show modal qua~tz ( ),
alkali feldspar (A), plagioclase (P), feldspar
(F),
and
mafic minerals
(M).
lUGS
rock
classification.

Chilled borders of the diabase in the study area
are in places metamorphosed to foliated biotitebearing assemblages. However, the diabase sheets show
none of the pervasive deformation or folding of the
older rocks.
Their or ientation remains remarkably
constant throughout most of the study area, striking
northwest and dipping steeply, in spite of the severe

Figure 8.
Inclusions of amphibolite (d3.rk) and
leucogranite
gneiss
(light)
Hithin
foliated
Precambrian porphyritic granite.
The granite
here
is more mafic than
typical,
and
is
transition'll to augen gneiss.
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Cretaceous(?) and Tertiary Hypabyssal Rocks
N

.

\..-/

~~-------.:\

A

l /I

,.

(:_~ ~ ,. ,.
+

L

.. ....
III

Dense S\H~ms of silicic and mafic dikes in the
Crossman area, some of which cut into Miocene st~ata,
are described by Nakata (1982) and by Pike and Hansen
(1982).
These dikes distend the Crossman pl3.te by
more than 16 percent (Nakata, 1982), and perhaps by as
much as 20-30 percent (Fig. 5). They consistently dip
to the northeast typically at 45-70 0 angles. Several
large faults cut the dikes.
If the dikes predate
rotation of the Tertiary strata in the Crossman plate,
they originally dipped steeply southwest.
Similar
less abundant dikes occur in other parts of the Mohave
Mountains as well as the Buck and Bill Williams
Mountains.
Deep-seated equivalents of these possibly
may be represented by pyroxene-bearing granite and
hornblende diorite that occur locally within the dike
swarms, north of Crossman Pe'lk, on the originally
deeper side of the tilted Crossman plate.
Other hypabyssal rocks include fine-grained
biotite
granodior He
(or
dacite)
and
quartz
porphyry.
Both occur in the no~thweste~n Mohave
Mountains, as dikes that cut the Cretaceous(?) granite
and as irregular small stocks in Precambrian rocks.
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Figure 9.
9A, Small folds F (squares), mineral
lineations
L
(dots),
and
rare
mylonitic
lineations M (circles) in east Crossman area
(Fig.
4);
lower-hemisphere
equal-area
projection.
9B and 9C: P, fold axis (normal to
girdle of poles to foliation, fig. 4), for Buck
(B) and unfaul ted part of Crossman (C) plates.

Figure 10.
Intrusion breccia consisting of angular
fragments of gneiss and diabase in Cretaceous (?)
granite, Crossman plate of Mohave Mountains.
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TERTIARY STRUCTURE

Areas of Repeated Slices

Deformation in middle Tertiary tLme faulted,
displaced, tilted, and bent the pre-Tertiary and older
Tertiary rocks.
Pike and Hansen (1982) established
that major til ting occu~red after 21 m.y. ago and
before deposition of strata tentatively correlated
with the younger Miocene fanglomerate of Osborn
Wash. The rocks in the Mohave, Buck and Bill Williams
Mountains lie structurally above the Whipple Mountains
detachment
fault
and
equivalent(?)
Chemehuevi
detachment
fault
as we
have already discussed.
Exposures near the Colorado River, at the join between
the Mohave and Chemehuevi MOQ~tains, indicate that the
Tuma.t'ion structural plate (Fig. 4) directly overlies
either the Chemehuevi detachment fault or a thin
intervening plate (John, 1982).
Available evidence
suggests that the TQ~arion plate is at the same
structural level as, and possibly is equivalent to,
the Crossman and Bill Williams plates. Each of these
plates, and the Buck plate, appear to be relatively
intact structurally,
al though upended and partly
broken.
A schematic cross section illustrates our
interpretation of the structural framework (Fig. 3).

Rocks in the Boulder Mine and Standard Wash areas
lie in structurally high positions and occur in
numerous faul t slices.
The slices are each tilted
down to the southwest, and overlap each other on low"lngle,
gener"llly northeast-dipping,
normal faul ts
(Fig. 11).
Higher slices are consistently displaced
to th? r,.)~the"lst relative to rocks below them.
These
relations are demonstrated by repetitions of the
til ted nonconfot'mi ty at the stratigr"lphic base of the
Tertiary section.
This stt'uctural style resembles
that described by Anderson (1971) fot' the Eldot'ado
Mount3.ins, located 130 km to the north, except that
the transport and tilt dit'ections are opposite to
those in the Eldorado 110untains. The faul ts that lie
between the thin slices are poorly exposed and their
dips are not known in the Standard Wash a~ea, but they
are well exposed in the Boulder Mine area.
Measured
faul t
dips
there
range
from
70 0
northeast
to
horizontal;
some low-angle faul ts define sinuous
traces and encircle windows or klippen.
The fault
zones vary in thickness, from 1 to several meters, and
in ch~racte~. Some are gouge, some loose breccia, and
some hard, layered cataclasite. The footwalls of some
of the faults, most distant into basement rocks below
the Tertiary section, are chlot'itized.

A11 or most faul ts in the area are most easily
interpreted as representing distension of section.
Most faults show displacement of higher rocks to the
northeast.
Slickensides are rare; two measured on
large low-angle faul ts have striae trending N. 52 0 E.
and N. 64 0 E.
Northeast relative transport accords
with the di rection found in the Hhipple Mountains
(Davis and others, 1980), and with the southwestward
tilt of Tertiary beds, i f they represent rotation
a lono; lis tric normal faul ts (Davis and others, 1980).

Crossman Peak Detachment Fault
'4ajor faults separate the sliced areas from the
structurally lower, relatively int~ct Crossman, Bill
HilUams, and Tumarion plates (Fig. 4).
The Crossman
Peak detachment faul t that separates the Standard Hash
area from the underlying Crossman plate reveals a
fascinatio'S structural geometry (Figs. 2, 3).
This
fault
cuts
across
the
upended
Crossman
plate,
intersecting Tertiary strata in this plate only at the
southwest end of its exposure. The fault dips 30-35 0
SOUt l1 under the Standard H~sh area.
Above the faul t,
the til ted (near-vertical) nonconformity at the base
of the Tertiary section is repeatedly juxtaposed in
fault slices agai.nst the detachment fault (Fig.3).
The nonconformity as presently exposed is separated 4
km northeastl<l3rd from -its position in the footHall at
the southHest end of the exposed detachment.
The
separation increases for each slice on a traverse to
the northeast, so that at the northeast end of the
exposed detach'llent,
assuming a N.
60° E.
slip
direction, the nonconformity is offset 15 km from its
position in the footwall.
The numerous faults that
repeat the section in the upper plate truncate against
the detacr1'llent.
Their offsets feed into offset along
the basal detachment,
so that cumulative offset
increases to the northeast.
Blocks in the Whipple
Mountains above the Whi.pple Mountains detachment faul t
are similarly arrayed
(Davis and others, 1980; Carr
and others, 1980; Dickey and others, 1980), but lack
stratigraphic markers in the footwall that indicate
the amount of fault offset.

The Hualapai Mountains appear to lie beyond the
detachment terrane.
A flat-lying exposure of Miocene
Peach Springs Tuff of Young (1966) occurs at Flattop,
in the foothills of the Hualapai Mountains (Fig. 1).
Its horizontal attitude contrasts with steep dips on
this tuff in the Mohave Mountains (Pike and Hansen,
1982), and suggests that the Hualapai Mountains are
not til ted like the allochthons in the Hhipple and
Mohave Mountains areas, but instead apparently are
intact and autochthonous.

The nonconformity that is offset by the Crossman
Peak
detachment
faul t
is
juxtaposed
against
increasingly greater original structural depths in the
lower plate.
The greatest depth exposed in the
footwall lies approxim~tely 12 km structurally below
the Tertiary section, as measured normal to the
nonconformity. It is not certain whether the Crossman
Peak fault reached to this depth and was later upended
with the underlying plate, or whether it formed during
or after tilting.
The nature of the Crossman Peak
faul t zone suggests it may have formed at moderate
depths.
At its southwestemmost exposures, where
displacement along the faul t is least, the faul t is
marked by tectonic breccia at least 10 m thick that is

Figure 11.
Faul t zone dipping 32 0 northeast between
Tertiary volcaniclastic rocks in hanging wall and
Precambrian gneiss in the footwall.
Red gouge
0.2 m thick weathered out forming an ove~hang
above broken gneiss.
Boulder Mine area, Mohave
Mountains. Striae on the fault trend N. 64 0 E.
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not chloritized but in places is veined by dark
calcite.
Along much of the rest of its length the
footwall is characterized by a greenish cast caused by
chlorite and epidote; the fault itself is marked by a
2-3 m thickness of nonlineated mylonite, or locally by
gouge that has the coarseness of coarse sand.
The
chlorite and epidote suggest moderate depths of
faul ting,
under
greens chist
facies
metamorphic
conditions.
These observations are compatible with
substantial overburden, except at the southVlest end of
the faUlt, and Vlith an original north-eastward dip of
the fault.
If the fault predates much of the tilting
of the Crossman plate, this CQuld suggest a younging
of faulting and tilting from NE to SH across the
region.

The fault that separates the Tumarion and Boulder
Mine areas is similar in dip and apparently in style
to the Crossman Peak detachment fault, and it occupies
a similar stlouctural leveL
Faults that occupy
similar structural positions, betVleen the Crossman
plate and Boulder Mine area, and between the Standard
Wash area and the Bill Williams plate, are still
poorly understood, but appear to include steeply
dipping as well as gently dipping portions.
The
orientation of the faults parallel to the direction of
tectonic transport suggests tear faulting components.
Steep Nort heast- trending Faul ts
A series of evenly spaced, northeast-trending
linear valleys cross the Bill Williams plate (Fig.
2).
They are suspected to represent high-angle
faUlts, although only some of them have been confirmed
as faults in the field.
A small lateral offset, less
than 50 m, is recorded on one filul t by an offset
silicic dike.
The age and significance of these
features
remain to be be determined,
but their
orientation suggests they may be tear faul ts formed
during the Tertiary displacement.

The geometry of the Crossman Peak detachment
faul t provides a model Vlhich may be applicable for
other 10Vi-angle normal detachment faults. Upper-plate
blocks shingled against the basal detachment are
increasingly displaced in the transport direction, and
are juxtaposed against rocks from progressively deeper
levels.

Bending and Steep

~orthwest-trending Faults

A puzzling set of faults in the west part of the
Crossman plate milY be related to bending of that part
of the plate about a steep axis.
The faults strike
northwest along most of their length, dip vertically
on average and curve to intersect the fault that
bounds the plate on its north-west end.
Except for
one fault that predates dikes, the faults cut Tertiary
dikes as well as older rocks, and the filults generally
are marked by breccia zones, conspicuous topographic
lineaments (Fig. 12), and locally by chloritization of
surrounding rocks.
Small right-lateral offsets are
seen for disrupted dike rocks in one of the fault
zones.
Some of the faul ts juxtapose different
Precambrian basement rocks, suggesting substantial
offset; yet we were umble to trace the faults to the
southeast.
The westward CUl"ve of some of the faul ts
at their west end is matched in a crude way by curving
patterns
of
Tertiary
stata,
diabase
Sheets,
metamorphic foliations, and Tertiary silicic dikes.
These data .suggest synformal bending about a steep
southerly ilxis.
This pattern adds a
further
complexity to the pattern of Tertiary deformation. We
have found no satisfying model that explains these
faUlts, and the bending, in the context of other
patterns of Tertiary deformation. Possibly the faults
and bending originally had gentle dips and were
tilted, but their origin remains unexplained.
Character of Intact Blocks
The Crossman plate, except for the faulted area
in its west part, appears to be relatively intact.
Swarms of Tertiary dikes are broken only by one
northeast-trending faul t in the southeast part of the
plate.
The dikes consistently dip northeast, across
the plate, suggesting that the plate has not been
internally rotated since their emplacement.
Meager
evidence suggests that the dikes may predate tilting
of the plate.
But whether the dikes are earlier or
not, it is clear that the Precambrian rocks and their
cover of Tertiary strata were tilted 50 - 60 0 down to
the southwest. Precambrian rock patterns are obscured
by the dikes (Fig. 5), and are not mapped in detail;
but amphiDolite pods and layers, and the large fold
they outline, are not obviously repeated or disrupted
(Fig. 2). This argues that the entire plate is til ted
as one block. Precambrian rocks on the northeast side
of the block lie approximately 12 km structurally below

Figure 12. Aerial view along steep northwest-trending
fault in the western part of the Crossman plate,
Mohave Mountains.
Rocks on both sides are
Precambrian gneisses and Tertiary dikes.
The
fault runs from lower right to upper center, along the prominent break and inflection in the
topography.
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the repeated slices of St3.nd'lrd Wash and Boulder ~1ine
areas.
The +;hree plates may be one.
The are3.S of
repeated slices occupy structural trour;h.s, trending
SNE.
The
troughs,
and
the intervening
domal
culmination underlclin by the Crossman pl3.te, rtt the
regional pattern of undulating detachment faults
reported by Cameron and F""ost
(1981) and Frost
(1981).
It
is
intriguing
to
note
that
the
topographically hh,h Crossman-plate dom3.l culmination
lies
opposite,
along the NE
to ENE
t r 3.nspo,...t
di""ection,
a
b"'oad
Im"land
between
the Whipple
'1ount3.ins
3.nd Chemehuevi '10un+;3.ins domes.
This relation ""3. ises
the question, could that lowland be the source region
of the Crossm3.n pl3.te?
CONCLUSIONS
The detached crystalline ('ocks in the Mohave,
Buck and Bill Williams Mountains reveal information
about the natu""e of the upper several kilometers of
the crust before Tertiolry disruption, and about the
style and depth of Tertia""y detachment faulting.
The
tilted sections of crystalline rocks indicate that,
before the deposition of Miocene strat3., the upper
crust
consisted
of
Precambrian
gneisses
and
gY'anitoids, subhorizon':."ll diabase sheets, and stocks
of
Cretaceous
granitoid
rocks.
A schematic
reconstruction of the crustal section below Tertiary
strata is shown in Figure 13.
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The \'ihipple Mou'1taim detachment fault projects
underneat h the
Mohave,
Buck,
and Bill Will iam.s
'1ountains.
We argue that the 4-12 km thick sections
measured in the Cr-ossman and Buck plates, plus an
additional 1-2 km of Tertiary strata, had to lie above
the Whipple Mountains faul t when these plates were
tilted above it. This therefore establishes a minimum
original depth for that fault.
The footHalls of the
Whipple and Chemehuevi detachment fault(s) expose
Cretaceous(?)
plutonic
complexes,
which
intrude
Precambrian gneisses, and both are partly mylonitized
(Davis and others, 1980; Anderson and RO\-lley, 1981;
Anderson, 1981; John, 1982).
Figure 13 interprets
these footwall rocks at crustal levels below those
exposed in the Mohave Mountains.
G. A. Davis (oral
communication, 1980) has suggested the possiblity that
the dike swarms of the Mohave Mountains may be the
translated equivalent of similar dike swarms below the
Whipple Mountain detachment fault in the western
Whipple Mount 3.ins, 30-40 km to the southwest of the
Mohave Mountains.
If further studies confirm Davis'
intriguing suggestion,
and allow a
palinspastic
reconstruction, it may then be possible to reconstruct
a composite crustal section rather accurately that
would include a structural thickness of several
kilometers of rock exposed below the detachment faul t
in the Whipple Mountains.
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Figure 13.
Schem3.tic crust3.1 section before Miocene
faulting and tilting. Section is 10- 20 km deep.

the base of the Tertiary section measured normal to
the nonconformity. This measurement includes Tertiary
dikes that are more than 16 percent (Nak3.ta, 1982) but
less than 30 percent of the thickness.
The upended Buck plate exposes 3. section of
Precambrian rocks 4- 6 km thick struc tura lly below
Tertiary strata, which dip 80 0 southwest.
This
Precambrian section is uncomplicated by Tertiary
dikes, and is mapped sufficiently well (Fig. 6) that
faul t offsets within the block are known to be no more
than about a kilometer.
The Bill Williams and
Tumarion plates likewise may be relatively intact, but
are known only f rom brief reconnaissance.
An
overflight revealed that the face of Tumarion Peak
itself is crushed or highly broken by small faults.

It is noteworthy that in the lrlohave, Buck, and
northern Bill Williams Mountains,
unmetamorphosed
Precambrian porphyritic granite occurs only near the
top of the crustal section close below Tertiary strata
(Figs. 2, 13).
This may provide an explanation for
the absence or scarcity of that rock type below the
Whipple Mountain.s detachment faul t (Davis and others,
1980), even though the rock type is widespread across
the Whipple, Chemehuevi, Sacramento, Mohave, Bill
Williams, and Hualapai Mountains (Fig. 1).
Study of
the large, fresh, and structurally intact exposures of
porphyritic granite and related rocks in the Hualapai
Mountains
would
be
valuable
in addressing
the
Precambrian evolution of this widespread group of
rocks.

Troughs and Dome
Tertiary strata line up in the Bill Williams,
Crossman and Tu~arion plates, and all three plates
appear to lie at a similar level beneath (and beside)
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normal faul ts are an expression of deeper tectonism,
muc!1 of the lithasphere may have been similarly
attenuated.

Stocks of Cretaceous granite in the Mohave
Mountains may be the shallow equivalents of the
plutonic complexes at deeper levels in the Whipple and
Chemehuevi t10untains.
The Mohave Mountains plutanic
rocks a~e among the easternmos t occU.~rence.s in this
part of the Cordillera (Burchfiel and Davis, 1981;
Joh'l,
1981),
and are
therefore of interest in
documenting the mal'gi'l of the Mesozoic magmatic
arcs.
Palinspastic restoration of the allochthonous
granite in the Mohave Mountains along a southeast
azimuth would place the'll either over, or southwest
beyond, the plutonic suite of Chemehuevi Mountains.
Dikes that cut the granite in the Boulder Mine and
Tumarion areas are dissimilar from the abundant dikes
in the Chemehuevi Mountains, and therefore suggest an
original position fal'ther southwest.
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CRYSTALLINE TERRANES OF THE BOWMAN'S WASH AREA OF THE WHIPPLE MOUNTAINS
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Metamorphic Units

INTRODUCTION

The metamorphic rock package found within the
upper plate in the Bowman's Wash area consists of an
older sequence of metasedimentary and metaigneous
gneisses and a younger metaplutonic unit. The older
gneisses contain interlayered quartzo-feldspathic rock
and amphibolite. Texturally, the felsic rocks vary
from fine-grained laminated types containing thin
alternating bands of melanocratic and leucocratic
material to medium-grained more massive types.
Although occasional cross-bedding and graded bedding
were noted, sedimentary structures are generally
absent due to intensive recrystallization. A portion
of the felsic layers are igneous in origin, as evidenced by their medium-grained equigranular texture
and rare feldspar megacrysts. Fine-grained amphibolite layers are dark grey to black in color, and
range in texture from schistose to massive. These
mafic layers are thought to represent basic sills
which intruded the terrane prior to the regional metamorphic event; the felsic, non-calcic nature of the
surrounding metasediments precludes a sedimentary
origin for the amphibolite.

The Whipple Mountains of southeastern California
are situated in the southern portion of an elongate
and sinuous belt of metamorphic complexes which runs
along the length of the North American Cordillera,
from Canada to Mexico. The salient features of these
terranes have recently been reviewed by Coney (1980).
These ranges have experienced a complex history of
thermal and deformational events, including metamorphism, mylonitization and extensive mid- to late
Tertiary denudational faulting. The Whipple range
has been studied extensively over the past decade,
and represents one of'the bes t exposed and mos t complete of these complexes in the southwestern United
States. The present study characterizes the petrology and geochemistry of the crystalline rocks found
in the Bowman's Wash area of the Whipple Mountains
(Fig. 1).
GEOLOGIC SETTING
The most promient feature of the geology of the
Whipple Mountains, spectacularly exposed in Bowman's
Wash, is a low-angle detachment fault which divides
the range into two separate terranes. The lower,
autochthanous terrane, exposed in the core of the
range, is composed of a variety of mylonitic gneisses
and older non-mylonitic metamorphic and igneous lithologies, ranging in age from Precambrian to Mesozoic
and Cenozoic. The mylonitic rocks form a crustal
layer more than 3 km thick and terminate upwards
either at the detachment surface or at a discrete
zone of structural transition, the "mylonitic front"
of Davis, Anderson, Frost and Shackelford (1979),
above which older, lower-plate non-mylonitic rocks
are exposed. The upper, allochthonous terrane is
also lithologically variable, containing Precambrian
metasedimentary and metaigneous rocks, Precambrian,
Mesozoic and Cenozoic plutonic rocks and Tertiary
volcanic and sedimentary rocks. The structural juxaposition of these two terranes during the mid-Miocene
regional detachment faulting event postdates the
late Cretaceous mylonitization event and predates the
prominent arching and doming of the range. A detailed
description of the geology of the Whipple Mountains
and adjoining ranges is presented in Davis, Anderson,
Frost and Shackelford (1980).

Prior to metamorphism these older gneisses were
intr-uded by a subalkal ie, iron-r-ich biotite adamellite. Outcropping in the eastern portion of the
map area, the metapluton contains a large xenolith
of amphibolite and intrudes the adjacent metasedimentary terrane in the form of sills. Felsic metaigneous layers of the gneisses may be related to this
intrusive event, which in other areas of the range
includes granite and granodiorite phases (Podruski,
1979; Davis and others, 1980). Mineralogically, the
meta-adamellite is composed of large aligned augen
porphyroblasts of orthoclase (up to 3 em in length)
set in a fine-grained granoblastic quartz-feldsparbiotite matrix. The orthoclase porphyroblasts represent relict phenocrysts from the adamellite proto1i th.
The regi ona 1 metamorphi c event expel'i enced by
these units is characterized by the development of
a strong foliation, synkinematic growth of biotite,
muscovite and hornblende, late kinematic growth of
garnet, and recrystallization of quartz. Definition
of metamorphic grade is made difficult by the felsic
nature of the rocks involved and the lack of pelitic
layers in the area. The assemblage found within the
felsic metasediments and metaigneous rocks consists
of biotite + plagioclase (calcic oligoclase to sodic
andesine) + muscovite + garnet. Assemblages found
in the amphibolite include andesine + biotite +
hornblende, and andesine + biotite + garnet. These
assemblages are consistent with amphibolite grade
conditions (Winkler, 1976). Petrologic study of
these rocks farther east in the range, where pelitic
layers are present, show a range in grade from lower
amphibolite to upper (K-feldspar-sillimanite zone)
amphibolite conditions (Podruski, 1979) .. In addition

ROCK UNITS
Upper-Plate Crystalline Terrane
General Statement
Allochthanous crystalline units of the area can
be separated into two major assemblages- an older
rock sequence which has experienced a regional amphibolite grade metamrophism and a younger sequence of
post-metamorphic plutons and dikes.
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Geologic map of Bowman's Wash area of the Whipple Mountains, San Bernardino County, California
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to this regional metamorphism, these rocks show the
effects of a mild thermal retrogression. Biotite has
been partially retrograded to admixtures of chlorite
and magnetite, and chlorite and muscovite. Sericitic
muscovite has in part replaced plagioclase. These
mineral changes indicate low temperatures and probable
lower greenschist grade conditions (Winkler, 1976).
This retrograde metamorphism may be the result of
slow cooling after the regional metamorphism. On the
other hand, the event may be related to intrusion of
later plutons into the metamorphic terrane, although
no increase in retrogression was noted towards the
contacts with the plutons.

plagioclase, potassium feldspar and biotite. The
pluton often developes an igneous flow foliation
along its contacts with the metamorphic terrane,
indicating it had partially crystallized prior to
intrusion. A small graphic granite plug intrUdes the
granite porphyry and may represent a late pegmatitic
stage of the pluton, or perhaps may be related to
leucogranite plugs found elsewhere in the range.
The final plutonic event is represented by the
widespread intrusion of a suite of calc-alkaline
granitic rocks ranging in composition from adamellite
to granodiorite. These rocks extensively intrude the
upper plate and typically occur as small dikes, sills
and irregular plutons, often following planes of
weakness, such as contacts, faults and foliation
planes. In other areas of the range these granitic
rocks are found intruding the lower-plate mylonites.
The unit is fairly homogeneous with a medium to finegrained equigranular texture. Quartz, plagioclase
and potassium feldspar are the major phases of the
rock with biotite and muscovite present in minor
amounts. Accessory phases include apatite, zircon,
and opaque minerals. Biotite K/Ar dates of 81 + Z.O
my (Terry, 197Z) and 74 + 3.Z my (Bull and Ku, 1975)
indicate a late Cretaceous emplacement age for these
rocks.

Post-Metamorphic Units
Plutons:
The upper-plate metamorphic terrane is cut by
three major plutons, the oldest of which is a tholeiitic, subalkalic quartz monzodiorite. This unit
intrudes the older gneisses along a sharp contact in
the northwestern portion of the map area and is characterized by a distinctive spotty "salt and pepper"
appearance. The rock is massive, although an incipient shear-related foliation develops along some of
its contacts. Scarse xenoliths of metasediments found
within the pluton have generally been well assimilated
and show diffuse boundaries. Mineralogically, the
quartz monzodiorite is composed of quartz, plagioclase
feldspar (AnZ8-36), potassium feldspar, hornblende
and biotite. Accessory phases include magnetite,
pseudobrookite, sphene, apatite and zircon. The
spotty texture of the rock is the result of clustering
of hornblende and biotite grains. A small portion of
the pluton displays a well-developed compositional
banding of thin hornblende-rich and plagioclase-rich
layers. These rocks are more coarse-grained than the
rest of the pluton, and are considered to be cumulate
in origin. This cumulate phase consists of calcic
plagioclase feldspar (An48-54), and magnesio- and
actinolitic hornblende. Whole rock and mineral chemistry show the cumulate phase to be considerably more
mafic than the main pluton. Hornblende and biotite
analyses give Mg/(Mg + Fe) ratios of .60 to .67 for
the cumulate and .3Z to .38 for the pluton. The
quartz monzodiorite unit is also found as xenoliths
within a younger granite porphyry. These xenoliths
are mineralogically and geochemically similar to the
main pluton and show a mild differentiation trend.
With increasing SiOZ they show increasing levels of
KZO and Rb, increasing ratios of FeO/(FeO + MgO),
Rb/Sr, and Ba/Sr, decreasing levels of FeO, MgO, MnO,
and CaO, and decreasing ratios of CaO/(CaO + NaZO)
and K/Rb. A fractionation model, using the least
differentiated sample from the main pluton as a parent
and the most differentiated xenolith sample as the
differentiate suggests 15%-ZO% fractional crystallization of hornblende and plagioclase in a ratio of
7:3 (hornblende: plagioclase). The model assumes
the compositions of the cumulate phases are those
represented by the more mafic, layered portion of the
pluton; the modeled hornblende: plagioclase ratio is
similar to the modal composition of these layered
rocks in the field.

Dikes:
The rocks of the upper-plate crystalline terrane
have been extensively intruded by a series of felsic
and mafic dikes. The oldest group is a tholeiitic
to alkalic subophitic hornblende diabase. These dark
grey rocks have a fine-grained massive texture and
are composed of euhedral plagioclase laths surrounded
by interstitial hornblende. Field relations show the
unit is younger than the granite porphyry and older
than the late Cretaceous granites.
A set of white to buff aplitic dikes cut the
granite porphyry and all older rocks. This mediumto fine-grained unit has a sugary texture and is composed of quartz, microcline and plagioclase. Similar
aplites are found intruding the mylonitic units in the
lower plate but are not seen cutting the Whipple fault.
These relations imply the aplites intruded some time
in the late Cretaceous or early Tertiary, after mylonitization but prior to detachment faulting. This
timing suggests the aplitic dikes may be related to
the intrusion of the late Cretaceous calc-alkaline
granitic plutons.
The youngest series of dikes to intrude the upper
plate are a group of mafic alkalic rocks. Four types
of dikes have been identified: a second generation of
hornblende diabase, an ultramafic rock, a hornblende
quartz diorite and a lamprophyre. The second generation diabase is only seen within the granite porphyry
in Bowman's Wash, but has been found intruding a
large biotite adamellite plug in the upper plate
farther to the north (J.L. Anderson, pers. com.).
This late diabase contains a similar mineral assemblage to the early diabase. However, hornblende in
the late diabase is the euhedral phase and plagioclase
is the anhedral, interstitial phase. This is the
reverse of the texture seen in the early diabase, and
makes the two rocks easy to differentiate. This textural variation indicates differences in the crystallization history of the two generations of dikes and
suggests the younger diabase magma had a greater
PHZO, allowing early precipitation of the hydrous
(hornblende) phase.

The second major post-metamorphic intrusive event
is represented by a subalkalic granite porphyry. This
pluton is the dominant crystalline unit of the upperplate terrane of the Whipple range, and has been
studied in detail by Podruski (1979) and Davis and
others (1980). The porphyry is homogeneous in texture, and contains large phenocrysts of potassium
feldspar set in a finer-grained matrix of quartz,
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TABLE 1.

AVERAGE MAJOR AND TRACE ELEMENT COMPOSITION OF UPPER AND LOWER PLATE CRYSTALLINE UNITS

*
Rock:

qmc

qmp

qmx

No.**

2

2

2

S'O
1 2

48.95

60.87

63.47

70.84

48.82

45.74

Ti0 2

0.71

1. 83

1. 31

0.45

1. 01

A1 0
2 3
FeO#

14.97

13.54

13.91

14.72

9.85

8.80

6.77

MgO

8.73

1.88

~1nO

0.24

CaD

mad

d2d

dId

ba

um

qd

mag

2

3

2

40.04

72.54

64.40

69.18

1.96

0.76

0.14

0.45

0.64

11. 53

17.01

7.66

14.61

17.50

13.65

4.81

9.69

10.52

11.08

1. 27

3.51

4.25

1. 37

0.89

10.16

9.04

26.96

0.32

1. 21

0.72

0.15

0.11

0.05

0.19

0.17

0.17

0.05

0.04

0.04

10.48

4.37

3.30

1. 83

11.09

11.04

4.35

1. 64

4.34

2.05

2.07

2.70

2.89

2.90

1.42

2.61

0.54

4.05

4.65

2.69

0.95

3.80

4.70

4.98

0.75

1. 39

1. 57

4.16

1. 51

5.27

2.19

1.11

1.08

0.70

1. 76

3.26

5.03

0.90

1. 90

0.65

99.14

99.05

98.91

102.17

96.42

102.74

98.16

99.68

99.51

99.14

FeD
(FeO+MgO)

.522

.824

.832

.844

.488

.538

.291

.804

.744

.852

"Al"&

.639

.822

.875

1.090

.498

.658

.730

1.040

1.022

.996

Rb

30

125

197

172

33

43

26

91

36

124

Sr

250

290

217

98

167

472

294

508

875

325

Ba

338

1282

1341

992

105

174

186

1237

739

1367

Ba/Sr

1.38

4.43

6.19

10.12

0.63

0.37

0.63

2.87

0.82

4.19

Ba/Rb

11.04

10.38

6.32

5.77

3.18

4.05

7.15

9.98

20.14

11. 41

Rb/Sr

0.12

0.43

0.91

1. 76

0.20

0.09

0.09

0.18

0.04

0.39

Pl ate

upper

upper

upper

upper

upper

upper

upper

both

lower

lower

Na 0
2
K0
2
Volatiles
Total

Note:

All analyses performed at the University of Southern California Petrochemistry Laboratory.
Oxides reported in weight percent. Rb, Ba and Sr reported as parts per million.
*- units:

qmc-quartz monzodiorite cumulate phase; qmp-quartz monzodiorite pluton; qmxquartz monzodiorite xenolith, mad-meta-adamellite; dId-early diabase; d2dlate diabase; um-ultramafic; ba-biotite adamellite; qd- quartz diorite; magmylonitic augen gneiss.

**- number of samples analyzed.
#- all Fe reported as FeD.
&- "Al"=molecular proportions of Al/Ca + Na + K; peraluminous when greater than one,
metaluminous when less than one.
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The lamprophyre dikes are massive, extremely
resistant rocks. They have been extensively hydrothermally altered and are now composed primarily of
deuteric alteration products. Euhedral phenocrysts
are composed of chlorite, serpentinite and replacement calcite. In the northern part of the range
fresh samples contain clinopyroxene and cummingtonite
and age relations show the unit intruded during the
Tertiary (Podruski, 1979).

Lower-Plate Crystalline Terranes
General Statement
The Whipple detachment fault has been gently
upwarped and eroded in the Bowman's Wash area, providing a view into the upper structural levels of
the lower-plate crystalline terrane. In contrast to
the rocks of the upper plate, the lower-plate rocks
possess a well-developed mylonitic fabric, characterized by the ductile flowage and recrystallization of
quartz and mica and the brittle behavior of feldspar,
epidote and sphene. Rocks affected by this mylonitization develop both a penetrative foliation and a
northeast-southwest mineral lineation. Lithologically, the majority of the lower plate is composed of
a mylonitic gneiss- an interlayered assemblage of
thinly banded quartzo-feldspathic gneiss, alkali
feldspar augen gneiss, and amphibolite. Mylonitic
porphyritic granodiorite and quartz diorite are
present as sills within the gneiss. Intrusive into
the mylonite terrane are a group of late kinematic
biotite adamellite and quartz diorite plugs.

Hornblende quartz diorite dikes are distinctive
in that they contain long acicular hornblende crystals. In addition to hornblende, the rocks contain
plagioclase (An30-35) and quartz with minor amounts
of biotite, potassium feldspar and apatite. These
dikes are found exclusively within the quartz monzodiorite, so the age of the unit is uncertain.
One of the most interesting and perplexing rocks
found in the upper plate is a group of ultramafic
dikes which intrude the granite porphyry and metaadamellite. The rock is homogeneous and dark grey,
is extremely altered, and crumbles easily. Primary
magmatic phases include hornblende (?), olivine
(F078), and phlogopite, plus (in minor amounts) apatite and opague minerals. The light green coarseto medium-grained crystals of hornblende are poikolitic, containing inclusions of fine-grained rounded
anhedral olivine. At least some of this olivine was
originally euhedral in form, as evidenced by the
partial pseudomoephs of retrograde tremolite. The
hornblende is also extensively altered to colorless
fine to medium-grained fibrous tremolite. The ultramafic rocks are generally free of feldspar except at
chilled margins of some of the dikes where anhedral
plagioclase is sometimes found interstitial to euhedral hornblende. This texture is similar to that
seen in the late diabase, and suggests a possible
genetic relationship. Chemically, the ultramafic is
similar to both the late diabase and lamprophyre
(they are all alkalic in nature, in contrast to most
other units in the range) and this also suggests the
ultramafic may have intruded during the late Cretaceous to early Tertiary.

The protolith for the mylonitic gneiss is
exposed above the mylonitic front in the southwestern
Whipple Mountains (Davis and others, 1979) and in the
upper drainage of Whipple Wash, where mylonitization
weakens dramatically in a zone of synkinematic sills
(Anderson and others, 1979). The protolithic rocks
are quartzo-feldspathic augen gneisses and amphibolite. It is evident from their well-foliated character in non-mylonitic exposures that all of these
rocks have had an earlier pre-mylonitic metamorphic
history.
Cataclasite-Microbreccia Zone
The rocks occurring immediately beneath the
Whipple fault have experieoced intense brecciation,
shearing, and crushing to form a zone of cataclasite
and microbreccia. The zone varies in thickness from
0.5 to 160 m and commonly exhibits iron, silica and
copper mineralization within the upper few feet. The
cataclasis is a progressive process and a gradational
transition from the mylonitic protolith to cataclasite
and microbreccia can been seen as one approaches the
fault from below. With incipient cataclasis, transposition, alteration, and rotation on shear surfaces,
the mylonitic foliation becomes more random and the
mylonitic lineation is lost. With more intense
brecciation, cataclasite is formed- with visible
medium- to fine-grained fragments of mylonitic gneiss
set in a finer-grained brecciated matrix. Increasing
amounts of grinding and crushing transform the rocks
into a microbreccia- an aphan~tic light green to
yellow-white rock containing minute white porphyroclasts of milled-down feldspar. Petrographic study
of these rocks show they are composed of mineral
fragments of feldspar, epidote, allanite, and quartz,
and rock fragments of mylonitic gneiss, set in a fine
cataclastic matrix. It is apparent from the increase
in intensity of these destructive cataclastic effects
towards the Whipple fault that formation of this zone
is a direct result of frictional resistance to movement on this fault surface. Fragments of mylonitic
gneiss in the cataclasite indicate faulting and
cataclasis postdate the formation and cooling of the
mylonite.

Whole rock analysis shows the unit is characterized by extremely low Si02 (40.02%) and A1203 (7.66%)
and high MgO (26.96%). This MgO content distinguishes it from many other types of ultramafic rocks.
Dunites, olivine and garnet pyroxenites, and harzburgite and lherzolite peridotites all commonly have
MgO levels in excess of 40% (Carmichael, Turner and
Verhoogen, 1974, Tables 12-4 and 13-1). The major
element chemistry of the dike is more similar to
reported kimberlite compositions, but significantly
differs from these rocks in tenture and Ti0 2 content
(Carmichael, Turner and Verhoogen, 1974, Table 10-7).
The rock also shows chemical similarities to some
reported komatiites, but doesn't show the characteristically high CaO/A1203 ratio and low Rb and Sr
levels of these rocks, or the diagnostic olivine
spinifex texture (Nesbitt, Sun and Purvis, 1979).
The rather rare scyelite and cortlandite types of
peridotites bear a poikolitic hornblende texture
similar to the Bowman's Wash ultramafic. The scyelite analysis reported in Johannsen (1938, Table 143)
is very similar to the Bowman's Wash analysis, only
significantly differing in A1 203 content. The origin
of the Whipple Mountain ultramafic dikes is uncertain.
If they are indeed related to the late diabase dikes
they may have formed by a greater degree of partial
melting of a mantle (?) source.
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Mylonitic Gneiss

fluxion bands of mica, and small porphyroclasts of
feldspar. More commonly, the banded mylonites display compositional banding on thin section level, with
mafics segregated into 1 to Z cm layers, instead of
thin fluxion bands. These mafic layers consist of a
matrix of extremely fine biotite, chlorite and feldspar, with small scattered porphyroclasts of epidote,
allanite and feldspar. Felsic layers generally contain randomly-oriented porphyroclasts of feldspar in
a matrix of fine feldspar with some elongate quartz
and fine discontinuous mica fluxion bands. The compositional banding is believed to be relict from the
premylonitic history of the rock, and is now parallel
with the mylonitic foliation. Microprobe study of the
banded gneiss shows no compositional gaps between
coarse and fine phases, suggesting the rock completely
reequilibrated during mylonitization.

Augen Gneiss:
The augen gneiss ranges in composition from a
subalkalic granite to adamellite. The rocks are
characterized by large feldspar augen (primarily potassium feldspar), varying from 0.5 to 4.5 cm in
size, set in a finer-grained matrix of quartz, feldspar, epidote, and mica (both biotite and muscovite).
Hematite, magnetite, sphene and apatite occur as
prominent accessory phases. The textures exhibited
by this unit may be attributed to a combination of
cataclastic and crystalloblastic processes. Feldspar
augen are generally rounded anhedra, their shapes
representing the modification of previously more
euhedral grains by granulation. Evidence of this
granulation process is preserved in the trails of
small crushed feldspar particles which lie in the
pressure shadow zones of the porphyroclasts. Additional evidence of the brittle response of the
feldspar during mylonitization is shown by the intragranular microfracturing and the microfaulting of twin
planes in the larger grains. These feldspar augen are
wrapped by thin fluxion bands containing fine-grained
green-brown biotite, chlorite and muscovite. Thin
elongate lenses of recrystallized polycrystalline
quartz mimic the flow of the mica bands. The matrix
is commonly segregated into l0yers by these undulatory
bands of quartz. Clear epidote is found as small
porphyroclasts in both the fluxion bands and the
matrix, and often contains sharply defined cores of
dark brown pleochroic allanite, rich in Cez03 and
LaZ03'

A singular, thin carbonate layer was found in the
banded gneiss. The rock contains small rounded detrital grains of feldspar, quartz and some allanite
in a fine matrix of carbonate and granular epidote.
Foliation is defined by tabular aligned crystals of
tremolite, as well as by epidote-rich and epidotepoor layers. The tremolite and epidote formed either
during synmylonitic or premylonitic metamorphism.
This carbonate layer may indicate that part of the
banded gneiss had a sedimentary protolith, or may
instead represent a carbonate xenolith stretched or
squeezed into a layer during one of the deformational
events experienced by the gneiss.
Amphibol He:
The amphibolite interlayered with the mylonitic
gneiss is primarily composed of hornblende and plagioclase. The unit is medium- to fine-grained and
granoblastic. Occasionally the rocks display a
poorly-developed schistosity, defined by the alignment of hornblende crystals, which parallels the borders of the amphibolite layers and, in turn, the
mylonitic foliation. This unit lacks any evidence
of mylonitization, which is not unexpected, as the
lithology lacks significant amounts of the minerals
shown to be ductile (micas, quartz) in the adjacent
augen and banded gneiss layers. The original protolith for this unit was probably a basic igneous rock,
such as a diabase, which intruded as sills into the
gneissic terrane prior to mylonitization.

The feldspar augen and the allanite cores are
believed to be relict phases from the premylonitic
igneous and metamorphic history of the rock. The fine,
foliated micas, matrix feldspar, and epidote rims apparently crystall ized du;-ing the mylonitization event.
Microprobe analysis of these rocks indicate compositional gaps exist between the matrix (Anl-1Z) and
porphyroclastic (AnI8-Z3) plagioclase feldspar, and
between the epidote rims and allanite cores. These
gaps are a good indication of incomplete reequilibration during mylonitization. The more sodic
nature of the reequilibrated matrix feldspar in contrast with the porphyroclasts reveals the retrogressive nature of this mylonitization event.
Chlorite and epidote found in veins which crosscut the mylonitic fabric, chlorite and magnetite
growth on fine biotite, and sericitic replacement of
plagioclase represent a later post-mylonitic retrogressive event. These alteration products, also
present in the banded member of the mylonitic gneiss,
appear to increase in abundance upwards towards the
Whipple fault, and are believed to have formed during
the mid-Tertiary detachment event.

Synkinematic

jilJ2

Synkinematic sills of adamellite to tonalite,
ranging from less than a meter to several hundred
meters in thickness, have intruded the mylonites of
the central, northern, and eastern Whipple Mountains
(Anderson and Krass, 1980; Davis and others, 1979).
In Bowman's Wash, thin sills (generally less than
1 m thick) of granodiorite to quartz diorite intrude
the mylonitic gneiss. In contrast to the strongly
mylonitized fabric of the gneisses, both quartz-rich
and quartz-poor sills display only weakly mylonitic
textures. The rocks contain plagioclase porphyroclasts, are grey in color, and are medium- to finegrained. They are easily distinguished from the
surrounding mylonitic gneiss by their homogeneous and
spotty appearance. The porphyroclastic feldspar show
delicate oscillatory zoning and represent relict
phenocrysts. They are subhedral to anhedral and have
not been significantly modified by cataclasis. The
fine matrix of the sills is composed of granoblastic,
recrystallized quartz and feldspar, and foliated biotite and muscovite.

Banded Gneiss:
The banded gneiss is a compositionally layered
quartzo-feldspathic rock characterized by fine-grained
dark green mafic and white felsic layers, which range
in thickness from 1 to 50 cm. Mineralogically, the
banded gneiss is similar to the augen gneiss, containing quartz, two feldspars, biotite, muscovite,
epidote and allanite. In addition, minor amounts of
hornblende are present. Texturally, the rocks are
quite variable, ranging from a fine-grained mylonitic
gneiss to a b1astomylonite. Some samples show textures quite similar to those of the augen gneisscontaining elongate, undulatory lenses of quartz, thin
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Late Kinematic Plutons
Small plutons ranging in composition from biotite
adamellite to quartz diorite cross-cut the mylonitic
gneisses of the lower plate. These plutons are
thought to have been emplaced during the final stages
of mylonitization because they possess a weakly
developed mylonitic foliation and, less frequently,
lineation. Only a single small plug of quartz diorite
is present within the mapped area, but several other
adamellite to tonalite bodies are found south of
Bowman's Wash (Thurn, 1982). These rocks are petrologically and geochemically equivalent to the late
Cretaceous calc-alkaline granites which intruded the
upper-plate terrane. Detailed analysis of these rocks
and their relation to mylonitization is given in
Anderson and Rowley (1981).
CONCLUDING REMARKS
The crystalline terranes of the Whipple range
show a long and diverse history of intrusion, metamorphism and mylonitization. The petrological and
geochemical characteristics of the rocks are being
detailed, yet many aspects of the history remain uncertain. Our present understanding of the regional
mylonitization event, which had such a profound effect
on the fabric of the lower plate, and the related synkinematic intrusion of peraluminous and metaluminous
granitic sills are reviewed in Anderson and Rowley
(1981), Anderson and Krass (1980), and Davis and
others (1980). Age date studies in the range are
summarized elsewhere in this volume (Davis, Martin,
Anderson, Krummenacher and Frost, 1982). Continued
study of the Whipple range and other metamorphic core
complexes of the southwestern United States promises
to help unravel many of the puzzeling aspects of the
metamorphic and structural processes which have
effected these rocks from the Precambrian through to
the present.
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ABSTRACT

range from a heterogeneous assemblage of
gneisses, plutonic rocks, and hypabyssal
dikes to mylonitic gneisses and plutonic
rocks.
The transition to mylonitic rocks is
a narrow zone of increasing mylonitization
similar to the mylonitic front described by
Davis and others (1979) in the Whipple Mountains to the south.

The Sacramento Mountains, southeastern
California, are flanked on their eastern and
western margins by a low-angle fault which is
similar in character to other regionally-developed detachment faults in southeastern
California and western Arizona.
The Sacramento Mountains detachment fault separates a
lower plate of Precambrian to Mesozoic(?)
mylonitic crystalline rocks and their nonmylonitic counterparts from three overlying
allochthonous plates.
From structurally lowest to highest, these plates consist of (1)
Precambrian to Mesozoic(?) gneisses and plutonic rocks, (2) Tertiary volcanic and sedimentary rocks, and (3) Tertiary fanglomerate
deposits.
The upper plates are separated by
generally low-dipping detachment faults
which are cut by the Sacramento fault.
A
variety of kinematic indicators within the
upper plates indicate northeast-directed displacement on the Sacramento fault and northeast-southwest extension of the upper plates.
Field relationships suggest that the development of the detachment terrane was one of
protracted movement along the Sacramento
fault with upper-plate extension accommodated
by a complex interaction of high-angle normal
faulting and multiple upper-plate low-angle
detachment faults.

STRUCTURAL RELATIONSHIPS
Sacramento Mountains Detachment Fault
The Sacramento fault is a discrete lowangle (generally dipping <30°) fault surface
that can be traced throughout the study area.
Although usually covered by float from the
strongly brecciated upper-plate units, the
detachment surface is impressively exposed
beneath the latite of Eagle Peak (Fig. 4).
Striae on the surface (or within a few centimeters below) are well developed and generally trend within 10~ of N 500 E (S 500 W).
Deformation of the crystalline rocks
below the Sacramento fault is characterized
by intense comminution and shattering,
shearing, and pervasive chloritic alteration.
The resultant rock is a fine-grained, commonly aphanitic, pale green to dark green
cataclasite containing numerous low and highangle shear zones.
The lower limits of brecciation and chloritic alteration are gradational boundaries with the alteration penetrating to structural levels up to 200 meters
below the detachment surface.
In contrast to
the lower plate, upper-plate deformation
directly related to the Sacramento fault consists only of coarse brecciation restricted
to within 5 meters of the fault.
It is also
interesting that where the Sacramento fault
cuts lower-plate non-mylonitic crystalline
rocks, the underlying deformational effects
are greatly reduced if present at all.
Field relationships suggest at least two
periods of movement on the Sacramento fault.
Along the Eagle Pass road and below Eagle
Peak, a relatively undeformed 2 meter wide
mafic dike cuts across rocks of the chloritic
breccia zone yet is itself cut by the detachment fault.

INTRODUCTION
The Sacramento Mountains lie within a
broad region of low-angle detachment faulting
that extends throughout much of southeastern
California and western Arizona.
The highest
portion of the range is a southeast-plunging
structural arch that is flanked on the east,
south, and west by the Sacramento fault,
originally mapped by Collier (1960) as a
thrust fault.
Recent field studies have
shown this fault to be a low-angle normal
fault that places allochthonous sheets of
crystalline, volcanic, and sedimentary rocks
over mylonitic and non-mylonitic gneisses and
plutonic rocks (Fig. 1,2).
Upper-plate units consist of Precambrian
to Mesozoic(?) gneisses and plutonic rocks, a
sequence of early to mid-Tertiary andesitic
to basaltic volcanics, lacustrine limestone,
shale, and tuff, and Tertiary fanglomerate
deposits (Fig. 3).
The Tertiary section is
intruded by a latite which has been dated by
Martin (pers. commun., 1982, Martin and others, 1981) at 21.6 + 1.7myBP (K-Ar, biotite).
Crystalline rocks b~low the Sacramento fault

Upper Detachment Faults
Two upper-plate detachment faults are
present in the western half of the study
area.
The lower of the upper-plate faults
separates crystalline rocks from overlying
plates of Tertiary strata and fanglomerates.
The uppermost of the upper-plate faults
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above the Sacramento Mountains detachment fault (SMDF).
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Figure 3.
Stratigraphic column of Tertiary allochthons with approximate thicknesses.
The
lower allochthon is intruded by a latite porphyry which has been dated at 21.6 ~ 1.7myBP
(Martin, pers. commun., 1982, Martin and others, 1981).
cut by northwest-striking high-angle normal
faults.
This strongly suggests that the
upper surface became inactive prior to the
latest movement along the lower faults,

underlies a sequence of Tertiary fanglomerates.
This fault is truncated by the lower
fault and both faults are cut by the Sacra~
menta fault.
Deformation directly related to
the upper detachment faults consists of minor
brecciation restricted to within a few meters
of the fault surface.

The lowest upper-plate detachment fault
dips northeastward between 30 and 60° and
flattens to the east where it is cut by the
Sacramento fault.
In the southeastern corner
of the study area, at a scale too small to
show on Fig. 1, this fault is cut by highangle normal faults indicating that it too
became inactive prior to the last movement on
the Sacramento fault.

The higher of the two upper-plate faults
is a discontinuously exposed surface that
dips gently (5-10°) to the southwest.
The
fanglomerates above the fault strike to the
northwest and dip southwestward into it.
Unlike the Sacramento fault, this surface is
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Figure 4.
View due north showing the Sacramento Mountains detachment fault (SMDF) below Eagle Peak.
Upper-plate rock is massive latite intrusive (Tli) and lower-plate rocks are chloriticly altered and brecciated mylonitic gneisses.
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Figrue 5.
Tracing of photograph illustrating small scale deformation within the lower Tertiary allochthon (Tsls-Fig. 1) above
the Sacramento Mountains detachment fault (SMDF) and chloritic
breccia zone (cbz).
The upper unit, tuffaceous sandstone
(Ttss), contains northwest-striking normal faults which die
out in the underlying interbedded mudstone, siltstone, and
sandstone (Tsms).
The lower unit has developed northwesttrendi~goverturned folds as the result of drag on the SDMF.
In area A, the mudstone (black layer) has sheared and flowed
around strongly folded but less ductile sandy layers.
See
Fig. 1 for location.
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Internal Structure of the Upper Plates

mento fault is the oldest detachment surface
and has experienced a series of northeastward
upper-plate displacements over a significant
period of time.
As the initially thick upper plate was tectonically thinned above the
Sacramento fault, the higher detachment
faults were disrupted by high-angle normal
faults related to extension above lower detachment faults.
The origin and fault mechanics of the low-angle faults remain enigma tic.

Northwest-striking (N 30° W+15°) highangle normal faults are widespre~d in the
upper plates.
Most of the faults dip northeastward (65°+20°) although southwest-dipping
faults are pr~sent. Stiae consistently indicate dip-slip displacement.
Between the
normal faults, the Tertiary strata have been
rotated to southwestward dips varying from
30
to near vertical.
When projected downward, the normal faults appear to intersect
the detachment surfaces without flattening
into them.
Three generations of normal
faulting related to detachment faulting have
been observed (Fig. 2).
They are defined as
(1) faults confined to the upper Tertiary
plate and truncated by the highest of the two
upper-plate detachment faults, (2) faults
cutting this detachment surface that are in
turn truncated by the lowest upper-plate detachment fault, and (3) faults cutting this
lower fault that terminates against the Sacramento fault.
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Strike-slip faults, best exposed in the
latite of Eagle Peak, have been observed
within the allochthonous Tertiary plates.
They are generally northeast-striking (N 60 °
E+15°) and contain northeast and southwest
plunging striae (15°+10°).
The faults offset
and are cut by the high-angle normal faults
described above.
Displacements are less than
10 meters.
The strike-slip faults are interpreted as tear faults related to differential
upper-plate transport.
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Within the lower Tertiary plate, the
limestone-shale sequence (Fig. 3) has locally
developed folds with geometries varying from
broad open structures on a large scale to
tight asymmetrical (steep limb to the northeast or overturned to the southwest) folds.
The majority of folds trend to the northwest
with plunges varying from subhorizontal to
70° both to the NW and SE.
The folds appear
to have developed as the result of drag along
the detachment surfaces and serve as useful
kinematic indicators (Fig.5).
Kinematic indicators in the Sacramento
Mountains (strike of normal faults, sense of
rotation of upper-plate strata, strike of
tear faults, trends and asymmetry of drag
folds, trend of fault striae) collectively
suggest northeastward-directed displacement
and accompanying extension of the allochthonous sheets above the Sacramento Mountains
detachment fault.
Trends vary from N 35 to
65 0 E.
DISCUSSION
Detachment faulting in the Sacramento
Mountains is characterized by complex upperplate low and high-angle normal faulting.
The relative ages of the three detachment
faults based on the latest periods of movement and cross-cutting relationships, is
easily discernable from field evidence.
The
structurally highest detachment faults became
inactive prior to successively lower faults.
The relative ages of detachment faults based
on their initial development is not conclusively known.
It is believed that the Sacra-
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View looking west at lower-plate rocks in the t·Jhipple Peak antiform near tlhipple

t~ash.

Detachment fault is exposed beneath dark upper-plate rocks.
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ABSTRACT

where early stages of shearing were accompanied by
retrograde (lower greenschist?) alteration of still
hot mylonitic rocks;

The Whipple l\'buntains of southeastern California
include many of the typical components of Cordilleran
"core complexes" -- among them, (1) a topographic expression dominated by one mGtjor, doubly plunging (SW
and NE) antiformal fold, (2) a spectacularly exposed
low-angle detachment fault that flanks the range,
dips away from its core, and separates two rock assemblages of contrasting lithology, age, and tectonic
history, and (3) a lower plate of cl)Tstalline rocks,
the complex history of which is the subject of this
report. The crystalline rocks of the Whipple Mountains autochthon have undergone multiple episodes of
metamorphism, igneous intrusion, and deformation beginning in the mid-Proterozoic and ending in the middle Miocene. Events recognized in the autochthon to
date include:

(8) development of kinematically-related lowerplate low-angle and moderately-dipping normal faults;
Tertiary extension in the lower plate is only a small
fraction of that represented by upper-plate normal
faults in the ~~ipple ~buntains;
(~) extensive resetting of K-Ar ages in lowerplate rocks, particularly those below the mylonitic
front, at depths far below the lower limits of shearing and alteration visibly related to detachment faulting; the reasons for resetting are not completely understood; biotites from Cretaceous and older crystalline rocks within 1000 feet of the Whipple fault typically yield ages between 15 and 30 m.y.b.p. (the deeper, the older); mylonitized amphibolites from depths
gl'eatcr than 800 feet yield older ages (ca. 40-50
m.y.b.p.); h01vever, mylonitic plutonic rocks collected
as clasts from an upper-plate Oligo-Miocene debris
flow escaped the mechanical, thermal, and fluid-migration(?) effects experienced by in situ lower-plate
mylonitic rocks during detachment faUlting; their
Cretaceous K-Ar and fission track dates (78.5 + 5.5
and 82.~ ~ 3.0 m.y.b.p. respectively) represent probable minimum ages for lVhipple ~buntains mylonitization.

(1) a regional, amphibolite-grade metamorphism,
of Precambrian age;
(2) synorogenic and post-orogenic Precambrian
plutonism involving bvo strikingly dissimilar and
geographically separated plutonic suites;
(3) a cryptic mid-~Bsozoic (Jurassic?) thermal
event that led, at the very least, to widespread resetting of K-Ar clocks in Precambrian rocks;

Figure 1 (next page) Preliminary geologic map of a
portion of the lVhipple l\'buntains, California

(4) mid-Cretaceous and younger(?), upper greenschist to lower amphibolite-grade metamorphism and
mylonitization of pre-existing rocks in deeper portions of the range (ca. 9 - 10 km); mylonitization
appears to be the result of subhorizontal flattening
of thellmally weakened rocks (older gneisses, plutons,
and sheet-like synkinematic plutons of 5 below), with
preferential extensional flow in a N 45 0 E-S 45 0 W
(~10 0 ) direction; principle strains were pure shear;

Autochthonous units (post-detachment faulting) :
Qal
- Quaternary alluVlum
cpal - Qua ternary older alluvium
TIno
- Tertiary Miocene Osborne Pm. (undiff.)
Autochthonous (lower plate) units:
cz
- Chlorite breccia zone below lVhipple fault
xlnE - non-mylonitized cl)Tstalline rockS·Ofeastern assemblage (Precambrian to Cretaceous)
pmpl - pre-mylonitic plutonic rocks
mpl
- synkinematic mylonitic plutonic rocks
mgn
mylonitic schists and gneisses (undiff.)
mbs
- mylonitic to non-mylonitic biotite schist
lmpl - late kinematic plutonic rocks
Allochthonous (upper plate) units:
TIncb - Miocene Copper Basin Pm. (undiff.)
fucbs - Miocene Copper Basin sedimentary rocks
TIncbv - Miocene Copper Basin volcanic rocks
Tomgc - Oligocene(?)-Miocene Gene Canyon Fm. (undif.)
Tomgcs - Gene Canyon sedimentary rocks
Tomgcv - Gene Canyon volcanic rocks
Kad
- Cretaceous adamellite
xlnW - crystalline rocks of western assemblage

(5) synkinematic (with respect to 4) and late
kinematic intrusion of peraluminous and metaluminous
granitic plutons into the upper two-thirds of the
3.9+ km-thick sequence of mylonitic rocks;
(6) intrusion of the 10 km-wide, north-trending
Chambers lVell dike swarm, generally into rocks above
the mylonitic sequence and apparently during and after
its final stages of development;
(7) low-angle detachment of upper crustal
crystalline rocks in a NE-SW extensional regime of
Tertiary age; the main detachment may have been widely (but not exclusively) localized along the top of
the mylonitic sequence (= lVhipple mylonitic front)
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Figure 2. Schematicized geologic cross-section through upper portion of mylonitic sequence, the ~Vhipple detachment fault, and allochthonous crystalline rocks, central ~Vhipple Mountains. The approximate line of section
is labeled Fig. 2 on the right half of Figure 1. See Figure 1 legend for wlit designations. The crosssection illustrates spatial relations betlveen isolated domains of relict, steep foliations (S2 and S2') in
non-mylonitized Precambrian units, and the younger mylonitic foliations developed in older gneisses (S2/3)
and synkinematic plutons (S3)' The chlorite breccia zone belmv the detachment fault is not sho1Vh.

ing of lower-plate relations described in Davis and
others (1980). This summary incorporates selected aspects of two recently published petrologic studies on
the mylonitic rocks of the l01ver plate (Anderson, 1981;
Anderson and Rowley, 1981). The reader is referred to
Davis and others (1980) for a summary of earlier Whipple Mountains studies and for data and interpretations
bearing on the Whipple detachment fault and upper-plate
structure and stratigraphy.

INTROrucrION
The ~Vhipple M:)lmtains of southeastern California
are one of the most spectacularly developed and best
exposed of the so-called "metamorphic core complexes"
(G. H. Davis and Cbney, 1979) of the U. S. Cbrdillera. The 750 km 2 range includes many of the typical
components of the "core complexes" -- among them, (1)
an elliptical outline dominated by a doubly, NE- and
SW-plunging antiformal fold, (2) a peripheral outward-dipping low-angle fault that separates two rock
assemblages of contrasting lithology, age, and tectonic history, and (3) a lower plate of Precambrian to
Mesozoic crystalline rocks that have been mylonitized
in the central, structurally deeper portion of the
range. All of these components, i.e. the antiform,
the low-angle fault, and the lower-plate mylonitic
gneisses, have counterparts or correlative features
in adjacent ranges in southeastern California and
western Arizona (Davis and others, 1980; Rehrig and
Reynolds, 1980). Thus, the Whipple MOuntains represent only a small, but relatively well studied portion of a contiguous geologic terrane that extends
over at least 10,000 krn 2 .

SPATIAL CQ'lFIGURATION OF LOWER-PLATE ROCK UNITS
Precambrian crystalline rocks constitute most of
the lower plate of the Whipple detachment fault. As
discussed below the autochthon can be divided into
1vestern (xlnW' Fig. 1) and eastern (xlnE) crystalline
assemblages based on geochemically distinctive suites
of Precambrian plutons intrusive into metasedimentary
and metaigneous country rocks. The boundary zone between the t1vO assemblages occurs north of Savahia Peak
(just off the southwesternrnost corner of Fig. 1), and
although mapping by Anderson is not yet complete across
it, it does not appear to be tectonic in nature. The
zone coincides with the western limits of a major
north-south-trending dike swarm of probable late Mesozoic and/or early Cenozoic age. This swarm, named for
Chambers Well that lies within it, extends eastward
for approximately 10 krn, mostly within country rocks of
the eastern crystalline assemblage.

This paper is a summary progress report of continuing petrologic, structural, and geochronologic
investigations in the lower plate (autochthon) of the
Whipple Mountains. As such, it represents an updat412

Near the eastern margin of the swarm, NE-striking
gneisses, amphibolites, and foliated plutonic rocks of
the eastern assemblage become abruptly rotated, transposed, and mylonitized along and below a west-dipping
(3U-50 0 ) zone of profound structural transition. This
zone, the \Vhipple Mountains mylonitic front (Fig. 1;
Davis and others, 198U, Figs. 15, 16), is the abruptly
gradational (locally within several meters) upper limit
of a regionally developed sequence of mylonitic gneisses that, in the ~hipple Mountains, exceeds 3.Y km in
thickness. Below the front, the Precambrian rocks are
intruded by multiple sheet-like plutons of peraluminous and metaluminous composition (Fig. 2; Anderson
and Rowley, 1981). As revealed by the occurrence of
isolated structural domains below the front in which
the steep dips and NE strikes of older foliated rocks
have been preserved (Fig. 2), the initially subhorizontal plutonic sheets were intruded discordantly across
their country rock gneisses. Rotation and transposition of the older, steeper foliations into parallelism
l,ith the plutons and the mylonitic front occurred subsequently. As discussed below, the plutonic sheets
appear to be of mid- to Late Cretaceous age and to
llave influenced, if not controlled, the development of
the thick mylonitic sequence. The mylonitic front, as
amplified below, is not a fault. Rather, it is a zone
of high ductile strain and, presumably, high thermal
gradient. Crystalline rocks of the distinctive eastern assemblage lie both above and below the front. Along the east-west axial ridge of the \Vhipple Mountains
the front lies within the lower part of a late kinematic adamellite pluton (Fig. 1). Mylonitic rocks occur
locally hundreds of meters above the front (cf. Davis
and others, 198U, Fig. 16), especially, but not exclusively, in shallow- to moderately-dipping dikes
that were intruded during late stages of more pervasive
mylonitization at deeper structural levels. The structural significance of these relations is discussed
elsewhere.

LOWER- PLATE METAMORPHIC AND INTRUSIVE UNITS
Introduction
The crystalline rocks of the \Vhipple Mountains
autochthon have undergone a complex history of multiple
metamorphisms, intrusions, and deformations initiated
in the mid-Proterozoic and ending with detachment faulting as young as middle Miocene. These events include:
(1) a regional, amphibolite-grade Precambrian metamorphism; (2) synorogenic to post-orogenic Precambrian
plutonism involving two strikingly dissimilar and geographically separated plutonic suites; (3) a mid-Mesozoic thermal event that involved, at a minimum, pegmatite intrusion and widespread resetting of K-Ar clocks;
(4) regional mid-Cretaceous and younger mylonitization
of upper greenschist to lower amphibolite grade; (5)
synkinematic and late kinematic intrusion of peraluminous and metaluminous granitic magmas into the mylonitic sequence; (6) intrusion of the north-trending
Chambers Well dike swarm, which is composed of a profuse amount of high-K andesite and dacite, and younger
diabase; and (7) a low grade of chloritic alteration of
Tertiary age developed belol' the Whipple detachment
fault and overprinted on both mylonitic and non-mylonitic crystalline rocks. Isotopic studies useful in
constraining the ages of these diverse events are
treated in a subsequent section.
Precambrian Gneisses
The host rocks for Precambrian plutons and younger
intrusions are amphibolite-grade, quartzo-feldspathic
gneisses that occur throughout the lower plate. Several varieties of such gneisses, most of metasedimentary origin, exist. The original Precambrian gneissic
foliation (S2) is preserved above the mylonitic front
and in isolated domains below it. It varies in strike
from NMv to NNE in the western, Savahia Peak region
to NE in most lower plate areas to the east (most of
Fig. 1). In the Savahia Peak area most dips are subvertical. Throughout the area of Figure 1, most are
typically steep (> 500) to the SE.

Crystalline rocks both above and below the mylonltlC front have been affected by detachment fault tectonics of Tertiary age. This faulting has produced a
lower-plate "chlorite breccia zone" of variable thickness (several to 300 mY. Rocks within the zone are
characterized by locally profound shearing (in extreme
development, to structureless, aphanitic cataclasites),
by folding, by tilting along NE-dipping normal faults,
and by in situ shattering. Cataclasis was accompanied
by an intense and pervasive alteration with the formation of secondary chlorite and epidote, and the deposition of iron and copper sulfides. The zone is capped
by a flinty black microbreccia several mm to cm thick
(Phillips, this volume). We now, in contrast to Davis
and others (1980, p. 115), regard the chlorite breccia
as forming prior to the microbreccia, during earlier,
more diffuse, and presumably deeper and hotter stages
of detachment within the upper crystalline crust.
Faults that cut the chlorite breccia and rotate cataclasized mylonitic rocks within the breccia zone, are
truncated by the Whipple fault and its underlying
microbreccia. McClelland (this volume) has observed a
1 to 2 m-wide mafic dike on the south flank of Eagle
Peak, Sacramento Mountains, that cuts the well-developed chlorite breccia there, but is truncated by an overlying, very planar \Vhipple-type detachment fault.
Thus, we are no longer disposed to dismiss the role of
fluid pressure in facilitating detachment faulting,
having abandoned our earlier interpretation (Davis and
others, 1980) that formation of the chlorite breccia
zone occurred in response to displacement of the \VhippIe allochthon along the present detachment surface
and by the transmission of shear stresses across it.

Banded, locally migmatitic quartzo-feldspathic
gneiss is by far the most common lithologic unit, but
other mappable units include a leucocratic, quartzrich gneiss (a meta-arenite) west of Savahia Peak, and
pelitic and biotitic quartzo-feldspathic schist (both
found below the mylonite front in the central, higher
part of the range). The pelitic schist contains kyanite or sillimanite+muscovite+biotite+garnet. It is
representative of the high-grade, kyanite-sillimanite
series Precambrian metamorphism that has affected this
entire crystalline assemblage. The biotite schist, the
deepest exposed unit within the range, has a thickness
in excess of 1 km. Interlayered with units above the
biotite schist and sharing their metamorphic history
are layers of amphibolite to hornblendite and augen
gneiss, both of meta-igneous origin. The augen gneiss
is distinctive in having large (to 5 cm) and abundant
(35-65%) alkali feldspar augen. It is restricted to
gneiss sections above the mylonitic front and to the
upper third of the mylonitized section.
Precambrian Plutonic Rocks
A geographic transition in the nature of Precambrian plutons intrusive into the autochthonous gneisses
is roughly coincident with the diffuse western boundary
of the Chambers Well dike swarm near Savahia Peak.
Just beyond the southwesternrnost corner of Figure 1,
and in areas to the west, lies a plutonic terrane
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characterized by reddish, alkali feldspar-rich granite
plutons, both foliated and lmfoliated. Nwnerous northstriking diabase dikes of probable late Precambrian
age cut these plutons and help define this western
crystalline assemblage. This terrane also lmderlies
much of the Turtle 1vlountains to the west and forms
autochthonous portions of the Riverside 1vbuntains to
the south. 1vbreover, it is the same Precambrian assemblage (xlnE' Fig. 1) that comprises the basement for
Tertiary strata in the upper plate of the Whipple
ilbuntains, a spatial relationship that indicates a
minimlun 30 to 40 km northeastward transport of the
Whipple allochthon relative to underlying crystalline
rocks of the eastern assemblage (xlnW, Fig. 1).

Muscovite-bearing pegmatite and aplite dikes are
common in the eastern crystalline assemblage. Some are
spatially associated with the older bvo-mica adamellite
and others with a younger, garnet, bvo-mica granodiorite sill that intrudes the mylonitic sequence. These
relations suggest that both intrusions became water
saturated at some stage of crystallization, and that
there is a wide range (Precambrian to Mesozoic) of pegmatite formation. Of specific interest, however, is a
pegmatitic area in the older gneisses directly above
the mylonitic front. From our isotopic studies, these
pegmatities may have been intruded during a separate,
mid-Mesozoic event that is not yet well understood.

Because the western crystalline assemblage has
previously been described in some detail for the allochthon of the Whipple 1vbuntains (Davis and others,
1980; Anderson and others, 1979), our comments here
are restricted to autochthonous portions of this assemblage in the western Whipple 1vbuntains north of Savahia
Peak. Here, in sharp contact with leucocratic banded
gneisses is a red, coarse-grained granite pOrphylj
with abundant (to 70 %), large (1-4 cm) alkali feldspar
phenocrysts that are aligned in a planar fabric of
magmatic origin. 1he texture, mineralogy, and chemistry of this pluton (Anderson, unpub. data) are identical with those of a granite porphyry in the upper plate
of the eastern Whipple 1vlountains (Davis and others,
1980, p. 89-90). As there, this autochthonous pluton
and adjacent gneisses are cut by abundant N-striking
diabase dikes. '[hese dikes have an ophitic-like
texture of randomly oriented plagioclase laths enclosed
by late magmatic anhedral mafic minerals; they are
texturally distinguishable from younger mafic dikes of
the 01ambers Well swarm.

Mylonitization and Synkinematic Plutonism
Below the Whipple mylonitic front most of the older gneisses and plutons described above have experienced the effects of a YOlmger regional metamorphism
~vith a mylonitic character.
This metamorphism is termed mylonitic owing to the brittle behavior exhibited
by many of the older minerals, which occur both as
broken porphyroclasts and as finely comminuted material
in a variably recrystallized matrix. The development
of the mylonitic foliation is discussed at length in
the section on structure, but involved transposition
of older fabrics, rotation of older foliations into a
subhorizontal position where they became overprinted
with mylonitic fabrics (SZ/3), and formation of a primary foliation (S3) in previously undeformed igneous
rocks. TIle mylonltic rocks are characterized by a
Ubiquitous NE (or SW)-trending mineral lineation (L3)
that is defined by highly elongate quartz grains and
by trains of broken biotite, an~hibole, and feldspar
porphyroclasts.

A second, more easterly plutonic association is
represented by a nl~ber of perall~inous, calc-alkaline
grani tic plutons ("pmpl", Fig. 1) that lie scattered
throughout the lower-plate area of Figure 1. The
plutons are of two major varieties -- garnet-biotite
granodiorite and two-mica adamellite. Five such plutons have been distinguished by mapping to date -three below the rnyloni tic front in the central Whipple
1vlountains (Anderson and Rowley, 1981, Fig. 2), one
immediately above the front and presumably crossed by
it at depth (Davis and others, 1980, Fig. 17; Anderson
and others, 1979, Fig. 6), and one above the front in
the western portion of the Olambers Well dike swarm
(Anderson, unpub. mapping, not shown on Fig. 1).

The upper two-thirds of the mylonitic section was
forcefully inj ected by synkinematic sheets of granitic
composition ranging in thickness from less than a meter
to several hundred meters (Fig. Z). These intrusions
are intensely mylonitized and are considered to be
synkinematic for the following reasons: (1) they occur
as discrete intrusive layers ~vith contacts parallel to
the mylonitic foliation; (2) they do not contain any
of the older fabric elements that are locally discernable in Precambrian units; (3) they are restricted to
levels below the mylonitic front; (4) localized lensoidal zones of relict older structure are conunon between these sheets (Fig. Z), yet this older structure
(steep, non-mylonitic foliation) is always rotated
and/or transposed into the plane of mylonitic foliation
within a few meters of sheet contacts; (5) the interiors.o~ some sheets are pegmatitic and only weakly mylonltlzed; and (6) the larger sheets and their fabrics
are commonly themselves cut by slightly discordant
dikes that are mylonitized parallel to their mvn
contacts.

These plutons contain a steep metamorphic foliation (S2') that is closely parallel to that in the
wallrock gneisses (S2), but is locally demonstrable as
being somewhat YDunger in age. In some largely concordant apophyses of these plutons, both above and below the mylonite front, SZ' lies parallel to intrusive
contacts that cut the country rock foliation, S2, at
small angles (sho~vn in Imver part of Fig. 6D). These
foliated plutons lack the strong mineral segregation
characteristic of the older gneisses. One unmapped
foliated pluton above the mylonitic front and exposed
along the main east-west ridge of the range was observed to contain rotated, foliated gneissic xenoliths.
Although at one time we considered these plutons to be
Mesozoic and related to the sheetlike plutons of similar composition intruded below the mylonitic front, we
now believe that most, if not all, are of Precambrian
age and either synkinematic or late kinematic ~vith respect to the ~'ecambrian metamorphic event described
above. They are thus older than the unmetamol~hosed
granite porphyry and diabase of the western crystalline
assemblage.

The synkinematic intrusions are all granitic, although there is a compositional change with depth involving increasing color index and a decrease in SiU2'
The structurally highest sheets are leucocratic granodiori teO' ("mple", "mpl£,', Figs. 1, Z) that are uniformly metalllminous in composition and contain biotite and
sphene as the only mafic phases. Peraluminous intrusions OCCllpy the central section of this sheeted complex and include from top to bottom, a two-mica granodiorite C'inpld"l, a garnet, bvo-mica granodiorite
("mp~c"), ,:nd a two-mica tonalite ('inplb")' The deepest lntruslve sheets occur below the elongate summit
of the central Whipple 1vbuntains and are all of hornblende-biotite quartz diorite composition ('inpla").
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mineralogies and thermometry calculations (Fig. 4)
show that: (1) there is no difference in grade of mylonitization between the synkinematic intrusions and
enclosing gneisses; and (2) the metamorphic grade increases with depth from upper greenschist to lower
amphibolite facies. The former conclusion implies
that any thermal discontinuities across intrusive contacts were homogenized during mylonitization. The
latter allows an estimation of the thermal gradient
present during mylonitization as relative differences
in temperature with structural depth are ]mown. Our
calculated geothermal gradient for that part of the
mylonitic sequence intruded by plutonic sheets is
72 0 C/km, a high gradient that presumably has its upper limit at the mylonitic front. This geothermal
gradient is not unlike the 50 0 C/km estimated by Hoisch
and Miller (1981) for Cretaceous metamorphism within
the Old Woman ~buntains 60 km to the northwest.

Anderson and Rowley (1981) have described in some
detail the mineralogy, composition, and conditions of
crystallization of the plutonic sheets. Although they
have defined several different magma lineages, the observed differences are minor. Collectively this suite
of lVhipple plutonism is unusual in its calcic nature
(Fig. 3), high Sr (av. 830 ppm), high Na/K, and modest
level of alumina saturation. Although similar to plutons in the Chemehuevi and Sacramento Mountains to the
north (Anderson, unpub. data), they differ markedly
from other Cordilleran two-mica granitoids -- including those in the Iron (Miller and others, 1981) and
Old Woman (~liller and Stoddard, 1978) ~buntains to the
west and the Catalina ~buntains of Arizona (Keith and
others, 198U).
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Figure 4. Results of mylonitization feldspar thermometry for upper and lower structural levels of the
mylonitic sequence in the Whipple Mountains. From
Anderson (1981).

Conditions of Mylonitization
Based on mineralogic constraints, Anderson and
. Rowley (1981) have proposed that the synkinematic plutons were emplaced at middle to upper crustal levels
(ca. 9-10 km depth) and at high levels of oxygen fugacity near wet solidus temperatures. The depth estimate is important because it also controls the depth
for spatially and temporally associated mylonitization.
Textural and mineralogical studies of the plutonic
rocks indicate that they were penetratively deformed
after initial igneous crystallization. A remarkable
aspect of the metamorphic/mylonitic event is that many
of the porphyroclast phases (feldspars, biotite, muscovite, hornblende, garnet) are relict minerals that
have retained their igneous compositions. The recognition in thin-sections of plagioclase porphyroclasts
lvith rather delicate igneous oscillatory zoning was
our initial clue to this fact.

Late Kinematic Plutons
Several granitic plutons that possess a very weak
expression of the mylonitic foliation and lineation
are intrusive into mylonitic gneisses in southern areas
of the lower plate. Designated as "lmpl" on Figure 1,
they range from adamellite to quartz diorite, are usually medium-grained, nonporphyritic, and white in color
due to their leucocratic mineralogy. Biotite (often
replaced by chlorite) is their sole mafic phase. The
weak tectonite fabrics of such plutons studied by
Krass (1980) and Thurn (1982) indicate that they were
emplaced late in the period, probably extended, of regional mylonitization.
All examples recognized to date occur at high
structural levels within the mylonitic sequence. One,
intruded along the main axial ridge of the lVhipple
~buntains, is crossed by a late, lveakly developed segment of the mylonitic front (Fig. 1). A second pluton,
present along the south flank of the range between
Bolvmans Wash and the Blue Cloud mine, is a south-dipping, more-or-less concordant tabular body that is
truncated upwards by the lVhipple detachment fault. A
third, smaller stock that is crudely elliptical in

Nevertheless, the metamorphic grade during mylonitization can be ascertained through the detection of
re-equilibrated or new mineral phases that occur in
the ultrafine-grained mylonitic matrix and in tension
gashes formed perpendicular to L3 . Detailed microprobe studies (Anderson and Krass, 1979; Anderson,
1981) have revealed that for several minerals there is
a bimodal distribution of compositions that follow
the textural division of pOl~hyroclast versus matrix.
As summarized by Anderson (1981), re-equilibrated
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map pattern discordantly intrudes highly mylonitized
rocks near the abandoned copper leaching tanks in the
southwestern corner of the lVhipple Mountains S.W. 7~'
quadrangle.

Rock types within the swarm range from diabase to
dacite, but the distribution in somewhat bimodal with
a high-K, calc-alkaline andesite to dacite series
(SiO Z = 57.4-70.0%, KZO = Z.45-4.44%) predominating
over younger diabase (olivine tholeiite normative composition, SiOZ = 47.6-49.5%). Rocks of the andesite
to dacite series range in color from dark grey to
light tan and have a pehenocryst mineral assemblage
ranging from PLAG+HB to PLAG+HB+BIO to PLAG+BI~SAN~QZ
inth increasing silica. The diabase is fine-grained,
subophitic, and contains plagioclase, clinopyroxene,
and late magmatic hornblende. Mafic dikes have been
observed to systematically crosscut dacitic and andesitic dikes at a number of localities. At one locality
(SE corner, Fig. 5), an internally flow-folded dacite
dike cuts across DvO andesite dikes, but the consistency of this age relation throughout the swarm is not
known.

Chambers Well Dike Slvarm
The N to N 15 0 W-trending Chambers Well dike
swarm (SW corner, Fig. 1) represents an impressive
zone of east-west extension and in its mafic members,
the youngest recognized igneous activity in the lower
plate. Approximately 10 km wide, the swarm extends
from the mylonitic front wesDvard to areas north of
Savahia Peak (west of SW corner of Fig. 1). Within
some axial parts of the swarm, the volume of dikes
exceeds that of country rocks several-fold. Figure 5
(see Fig. 1 for location) covers a 1 mile Z area of
the swarm and is representative of its geometry in an
area of low relief. Cumulatively, a crustal extension
of several kilometers across the swarm seems likely.

The dike swarm appears to have been emplaced during and after the last stages of mylonitization. As
described above, some shallow- to moderately-dipping
andesitic and dacitic dikes above the mylonitic front
exhibit a mYlonitic foliation parallel to their contacts. Steeply dipping dacite dikes just above the
front locally possess a subhorizontal mylonitic foliation and lineation. Andesite dikes just below the
front range from deformed (e.g., folds with axial
planes parallel to S3' boudinage, schistosity, and
lineated phenocrysts) to undeformed and nonrecrystallized. In contrast, the occasional diabase dikes present below the front never exhibit mylonitic fabrics.
Dacite dikes that intrude the late kinematic pluton
("lmpl" , Fig. 1) at levels above the mylonitic front
that lies within it, are markedly less regular in shape
than the tabular dikes that intrude nearby older
gneisses and foliated plutons. This relation suggests
that the late kinematic pluton (an adamellite) was

Dikes in Figure 5 dip eastward at angles ranging
from ZS to 75 0 , but most have dips between 45 and 65 0 •
The swarm, except for its westernmost portion where
individual dikes exhibit irregular orientations that
vary between subhorizontal to subvertical, has the
form of an inward-dipping fan, i.e. western dikes dip
eastward and eastelTI dikes dip westward. The axis of
the fan, defined by a narrow zone of vertical dikes
east of Chambers Well road, is decidedly asymmetric
in its location. West-dipping dikes 0vith dip angles
as low as 40 0 ) occur only in the eastern third of the
fan. It is interesting to speculate that the fanshaped configuration of the swarm may reflect the
presence of a north-trending linear pluton at depth,
much as inward-dipping cone sheets (dikes) reflect
the existence of a circular (in plan view) magmatic
body at depth.

Figure 5. Geologic map of a 1 mile Z
area of the Chambers Well dike swarm
(see Fig. 1 for location). North is
at top of the figure. Dikes are represented as follows: dacite = no pattern with "d" designation; andesite
stippled pattern; diabase = solid
black pattern; lamprophyre = crossruled pattern. Direction of dip of
dikes shown by arrows with accompanying dip values. "Q" = Quaternary alluvium; "xlnE" = undifferentiated
quartzo-feldspathic gneisses and interlayered amphibolites of eastern
crystalline assemblage. Attitudes of
the Precambrian foliation, Sz' in
these rocks are sholVll by conventional
foliation symbols. ~llipping by Davis.
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rheologically less rigid (=hotter?) than its country
rocks at the time of dacite emplacement, an interpretation that appears to indicate comparable ages for
the two petrogenetically distinct intrusive sequences.

history of mylonitic rocks in the Rincon-Santa Cata~in
a-Tortolita complex near Tucson, and by Reynolds and
Rehrig (1980) for the formation of mylonitic fabrics
in diverse rock types at South ~buntain near Phoenix.
Field evidence from the \Vhipple ~buntains supportive
of pure shear strain during mylonitization come from
the mesoscopic analyses of mylonitized dikes (both above and belolv the mylonitic front), from the occurrence of ductile normal faults and boudins below the
front, and from the geometry of folded, steeply inclined Precambrian gneisses and amphibolite (directly
above and at various localities below the front).
These structures are discussed in sequence below.

Chlorite Breccia Zone
The last thermal event to have affected the lower plate of the \Vhipple MOuntains is clearly associated with an evolving \Vhipple detachment fault (as
discussed in the section on spatial configuration of
lower-plate units). Immediately below the planar
fault surface is a few mm- to 2 m-thick ledge of
microbreccia and cataclastite (Phillips, this volume)
that lies above a sheared, brecciated, and altered
zone of lower-plate rocks up to 300 m thick. These
rocks, termed the chlorite breccia zone in this and
other ranges, is best developed across lower-plate
rocks below the mylonite front. The breccia thins
abruptly above the front, presumably in colder rocks
than those below the front at the time of detachment.

Mylonitized dikes
Dikes above the mylonitic front
As previously described (above, and in Davis and
others, 1980, p. 99-100), fine-grained dikes with an
internal mylonitic fabric are present at some localities as high as 1 km above the mylonitic front, but
lie within steeply inclined Precambrian gneisses that
lack S3 and L3 . Steeply inclined dikes generally lack
a mylonitic fabric (e.g. Fig. 6A), although some exceptions do occur in dacites lvithin several hundred
meters of the front. In contrast, shallow- to moderately-dipping dikes not uncommonly exhibit an internal
S3 foliation parallel to their contacts, with L3 trending parallel to that in rocks below the mylonitlc
front (Fig. 6E; see Fig. 1 for location of 6E). G. H.
Davis (1980) has reported the comparable development
of mylonitic fabrics in 10lv-dipping dikes surrounded
by non-mylonitized rocks near Tuscson.

The alteration that accompanied cataclasis is
probably lower greenschist in grade. It involves the
growth of secondary chlorite, epidote, and sericite,
as well as late-stage mineralization -- pyrite (usually replaced by goethite), chalcopyrite, and chrysocolla (presumably secondary). The bottom of the
breccia zone coincides with lower-plate detachment
faults in some southwestern and northeastel~ areas of
the autochthon. Elsewhere, the effects of shearing,
cataclasis, and alteration simply die out dOlVIllvard
into rocks that lack these visible effects. Nevertheless, K-Ar isotopic studies reviewed below demonstrate that resetting of K-Ar clocks has occurred in
rocks that lie far below the lower limit of the chlorite breccia 'zone as recognized in the field.

Our explanation for the field relations described
above and illustrated in Figures 6A and 6E is that the
dikes were emplaced during pervasive mylonitization at
deeper structural levels. Internal flattening strains
and the development of S3 and L3 in crjstallized, but
thermally weakened (i.e. still hot) dike rocks was only possible when rigid "hanging wall" country rocks
could move downward toward rigid "foot wall" country
rocks (Fig. bE). Flattening strains could not be
transmitted into steeply-inclined dikes because of the
resistance to such strains of their enclosing colder,
more rigid gneiss wall rocks (Fig. bA).

SELEO'ED ASPEO'S OF LOWER- PLATE STRUCI1JRAL GEOLCXN
Origin of Mylonitic Foliation and Lineation
Introduction
Traditionally, structural geologists have viewed
mylonitic rocks as the consequence of shearing or
faulting under conditions of high confining pressure
and without loss of cohesion. CDmminution of pre-existing mineral grains with or without accompanying recrystallization is a characteristic feature of mylonites. The regional development of shallow-dipping
mylonitic gneisses in southeastern California and
large areas of western and southern Arizona might,
therefore, be explained by tectonic models invoking
intracrustal thrust faulting -- in one recent scenario (Keith, 1982), thrusting related to shallow eastward subduction of oceanic (Franciscan) rocks beneath
the North American plate in Laramide time.

Dikes below the mylonitic front
Figure bC illustrates diagrammatically the geometric relations between a foliated andesite dike and
the mylonitic augen gneiss that it intrudes (see Fig.
1, for field location of bC). The steeply dipping 1+
m-thick dike has planar contacts that are approximately perpendicular to the NE-trending L3 in the country
rock gneiss, A schistose foliation in the dike is coplanar with the well-developed S3 foliation in its
wall rocks. In addition, the long axes of flattened
amphibole phenocrysts are colinear with L3 in the enclosing gneisses defined by elongate quartz grains.
No digitations or offsets are seen in the planar dike
contacts when viewed perpendicular to the lineation
(as in Fig. bC), thus indicating an impressive homogeneity of flattening and extensional strains within
the dike.

Nevertheless, field relations in the lVhipple
autochthon are best interpreted as indicating that the major phase of mylonitic fabric development represents pure shear strains, characterized by
(1) flattening of pre-existing, thermally weakened
rocks in a subhorizontal plane, and (2) preferential
extensional flow within that plane in NE-SW directions.
The first strain component produces the mylonitic foliation, S3; the second, the mylonitic lineation, L3'
~buntains

Geometric relations in this outcrop are compatible
with the following strain history: (1) formation of the
mylonitic fabric in the augen gneiss, presumably by
flattening and NE-@V extensional flow; (2) intrusion of
the andesite dike at right angles to L3 (the extension
direction) in the gneiss; (3) continued homogeneous
flattening (on the mesoscopic scale of this outcrop)
of the gneiss and, now, the crystallized andesite dike

Evidence will be presented below that the strain
responsible for the mylonitic fabrics is coaxial
~1eans, 1976), in contrast to non-coaxial strains
accompanying simple shear deformations within fault
or shear zones. Similar conclusions have been previously reached by G. H. Davis (1980) for the strain
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Figure 6. Diagrammatic sketches of outcrop relations in the ~~ipple
lower plate indicating formation of 53, the mylonitic foliation, by
coaxial pure shear strains consisting of components of do\~\vard
flattening and NE-5W extensional flow in the plane of flattening.
Black arro\vS indicate the orientation of the axis of shortening.
A, B, and C show diverse relations of dikes to the development of
53' A and B lie above the mylonitic front, C and D below. Description of each figure is given in the text. "i" in A is a nonfoliated dike; "mi" in B, C, and D are dikes with mylonitic fabrics.
The dikes in A, B, and C range in width from 1 to 3 m. The upper
part of Fig. 6D represents a zone of transposition of older rocks
with the formation of mylonitic gneisses ('ingn") and an included
lens of amphibolite containing a relict, 52' foliation.
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within it. The outcrop thus records a protracted
history of coaxial strain, i.e. a histOl; for which
the axes of incremental and total-strain ellipsoids
were coincident. The fabric elements in the dike and
its wallrocks, and the orientation of the dike itself,
suggest that incremental and total strains developed
in response to a vertical d l' a NE- trending and
horizontal d 3' and a NW-trending, horizontal d 2'

Perhaps the most impressive evidence found by us
to date that the mylonitic foliation formed during coaxial pure shear strain during do,vnward flattening
(shortening), rather than by simple shear in a thick
(>3.9+ km) zone of intracrustal thrust faulting, comes
from area 6D (in western half of Fig. 1). Here, at a
structural level not far belo" the mylonitic front
(Fig. 1) is an isolated, relict domain of steeply inclined, foliated Precambrian rocks "ith an approximate
strike of N 60 0 E. The Precambrian sequence consisted
initially (Fig. 6D) of interlayered quartzo-feldspathic
banded gneisses ("gn") , amphibolites ("am"), and weakly
foliated (S2') sills of adamellite ("fad").

Ductile normal faults
G. H. Davis (1980, p. 53, 55, his Fig. 9A) first
recognized the occurrence of ductile normal faults in
mylonitic gneisses of the Tortolita ~buntains and later in most of the mylonitic complexes of southern Arizona. Reynolds and Rehrig report similar structures
at South ~buntain (1980). Ductile normal faults also
occur locally in the Whipple ~buntains, as illustrated
in Figure 7, and as in the Arizona localities mentioned above their strikes are consistently at right angles to the trend of L3 .

These steeply inclined layers have undergone a
buckle-type folding, presumably in response to do,vn"ard
shortening, that has produced disharmonic, recumbent
folds (F 3) with axial surfaces (S3) that now dip westward parallel to the overlying mylonitic front. The
folds, with flexural flow geometries and disharmonies
controlled by the differing ductility of the folded
units, have SW-trending hinges coincident with the intersection of the steep older foliations (S2' S2') and
S:,;, the low-dipping axial surface. Coincidentally, because extensional flow during mylonitization of the
lfuipple lower plate was to the NE and SW, the F3 hinges
are closely parallel to L3 in these outcrops.

The most prominent feature of Figure 7, a line
dra"ing from a 35 mm slide, is the NE-dipping nOlJnal
fault in the center of the figure. It offsets several amphibolite layers and quartzo-feldspathic mylonitic gneisses at the top of the figure, but is represented only by a down-to-the-east flexured and attenuated zone of ductile strain in the mylonitized quartzo-feldspathic gneiss in the lower part of the figure.
Below the gneiss is the lo"ermost amphibolite, again
faulted. TI1is amphibolite and that covered by the
base of the lens cap show pinch-and-swell and boudinage structures, respectively. The diverse strain
elements in this outcrop, including L3, are, as in
the dikes of Figs. 6B and 6C, best explained by downward flattening and lateral (NE-SW) extension by
both brittle and ductile pheonomena.

1he most spectacular relation in the folded sequence is the pervasive development of a typical S3
mylonitic foliation only within the steeply inclined
sills of foliated adamellite (Fig. 6D). The Precambrian foliation in these sills is very weakly developed
and did not inhibit the development of S across it,
as I,as apparently the case in the strongty foliated
gneisses and amphibolites. Thus the sills ("mfad")
are as strongly mylonitized as the synkinematic sills
C'mpl") of the mylonitic sequence, but the mylonitic
fabric is confined to them~ Locally, a transpositional
axial surface develops in the hinges of the F3 folds
(Fig. 6D) where it is parallel to S3 in the mylonitized,
folded adamellite sills. Late sheets of s)~kinematic
intrusive rocks ("mi", Fig. 6D) have been intruded discordantly across the folds, but parallel to their axial
surfaces. These fine-grained intrusions are also mylonitized (S3') and serve to bracket the buckle folding
as occurring within a protracted period of mylonitization. S3 and S3' in these marvelously exposed outcrops
is clearly not a surface formed by simple shear in a
zone of tectonic translation. Rather, it is the axial
surface of folds formed lby the recumbent buckling of
initially subvertical layers that experienced do,vnward
layer-parallel shortening. A crude, and tentative,
estimate of the shortening responsible for F3 folding
and the formation of an S3 axial surface in selected
layers is 50 %.
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Rotation and transposition of older foliations along
tne contacts of synkinematic plutonic sheets
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As described in preceding sections, Precambrian
gneisses and foliated plutons have retained their NEstrikes and steep (usually to the SE) dips in some isolated areas below the mylonitic front. These relict
structural domains terminate upwards and dOlvnwards into
zones of rotation and transposition commonly associated
with the contacts of synkinematic plutonic sheets. A
schematicized cross-section of these macroscopic and
mesoscopic field relations was presented earlier as
Figure 2. The distortion (rotation) of the steep
foliations upwards and dOlvnwards into zones of less
steeply dipping mylonitic foliation can be explained in

Figure 7. ~Qrmal faults and a ductile normal fault
"ith M¥-strikes cutting interlayered amphibolites
("am") and quartzo-feldspathic mylonitic gneisses
(II q-fll); "1" are leucosomes in the gneiss. Extensional strain in a NE-~¥ direction parallel to L3
in the gneisses is indicated by the faults and by
pinch-and-swell structure and boudinage in amphibolite layers. Structures exposed in roadcut along
powerline road through mylonitic sequence in the
northeastern l~1ipple ~buntains (not on Fig. 1)
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two contrasting ways as illustrated in Figure 8. Fig.
8A presupposes that the plutonic sheets were initially
intruded more-or-Iess subhorizontally and discordantly
across older, SE-dipping Precambrian gneisses.
Figure 8B explains reversed sigmoidal deflection
of the gneissic foliation along the intrusive contacts
as the consequence of simple shear, i.e. a consistent
northlvestward translation of higher rocks over lower
within the intruded sequence. The observed deflections (shallowing) of gneissic foliation at the intrusive contacts would represent drag effects along
zones of major translation. If figure B is correct,
the NE-SW-trending lineation, L3 , lies at right angles
to the direction of shearing (thrusting). This seems
unlikely based on other evidence for extension
parallel to the lineation (normal faults, dikes, boudins, pinch-and-swell structures) and on regional
tectonic considerations. A synchronous flattening
deformation could have been incorporated into model
B, but was omitted for simplicity.
Figure 8C explains the observed deflections of
S2 at the intrusive contacts by a flattening model of
deformation consistent with that proposed above. The
initial thicknesses of the two just-crystallized
plutonic sheets have been reduced to 50% in the figure. Accompanying extension in a NE-SW direction
would be at right angles to the figure and cannot be
shown. The gneissic units, preferentially thermally
weakened near their contacts with the sheets, flatten
as well with a geometry of deflection controlled
solely by their initial angle of intersection with
the plutonic contacts. Rotational and translation
strains, the latter leading to transposition of the
older foliations, can logically be expected to be
more pronounced near plutonic contacts than at a
distance from them because of local thermal gradients
related to the plutons.
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One problem with this "logic" is that a thick
and very planar sequence of rotated, transposed mylonitic gneisses is present in the lower part of the
right half of Figure I (area MV of locality IDA) and
is essentially devoid of plutonic sheets. Thermal
controls on rotation and transposition of older
gneisses in this section that are related to plutonism are therefore difficult to visualize. It may be
possible that uniform rotation and transposition of
older gneisses below the mylonitic front, occurring
under conditions of regional elevated geothermal gradients, becomes impeded by the local intrusion of
sheetlike plutons. Such plutons, because of locally
elevated thermal gradients (aureoles) adjacent to
them might produce zones of concentrated ductile
strain within the Precambrian basement, rather than
more uniform strains. In other words, the synkinematic plutons may engender a discontinuous strain environment as compared with more homogeneous deformations
in rock domains devoid of plutonic anisotropies.
The problem requires additional analysis.
Possible late kinematic simple shear strains in the
mylonitic sequence

.

.

.

Figure 8. Alternative explanations for the rotation
and attendant transposition of Precambrian foliation, S2' along the contacts of discordant, synkinematic plutonic sheets (as illustrated in Fig. 2).
A: initial intrusive relationships. B: Simpleshear model for explaining the deflections of S2
as drag along zones of northwestward translation
(shearing) between plutons and intervening gneisses.
C: Preferred interpretation. Flattening strains
occur within the intruded sequence, causing the
shallowing of S2 due solely to the oblique angle of
original intersection beuveen S2 and the plutons.

We have tried to document above our contention
that deformation in the 101ver plate of the Whipple
Mountains leading to mylonitic tectonites had the geometry of pure shear strain and was coaxial in character. On the basis of fieldwork to date, there appears to be little or no evidence for a consistent
sense of simple shear or slip in the direction of L3
and parallel to the mylonitic foliation.
Nevertheless, a kinematic complication does ap-
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Figure 9. Stereographic projection showing orientations of late kinematic fold hinges, F3 ,. Ft'
folds deform the mylonitic foliation, S3' but are
sometimes cross-cut by gently-dipping, unfolded
dikes that have an internal mylonitic fabric parallel to their contacts. Dashed line encompasses
21 of 23 L3 measurements. Solid dots (33) are
hinges of east-vergent folds (mostly southeast).
X's (6) are hinges of west-vergent folds.
pear to be present in the lVhipple mylonitic gneisses.
Davis (studies in progress) finds that a preponderance (> 80%) of recumbent, subisoclinal mesoscopic
folds with hinges parallel or subparallel to L3 in
the mylonitic section have a preferential sense of
overturning to the southeast. The folds a~e termed F3 ,
because they deform S3 and, clearly, in some outcrops
L3 and earlier folds. F3 , fold hinges are either
parallel to L3 or have trends that are more southerly
(Fig. 9). Typical cross-profiles of F3 , folds are
illustrated in Figure 10.
Our ~ tentative interpretations of F3 , fold
relations 1S that a phase of southeast-directed
translation (higher levels displaced southeastward
relative to lower) may have occurred within the mylonitic sequence following the main phase of flattening
and synchronous NE-SW extens10n discussed above.
Some of the SE-overturned folds which deform mylonitic
gneisses have had fine-grained igneous dikes injected
along their axial surfaces. These non-folded dikes
have a planar internal mylonitic fabric, thus demonstrating that the formation of F3, folds occurred
late within a protracted period of mylonitization.
Cbmpton (1980) describes very similar geometric relations beuveen mylonitic lineations and overturned
folds in quartzites in the Raft River MOuntains of
Utah. Our kinematic interpretation of the F3 ' folds
is considered tentative because most of the measurements plotted in Figure 9 come from southwestern
portions of the mylonitized sequence, but similar
fold asymmetries appear to be predominant in mylonites
exposed along the powerline road in the northeastern
lVhipple MOuntains.
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Figure 10. Cross-profiles of F3 , folds. MOst such
folds are recumbent, sub isoclinal , and overturned
to the SE (as are all of these). A. Folded banded
gneisses (see Fig. 1 for locality lOA). F3' hinges
on far left fold S3' L3, and an earlier generation
of folds (note refolded fold "eye" left of center).
B. Folded quartzo-feldspathic mylonitized gneisses
and interlayered pelitic schists (stippled). C.
Folded layers in quartzo-feldspathic mylonitic
gneiss.

Lower-plate Normal Faults
A large number of NE-dipping normal faults have
been mapped in western portions of the mylonitic seq~ence. Most have strikes ranging from N 30 to 50 0 W;
d~ps vary between 20 and 65 0 . Striae consistently ind1cate nearly pure dip-slip along these faults. nvo
major areas of normal faulting appear on the map (Fig.
l),.but they may merge with additional mapping in interven1ng areas. The faults are of several generations.
Some normal faults within the chlorite breccia zone
(too small to be sholVD on Fig. 1) appear to flatten into detachment surfaces within or at the base of the
zone; others seem to be truncated by the detachments.
Many of the mapped faults, hmvever, offset the lowangle detachment faults associated with the breccia

421

zone. None have been observed to offset the overlying
lVhipple detachment fault.

Rb-Sr dttes are based on a Rb decay constant of 1.42 x
10-11y-. The isotopic data is given in Table 1.

Some faults shown on Figure 1 have displacements
of only a relatively few meters, but were mapped because of their obvious traces in the field across
highly planar sequences of mylonitic gneiss. A number of faults (in the northern mapped area of faults)
offset the upper and lower contacts of a plutonic
sheet ("mplf") that crosses the main east-west ridge
of the range above the mylonitic front. Fairly accurate estimates of dip-slip displacements of the
plutonic contacts in this area were made. Seven consecutive faults (of the 9 or 10 mapped in this area)
had a cumulative dip-slip displacement of only 100 to
110 m. Thus, although the faults are prominent
features on the geologic map of the lower plate (Fig.
1), they do not appear to have contributed significantly to post-mylonitic NE-SW extension within it.

Precambrian gneisses and plutons
Whole rock Rb-Sr isotopic data for the oldest units of this terrane are depicted in Figure 11. Included are data for amphibolite, schist, and the Dvo-mica
adamellite from above the mylonitic front, augen gneiss
from both above and below the front, plUS one additional
mylonitized augen gneiss from the Swansea area in the
Buckskin ~buntains, Arizona. We have included data for
the granite porphyry of the upper plate as representative of its correlative unit in the lower plate west
of the dike swarm (specific correlation of the DvO
porphyries is not implied).

IsarOPIC SUllIES

.. SCHIST
III AMPHIBOLITE
AUGEN GNEISS
6. OLOER TWO MICA AOAMELLITE
" GRANITE PORPHYRY

The geochronology of the lVhipple Mmntains terrane is a key ingredient to our ultimate understanding of the numerous events that have affected the
range. Although the present isotopic data is meaningful and has placed important constraints on the age
of some events, dating studies are still in progress
and interpretations presented here must be viBved as
extremely preliminary. We emphasize that this is,
indeed, a progress report.
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lVhat is clearly evident is that the lVhipple
terrane is very complex and fraught with disturbances
of the various isotopic systems. If the lVhipple
M:luntains are not an anomalous example of a "core
complex" (and there is no reason to believe they
are anomalous), then the timing of events in other
metamorphic-mylonitic-detachment complexes is not going to be solved by the dating of samples in a reconnaissance fashion. What is'required is the use of
several isotopic systems applied to a terrane where
a solid geologic framework has been established by .
mapping. To date, 39 Rb-Sr (Armstrong) and S5 K-Ar
(Martin, Krummenacher) determinations have been completed, with the results described belo\v. In progress
are studies specifically directed toward better constraining the ages of initial and last mylonitization,
which include u/Pb determinations on zircon, sphene,
and apatite 6vith Jim Wright) and Ar-Ar determinations
on hornblende (with F..d IEWitt and John Sutter).
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Figure 11. Rb-Sr isochron diagram for Precambrian and
other pre-mylonitization crystalline units.
An interesting aspect of the data is that most of
it falls close to a single isochron with aY7apPftEent
age of 1.326 + .023 b.y. using an initial
Sri Sr
of 0.7042 + .0008. This nine-point isochron constructed from the data for amphibolite, schist, the augen
gneiss (4 of 6 omitted), the two-mica adamellite, and
the granite porphyry (2 of 6 omitted) has a correlation
coefficient of 0.99964. Since this is clearly not a
comagmatic suite, it serves only to give a minimum age
for which this Proterozoic crust may have last attained
Rb- Sr isotopic homogeneity. Given what is known about
the Precambrian of the southwestern U.S. (Silver, 1968;
Silver and others, 1977), the original age of these
rocks should fall in the range of 1.4-1.7 b.y. However, it is well recognized that Rb-Sr systematics in
such old terranes are often subject to delayed isotopic
readjustment (cf. Van Schmus and others, 1975). The
youngest samples, and the most radiogenic, are from the
granite porphyry; they comprise a comagmatic suite and
its data taken alone yields the same age with only
greater uncertain~T (1.326 + .059 @ 0.7043 + .0031) if
the DVO samples that fall below the isochron are excluded. We have argued before (Davis and others, 1980)
that this pluton has a probable age of 1.40-1.45 b.y.

Rb-Sr Geochronology
Analytical techniques
Rb and Sr -concentrations were determined by replicate analyses of pressed powder pellets using X-ray
fluorescence. U. S. Geological Survey rock standards
\vere used for calibration; mass absorption coefficients
were obtained from M:l K Cbmpton scattering measurements. Rb/Sr ratios have a precision of 2 % (10')
and concentrations a precision of 5 % (1 d ). Sr
isotopic composition \vas measured on unspiked samples
prepared using standard ion exchange techniques. The
mass spectrometer (60 0 sector, 30 ern radius, solid
source) is of U.S. National Bureau of Standards design, modified by 11. Faul. Data acquisition is digitized and automated using a NOVA cOmQuterA Experimental data have been normalized to a 8oSr/~~Sr ratio of
0.1194 and adjusted so 6hat the NBS standard SrC0 3
(S~~87) gives a 87Sr/~ Sr ratio of 0.71022+2 and the
Eimer and Amend Sr, a ra&~o of 0.70800+2. The precision of a single 87Sr / Sr ratio is lJ.OO0l3 (I c:S ).
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Table
Sample

Rb(ppm)

1.

Rb-Sr Isotopic Data for the Whipple Mountains
Remarks

Sr(ppm)

Upper Pl ate Precambrian - Gran ite Porphyry (whole rock)
11.48
268
GD-12
174
.7736
331
143
6.77
GD-13
.8326
167
165
2.96
GD-14
.7626
Major intrusive in upper plate basement
277
152
5.31
GD-15
.7937
Gn-19
164
204
2.34
.7475
156
2.13
.7442
GD-20
213
'\ower Plate Country Rock Gneisses and Related Rocks (whole
124
1. 275
.7505
GD-llB
283
1. 753
158
.7631
263
GD-llB
134
GD-llC
287
1.359
· 7477
1'17848
89.2
244
1. 062
.73671
526
0.427
.71133
77.7
'1R- 53
123
459
0.774
SW-l
.71773
0.078
GD- 5A
8.1
299
.7062
203
0.368
GD-5B
25.9
· 7115
193
71. 0
7.86
GD- 5C
· 7237
783
.7078
0.148
40.0
\~\\ GD- 6
Intrusive Sheets (sill s) Synkinematic with M.ylonitization - \'Ihole Rock and Mineral
106
GD- 3A (VIR)
614
0.501
.7071
Porphyritic granodi 0 rite
319
0.679
.7087
Porphyri ti c granodiorite
GD- 3D(vIR)
74.8
Porphyrit
i c granodi orite
0.801
.7086
GD- 3E (viR)
314
87.0
Crosscutting trondhjemitic aplite - minor intrusive
367
0.785
.7073
GD-3FCWR)
99.8
Crosscutting biotite tonalite - minor intrusive
0.263
.7082
Gn-3G(WR)
67.5
744
Crosscutting biotite tonalite - minor intrusive
GD- 3H (\~R)
741
0.303
.7081
77.6
0.188
.7107
896
Porphyritic granodiorite - same as GD-3A, D, E
GD-9(vIR)
58.2
960
0.126
Porphyritic granodiorite - same as GD-3A, D, E
.7106
GD-9(PL)
41. 8
308
3.08
Porphyritic granodiorite - same as GD-3A, D, E
.7112
289
GD-9(BI0)
Garnet, two-mica granodiorite (near Blue Cloud Mi ne)
83.2
0.510
.7074
GD-4B(HR)
473
"1'1 utons - Late Kinematic with respect to Mylonitization - Whole Rock and Mineral
Leucocratic biotite tonalite (Bowman's Hash)
51. 4
801
0.186
GO-I (viR)
.7064
Aplite dike in tonalite
102
0.881
GD-IA(\'IR)
335
.7073
0.376
Leucocratic biotite adamellite (leaching tan ks)
GD-2(vIR)
62.5
481
.7082
GD-2(PL, QZ)
15.7
271
0.168
Leucocratic biotite adamellite (leaching tanks)
.7079
Leucocratic biotite adamellite (leaching tanks)
809
0.688
.7085
~GD-2(PL, KSP) 192
Chambers Hell Dike Swarm (most above mylonitic front) - all whole rock
High K dacite Chamber Hells Road - above front
.7105
100
0.823
GD-I0
352
\0/78- 51A
.7105
High K dacite Chamber Hells Road - above front
75.4
439
0.496
.7086
High K dacite Chamber Wells Road - above front
1'178- 51B
85.2
312
0.789
0.558
.70935 High K dacite Chamber Hells Road - above front
V178-51C
88.0
456
.7086
High K andesite Chamber Hells Road - above front
64.8
505
0.372
W78-51D
.70792 High K andesite Chamber Wells Road - above front
52.2
409
0.369
H78-52A
.7063
Basalt Chamber Wells Road - above front
16.3
0.096
1'178- 528
493
.70631 Basalt Chamber Hells Road - above front
21.1
505
0.121
H78-52C
.7077
Andesite, nonmylonitic, cuts my. rocks just below front
31. 8
876
0.105
GD-8A
.7105
Mylonitic dacite dike above mylonitic front
1. 26
115
264
GD-7A
\

----"------"-~
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.7090

The data for the augen gneiss is surprlslng because four of the six data points fit a more elevated
isochron with an ~pparent age of 2.50 ~ .14 b.y. at
an initial 87Sr/8bSr of .7002 + .0028. These are metamorphosed, alkali feldspar-megacrystic granite l~yers,
1 - 5 m thick, hosted in older gneisses and amphlbolite. The age appears unrealistically old and suggests
that somehow these rocks have either been selectively
enriched in 87 Sr or depleted in 87Rb.

r--,....--,---r-,--,-.,....-,..--r--.--:1
LATE KINEMATIC PLUTONS

________ ~ ksp

2~2wr \Bioti~e=8~~~~~llite

.7080

(GD-2)

"'-. .7077 ± .0002

2"

wr

.7070

Mid-Mesozoic(?) pegmatite
(GD-1)

I wr

We had initially assumed that many of the pegmatite dikes in the older gneisses were either Precambrian or, for those hosted in the intrusions synkinematic
with mylonitization, mid- to late Cretaceous. Yet one
dike sample from an unusually pegmatitic area above
the mylonitic front is evidentally of mid-Mesozoic
age. Being a single determinat~gn, it~ age is not well
constrained, but its high 87Rb/ Sr (Flg. 11) allow~
reasonable t~mits to be estimated. FOr an assumed Initial 87Sr / Sr of 0.7075 + .0025, the age is 145 ~ 22
m.y. Our K-Ar studies (next section) have revealed
that a widespread Jurassic thermal event has affected
the Precambrian crystalline rocks of both the upper
plate and in the lmver plate above the mylonitic ~ro~t.
FOr these areas, this event did not produce a follatlon
or significant changes in mineral assemblages. Hence,
the thermal event was apparently static in nature, but
may, from this limited data, have involved the intrusion of pegmatites. A similar Jurass~c static t~ermal
event has been exceptionally well deflned by DeWltt
and others (1982) for Precambrian rocks in the Halloran
Hills, 160 km to the northwest. Plutons associated
with this event in the Whipple Mountains have not yet
been recognized, unless they are among the older TI!Omica adamellites described above (" pmp l") and hereln
interpreted as of Precambrian age.

T=91 ± 24 m.y.

.7060 .........7062 ± .0002

.7050 0L..0--0.L.l-~0.2:------:0l:::.3-~0-f:.4;---:!0.-;:-5--:0:';;.6--:f0.7::;---;;0';;.8-~0-:;;.9;--:'1.0

Figure 12. Rb-Sr isochron diagram for TIvO late kinematic granitic plutons, lower plate, Whipple Mountains.
O1ambers Well dike swarm
The isotopic data for the dike swarm (Fig. 13) is
of more petrogenetic than geochronologic interest because the andesite-dacite fractionation series has apparently undergone significant crustal contamination.
This is particularly true.for the dacite member~, .as
evident from the correlatlon of 87Sr/~6Sr and slllca
(Fig. 13, inset). The data for the diabase are separate and further suggest that these mafic rocks are
not a comagmatic member of the andesite-dacite series.
A possible maximum age of 94.6 + 30.7 m.y. for the
andesite-dacite series is indicated by the lowest
87Sr /86Sr data points (andesites: 8A, 52A; dacite:
51 B) assuming that they have had minimal or no enrichment.

Synkinematic and late kinematic intrusions
TI1e isotopic data for the intrusions emplaced
during mylonitization do not yiel~ strong age.co~-.
straints due to low 87Rb/86Sr rat lOS and to slgnlflcant
isotopic heterogeneity -- even within single plutons.
Of the two synkinematic intrusions sampled, one, a
porphyritic biotite granodiorite just below the.mylonitic front ("mpgd" of Davis and others, 1980, F~gs ..
16 and 17; IImplf", Fig. 1, this gaper) ,!as studled ln
some detail. Present day 87Sr /8 Sr ratlos for whole
rock samples range from 0.7071 to 0.7107, far exceeding differences attr.ibuted to Rb/Sr ratios and analytical uncertainty. A crude isochron for four whole
samples (GD-3D, 3E, 3G, 3H) of the granodiorite and
crosscutting tonalite dikes yields an age of 71.5 ~
43.6 m.y. at an)nitial of 0.7079 ~ .0003. This age
assignment, however, is very uncertain as all data
could not be used.

CHAMBERS WELL
DIKE SWARM 710
•

III
•

en

.51A
.710

~

.10.

7A

'"'"
---

TIvo late kinematic plutons give a slightly better
age estimate. As depicted in Figure 12, a three-point
whole-mineral isochron for the adamellite stack exposed
below the Whipple fault (center., Fig . l)yields a minimum age of 80.1 + 37.9 m.y. with an initial 87Sr /86Sr
of 0.7077 + .0002. A two-point whole rock (pluton
plus crosscutting aplite) for the tonalite (Bowm~s
Wash) yields a minimum age of 91.1 + 24.2 m.y. wlth an
initial ratio of 0.7062 + .0002. These data suggest
that the intrusion of the two plutons and the last
stages of mylonitic deformation are at least of late
Cretaceous age.

High K Dacite
'"
High K Andesite '" .708
Diabase
g'

..

111 8-::,A:-_ _- -

.708

"'---- .7075 ± .0002
.706
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518

52C

0.1

Figure 13. Rb-Sr isochron diagram for Chambers Well
dike swarm, Whipple Mountains.
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amphibolite and a hornblendite collected from deep in
the lower plate (800' and 800+') show the least amount
of resetting, giving hornblende ages of 41.8 + 1.3 and
50.2.:. 5.0 m.y. (samples l870A and 1873, respectively).

K-Ar Geochronology
Introduction
K-Ar mineral ages from lower-plate rocks in the
Whipple Mountains record the presence of DvO distinct
events that left definite isotopic imprints on the
K-Ar systems of the dated minerals. The first event
regional metamorphism/mylonitization, is clearly sho~
to be of late Mesozoic age. The second event was associated with Tertiary detachment faulting and led to
a res~tting of older ages in most lower-plate rocks
(partlcularly below the mylonitic front) to mid-Tertiary ages. Detailed studies of the K-Ar systems of
rocks and minerals in the Whipple Mmntains area have
h~lped to delineate more precisely the timing, duratlon, and areal extent of these two events. 21 K-Ar
age ~ete:minations for lower-plate rocks, and 12 determlnatlons for upper-plate rocks are reported here.
Rock type, age, g~ologic significance of the sample,
and general locatlons are presented in Table 2' analytical data are given in Table 3.
'

If this trend of ages in the lower plate continues
even further at depth, theoretically a depth would be
reached at which the mylonitic rocks were not subjected to resetting that is apparently related to detachmen~ ~aulting. At such a depth, the K-Ar ages of mylonltlc rocks would correspond with a cooling age that
would.p:oba~ly a~proach the 78-80 m.y. minimum age for
mylonltlzatlon dlscussed previously (Fig. 15). It
should be emphasized that the K-Ar ages determined for
mylonitic rocks can only represent minimum ages for
mylonitization -- indicating the time when the rocks
last cooled through argon retention temperatures. The
cl)Tstallization temperatures of 660-7400 C determined
by Anderson and Rowley (1981) for the plutonic sheets
below the mylonitic front are well in excess of the
temperatures required to "set" the K-Ar system in these
rocks. By approximately 80 m.y. ago, however, it is
assumed that the mylonitic rocks had cooled sufficiently ~o ~llo~ argon retention. Our K-Ar ages thus give
~o lndlcatlon of when mylonitization began, only that
lt occurred prior to late Cretaceous time .

Analytical procedure
. The K-Ar age determinations were performed at the
Instltute of Isotopic Studies, San Diego State Univer~i~y . . Standard techniques for the extraction and purlflcatlon of argon were used (Evernden and Curtis,
1965). Argon extraction, spike preparation, and mass
spectrometer manifold vacuum lines are independent.
Argon analysis was performed on a Reynolds' glass mass
spectrometer operated in a static mode. Potassium
was analyzed by an instrumentation laboratory atomic
absorption/atomic emission flame photometer.

Isotopic effects of detachment faulting on lower-plate
rocks
~lonitic

~e:vasive T~rtiary resetting of the
~l?nltlc ro~ks ln the Whipple ~Duntains

lower-plate
appears to
lndlcate an lsotopically disturbing event related to
detachment faulting. The depth below the lVhipple detachment fault is the most obvious control on the degree of apparent resetting of ages in the mylonitic
rocks. Intensity of resetting appears to be independent of ~'o~k t~pe, the original age of the Tock prior
to mylonltlzatlon, and the mineral dated or method
used for age determination. In the K-Ar system, young
ages are found for biotite, muscovite, and hornblende
separa~es. The pattern of older ages with increasing
depth lS found for all of these minerals. Fission
track ages (Dakka and Lingrey, 1979), as well as
severalin the Rb-Sr system show comparable resetting.

The precision of the argon analysis is a function
of the amount of atmospheric argon present in the
sample. The plus-or-minus attached to the age represents the 2-sigma confidence level. The following
cO~lEant~ were used in o~r calculati?ns:~~=4.962 x
10
/yr,A€ = 0.581 x 10 10/yr; ~O lsotOplC abundance
= 0.01167 %.
~

rocks

of mylonitization

Nearly all of the K- Ar ages for lower-plate rocks
appear to have been "reset" to varying degrees by the
effect~ of detachment faulting.
This mid-Tertiary
overpnnt on the K- Ar system makes it difficul t to
determine.t~e a¥e o~ the earlier regional metmnorphism
and mylonltlzatlon ln the lower plate. ~o/lonitic
rocks that were isolated from the effects of detachent faul~in¥, h?wever, retain older ages and give us a
clearer lndlcatlon of the age of mylonitization.
Sample 1885, for example, is a clast of a lineated
~lonitic plutonic gneiss that was eroded and depo~ited
ln a Gene Canyon Formation debris flow prior to the
onset of detachment faulting. During such faulting
the debris flow became part of the allochthon and was
steeply rotated to the southwest along upper-plate
normal faults. Being part of an upper-plate formation,
these rocks and the older mylonitic clasts within them
did not experience the intense isotopic resetting of
the lower plate .. A biotite age of 78.5 .:. 5.5 m. y. for
?ne of the mylonlte clasts indicates a minimum age for
ltS metamorphism and mylonitization. A second clast
from the same debris flow yielded a fission track age
on sphene of 82.9 .:. 3.0 m.y. (Dakka and Lingrey, 197Y).

. ~ive K-Ar apparent ages were determined for mylonltlzed Precambrian basement gneisses. These ages
range from 19.1 + 1.3 m.y. (#1863) at 100 feet below
the lVhipple fault to 50.2 .:. 5.0 m.y. (#1873) at 1120
feet belo~ ~he f~ult. Several ages were determined
for mylolllt~zed mtrusive bodies ("pmpl") that were
emplaced prlor to mylonitization. Sample l870B, located 800 feet below t~e fault gives a biotite age of
29.9 ~ ~.4 m.y., whlle 2012A, located just below the
mylonltlc front yields an age of 58.6.:. 7.0 m.y.
T~n K-Ar ages were determined from synkinematic
plutonlc sheets within the mylonitic sequence. The
ages range from 15.3 + 0.5 m.y. (#1867, 100 feet below
the Whipple fault) to-26.5 + 6.6 m.y. and show a welldefined decrease in age as the detachment fault is
approached from belmv. This pattern of ages indicates
that the resetting is not due to a heat source at
depth, but to some type of thermo-tectonic or fluid-related phenomenon associated with detachment faulting.
De~per rocks typically yield younger ages than higher
uslng the K-Ar method in metamorphic terranes the
opposite relationship to what is observed in the lower
plate.

K-Ar age determinations for mylonitic rocks of the
plate give the youngest ages directly below the
Whlpple fault; apparent ages increase gradually at
greater depths below the fault (Fig. 14). A mylonitic
lo~er
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TABLE 2.

K-AR AGES AND SAMPLE DESCRIPTIONS
LOWER-PLATE UNITS

K-Ar #

Rock Type

AGE x 10

6

YR

MINERAL

REMARKS

1867

Biotite
GranoDiorite

15.3

~

0.5

ImOLE
ROCK

Sill, 100 feet below detachment fault

1863

Augen
Gne Iss

19. 1

~

1. 3

BID

Gneissic basement rock into which sills intrude, 100
feet below detachment fault

1892

Amphibolite

18.5 ~ 3.3

HtJB

300 feet below detachment fault

1864

Ga rnet,
2-mlca
Adame 11 i te

19.9+1.8

t1USC

Si 11, 430 feet below detachment fault

1868

2-mica
Adamellite

BIO

Sill, 520 feet below detachment fault

1869A
1869B

2-mica
Tonalite

15.1+1.2
17.7 ~ 2.6

11USC
BIO

Sill, 660 feet below detachment fault

1866A
1866B

Garnet,
2-mlca
Adame 11 Ite

21.4 + 3.2
26.5 ~ 6.6

MUSC
BIO

Sill, 700 feet below detachment fault

1865

2-mlca
Tonalite

16.2 + 1.0

BIO

Sil I, 750 feet below detachment fault

1870B

Ga rnet,
Biotite
Granod ior i te

29.9 ~ 5.4

BIO

Old Pluton, 800 feet below detachment fault

1870A

Amphibolite

41.8+1.3

HNB

Blocks found In old pluton (1870B) 800 feet below
detachment fault

1873

Hornb 1end Ite

50.2

5.0

HNB

Precambrian basement rock from "Core" of range 1120 feet
below detachment fault

2033

Biotite
Books

26.6 + 2.6

BIO

5111, lower plate, base of mylonitic front, from just
below lower detachment fault

1990

Biotite
schist

27.0

BIO

Lower plate, deepest structural level

2012A
2012B

Blo-Musc
Adamellite

58.6 + 7.0
33.3 ~ 2.7

BIO
MUSC

Mesozoic pluton, foliated, Western Whlpples, just below
mylonitic front

1985B

Hnb - BI 0
Qua rtz
Diorite

2135

Biotite
gne Iss

-

~

~

3.2

50.9

~

3.6

HNB

Lower-plate intrusive rock

135.2

~

6.8

BIO

Precambrian paragneiss, non-mylonitic, 60 feet below
detachment fault
UPPER-PLATE UNITS

GENE CANYON FORI1ATION
BIO

Interbedded with lacustrine deposits in southern Whipples

PLAG

Base of volcanic section in upper Whipple Wash

26.0 + 2.1

BIO

Ash-flow tuff, Intruded by 1872, steeply dipping due to
detachment faulting

31.8~3.2

BIO

1880

Tuff

25.7~1.7

1862

Ophltic
Basalt

27.6

2022

Latlte

2023

Lat Ite

~

4.7

Same as 2022

COPPER BASIN FORMATION
1871A

Andesite

17.1 + 0.8

WHOLE
ROCK

Altered, highly serlcltlzed, same unit as 1861, basal
flow of Copper Basin Formation, from high kl ippe

1871C

Andesite

18.0 + 0.8

WHOLE
ROCK

Same unit as 1871A

1861

Andesite

18.7~0.6

WHOLE
ROCK

Top of ridge west of Copper Fault, basal flow of Copper
Basin Formation
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1860

Andes i te

17.9 :.t:. 0.7

PLAG

Turkey-track or Jackstraw andesite, intrusive into
Copper Basin Formation and also forms flows

1884

Andesite

17.3 :.t:. 0.9

\1HOLE
ROCK

Interbedded with fanglomerate, contains lower-plate
clasts

1872

Andesite

17.1 :.t:. 0.5

PLAG

Intrudes 2022 in Aubrey Hills, Arizona, Turkey-track or
Jackstraw

OSBORNE WASH FORMATION
1882

01 ivine
Basalt

15.9 :.t:. 2.8

PLAG

Flat-lying, not cut by detachment fault, provides
upper age limit for detachment faulting

OTHER UPPER-PLATE UNITS
2136

Andes i te

19.1 + 0.6

PLAG

Lower portion of volcanic section at Savahia Peak,
Western Whipple Mountains

1877

Phyllite

24.7 :.t:.4.4

WHOLE
ROCK

Upper plate, records Tertiary metamorphic event in
upper plate

1887

Rhyol ite

56.1 + 2.0

PLAG

Flow in Mesozoic clastic sequence, which contains
northeast-trending southeasternmost portion of range

Rocks of the older Gene Canyon Formation (GC) dip more
steeply toward the detachment surface than the younger
Copper Basin Formation (CB). The growth-fault character
of this Tertiary section indicates that detachment
faulting was active sometime durning the interval between approximately 30 to 17 myBP and continued after 1718 my. Using the age of untilted units in the southerA
Whipples, faulting appears to have continued until about
13myBP. Detachment faulting thus took place over at
least several million years. When faulting began is
essentially unknown.
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TABLE 3.

Analytical Data

K-AR RADIOGENIC AGE DATING OF THE WHIPPLE MOUNTAINS, CALIFORNIA

-l:>

I\,)

CXl

KA If

MINERAL

%K

1860
1861
1862
1863
1864
1865
1866A
1866B
1867
1868
1869A
1869B
1870A
1870B
1871A
1871C
1872
1873
1877
1880
1882
1884
1885
1887
1892
1985B
1990
2C12A
2012B
2022
2023
2033
2135
2136

Plagioclase
Whole Rock
Plagioclase
Biotite
Muscovite
Biotite
Muscovite
Biotite
Whole Rock
Biotite
Muscovite
Biotite
Hornblende
Biotite
Whole Rock
Whole Rock
Plagioclase
Hornblende
Whole Rock
Biotite
Plagioclase
Whole Rock
Biotite
Plagioclase
Hornblende
Hornblende
Biotite
Biotite
Muscovite
Biotite
Biotite
Biotite
Biotite
Plagioclase

6.29
4.78
2.20
3.10
3.15
5.003
5.45
1.04
3.88
3.70
4.99
5.955
1. 15
3.41
10.64
9.195
7.18
0.582
3.51
5.40
0.575
10.73
5.06
3.57
3.03
1. 12
5.41
6.95
6.12
6.10
7.26
6.73
6.45
9.51

AS

=

4.962 x 10

As

=

0.581 x 10

-10
-10

/yr.
/yr.

RADIOGENIC Ar 4O (GRAMS/MOLE)

1.96377
1.56020
1.06161
1.02938
1.09384
1.41252
2.02908
4.81315
1.03664
1.36209
1.35311
1.84058
5.68002
1.77918
3.17066
2.88030
2.13702
5.13947
1.51317
2.42750
1.58789
3.22871
7.03626
3.52663
9.78157
1.00224
2.55038
7.17565
3.56768
2.76693
4.03411
3.12155
1.57025
3.16445

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

% ATMOSPHERIC Ar 40

AGE X 10 6 YR

39
12
89
76
82
77
87
93
43
94
80
91
50
90
50
21
51
76
91
72
93
41
75
24
91
74
83
84
80
79
83
83
64
54

17.9 + 0.7
18.7 + 0.6
27.6 + 4.7
19.1 + 1.3
19.9 + 1.8
16.2 + 1.0
21.4 + 3.2
26.5 + 6.6
15.3 + 0.5
21.1 + 4.0
15.5 + 1.2
17.7+2.6
41.8 + 1.3
29.9 + 5.4
17.1 + 0.8
18.0 + 0.8
17.1 + 0.5
50.2 + 5.0
24.7 + 4.4
25.7 + 1.7
15.9 + 2.8
17.3 + 0.9
78.5 + 5.5
56.1 + 2.0
18.5 + 3.3
50.9 + 3.6
27.0 + 3.2
58.6 + 7.0
33.3 + 2.7
26.0 + 2.1
31.8 + 3.2
26.6 + 2.6
135.2 + 6.8
19.1 + 0.6

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

Abundance of K40 - 0.01167%
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RELATIONSHIP OF AGE VS. DEPTH BELOW DETACHMENT SURFACE
FOR MYLONITIC. L1NEATED SILLS OF THE LOWER PLATE

Relationship of K-Ar age for mylonitic plutonic sheets vs. depth below Whipple detachment fault.

Nonmylonitic rocks

reset ages of lower-plate rocks may be a function of
the age of the rocks just prior to detachment faulting
across them. Resetting would involve the loss of a
certain percentage of radiogenic argon from each rock
-- the amount lost being a function of depth below the
fault. Assume for example, that rocks located directly below the fault lose 80% of their radiogenic argon
during faulting. According to this concept, mylonitic
rocks of 100 m.y. age beneath the detachment fault
would yield K-Ar ages of roughly 20 m.y. In contrast,
a 1,000 m.y. old gneiss below the fault would appear
to be approximately 200 m.y. old. Clearly, the entire
question of 'resetting" of older ages to younger in
the "metamorphic core complexes" needs considerable
more analysis.

Although lower-plate rocks throughout much of the
central Whipple Mountains are mylonitic, significant
portions of the range have lower-plate rocks that lie
above the mylonitic front. fur example, at Savahia
Peak in the western Whipple Mountains upper-plate
Tertiary strata dip steeply into and are truncated.by
the Whipple fault (Fig. 16), a fault that overlies
non-mylonitic Precambrian metasedimentary gneiss. A
K-Ar age of 19.1 + 0.6 m.y. was determined for a flow
near the base of The volcanic section, indicating
that detachment faulting occurred after that time.
The lower-plate Precambrian rocks yielded a biotite
age of 135.2 + 6.8 m.y. at a depth of only 60 feet
below the fault. The significance of this age is in
doubt. It may indicate that resetting of lower-plate
rocks due to the effects of detachment faulting is
less efficient in rocks above the mylonitic front
than below. Alternatively, the 135 m.y.-age may be
the consequence of a mid-Mesozoic thermal event that
produces similar ages in Precambrian rocks of the
upper plate. In this alternative, no resetting due
to detachment faulting is present at the relatively
shallow depth of 60 feet. We, at present, favor the
second alternative, believing that for some reason
mylonitic lower-plate rocks are more susceptible to
resetting than rocks above the front. A third alternative is being investigated. Specifically, that the re-

~

and duration of detachment faulting based on
dating of ~-plate rocks

!- Ar

Evidence for the duration of detachment faulting
in the Whipple Mountains is not recorded in lower-plate
rocks of the range. However, upper-plate Tertiary units that are differentially involved in detachment related deformation are useful in this regard. Twelve
age determinations have been made on a variety of
upper-plate volcanic units (Table 2). The oldest rocks,
those of the Gene Canyon Formation, yield ages ranging
from 31.8 + 3.2 to 25.7 + 1.7 m.y. These rocks dip
more steeply toward the MIipple fault than do overlying
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DEPTH IN FEET BELOW DETACHMENT SURFACE
Figure 15, As depth beneath the detachment fault is increased, the K-Ar ages of lower-plate
rocks becomes older, If this trend of resetting were continued, a depth should theoretically
be reached at which the K-Ar ages would record the age of mylonitization,
determined from post-tectonic authochthonous units is
remarkably similar to the possible timing of the
latest movement on the Whipple fault, 15.3 m.y., determined from the youngest reset ages in lower-plate
rocks.

strata of the Copper Basin Formation, indicating that
detachment-related tilting had occurred prior to deposition of Copper Basin units. These younger rocks
give ages beuveen 18.7 + 0.6 and 17.3 + 0.9 m.y., and
they too show southwestward rotation (tilting) along
NE-dipping normal faults in the upper plate of the
Whipple fault. The upper age for movement along the
Whipple detachment fault, or at least for rotation
of upper-plate units along upper-plate faults, is given
by a third major formation, the Osborne Wash Formation.
It unconformably overlies deformed sediments of both
the Gene Canyon and Copper Basin formations. The
basal flow in this youngest formation gives us an age
of 15.9 + 2.8 m.y. (#1882). The formation is flat-lying and appears to be essentially undeformed, except
locally where it has been involved in very youthful
faulting. Shafiquallah and others (1980) determined
an age of 16.16 + 0.95 m.y. for a unit just below
the basal flow that is involved in detachment-related,
upper-plate normal faulting. This appears to be the
youngest unit so involved. It is interesting to note
that the upper limit for detachment faUlting, 15.9 m.y.,
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Figure 16. View looking southeast at Savahia Peak in the western IJhipple t1ountains. Tertiary strata dip into
and are truncated by the detachment fault. The 19 myBP age of the basal flow indicates that faulting was
active after that time. Lower-plate rocks are nonmylonitic Precambrian paragneiss and appear to show less
isotopic resetting than the mylonitic lower-plate rocks in other areas of the range.
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THE GEOLOGY OF A LATE MIOCENE SILICIC VOLCANIC CENTER IN THE WOODS AND HACKBERRY
MOUNTAINS AREA OF THE EASTERN 110JAVE DESERT, SAN BERNARDINO COUNTY, CALIFORNIA
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ABSTRACT

to belm'/ as the "\4oods Hountains" (101M) volcanic
center. An associated widespread rhyolitic
ignimbrite will be informally referred to as the
"Hole-in-the-Wall" (I-M) tuff.

Build-up of a large, late Miocene sllicic
volcanic center in the eastern Mojave Desert
occurred in four stages.
Stage 1: The formation
of a volcanic field consisting primarily of quartz
trachytic to rhyolitic welded tuff, domes and flows.
Stage 2:
The formation of two rhyolitic ignimbrites,
each 20 to 40 km 3 in total volume, and derived from
vents in the western Woods Mountains. The
extrusion of the ignimbrite-forming magma was
accompanied by high angle faulting in this area,
and by the coeval formation of a shallow caldera
approximately 10 km across, between Hackberry
Mountain and the western Woods Mountains.
Stage 3: Post caldera volcanism; primarily the
extrusion of rhyolitic flows.
Some flows were
extruded along faults associated with caldera
collapse. Parts of some of these flows ramp up
over those parts of the ignimbrite sheet which
occur around the western margin of the caldera.
One such flow has been radiometrically dated as
11 m.y. old.
Other flows and tephra deposits
filled in the depression left by caldera collapse
and buried the intracaldera parts of the large
ignimbrite associated with Stage 2.
Stage 4:
Probable resurgent doming and associated
emplacement of several shallow funnel-shaped
rhyolitic intrusions in the eastern Hoods Hountains.

The Woods Mountains and surrounding regions
north of 35 degrees north latitude were originally
mapped on a 1:125,000 scale by Hewett (1956).
Hewett brought attention to the general nature
of the volcanic center and recognized a connection
between silicic intrusive rocks in the eastern
Woods Mountains, and the surrounding widespread
pyroclastlc flow deposits (H\~ tuff). Hazzard
(1954) mapped a small outlying portion of the
HW tuff on the east flank of the Providence
Mountains.
In a recent regional gravity survey,
Healey (1973) discovered a prominent, near circular
negative gravity anomaly over the Woods Mountains
and suggested that this was the site of a caldera.
Further detailed gravity data have been obtained
by Henzel (1979, unpublished data).
the petrology and structure of the \iM center
are currently being investigated by the author as
a dissertation project at UCLA. Most of the
volcanic center and associated exposures of the
HW tuff have now been mapped at a scale of
1:24,000. A preliminary account is given below of
the four structural stages of evolution of the
volcanic center.

After a period of substantial erosion of the
silicic volcanic rocks, andesitic and basanitic
flows were extruded from north-trending fissures
in the western Woods Hountains.

It should be mentioned that only two
radiometric age dates are available at this point
(more are in the process of being obtained). The
absence of radiometrically dated rocks in the
Hackberry Mountain area has made it particularly
difficult to establish a quantitative time
relationship between two important rock sequences
(£ and H in Figure 2), a more mafic lower sequence
and a more silicic upper sequence including the
HW tuff.
These sequences are believed to be
consanguineous, however the correlation must be
considered tentative.

INTKODUCTlON
The Hoods Mountains are located approximately
lUO kilometers south of Las Vegas, Nevada, between
the Providence and Piute Hountain ranges (Figure 1).
The Tertiary volcanic rocks in the region range
from basaltic to rhyolitic in composition, and
form latterally discontinuous deposits (Hewett,
1956). Host of the volcanic rocks are deposited on
Hesozoic granitic or Precambrian metamorphic rocks
(Hewett, 1956). The Hackberry and Woods Mountains
have been only ,,'eakly to moderately affected
by non-volcanic tectonism. Major Miocene-aged
detachment-type faulting occurs 25 km to the
east (Anderson, 1971; Davis, 1980).

EVOLUTION OF THE "WOODS MOUNTAINS" VOLCANIC CENTER
Stage 1:

Early Evolution

The oldest part of the volcanic sequence is
exposed in the Hackberry Mountain area.
In this
area the older sequence consists of rhyolite
to quartz trachyte domes and flows (Figure 2).
A thick, densely welded, locally highly silicified

A large silicic volcanic complex centered
in the \~oods Mountains ,dll be informally referred
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Figure 1.
Facing page. A generalized geologic
map of the Woods and Hackberry Mountains area. ihe
numbers refer to the collection locations of
chemically analyzed samples which are tabulated in
Table I. The coarse dotted line which circles the
eastern Woods Mountains represents the inferred
margin of the "i1oods Mountains" caldera (see text).

Figure 2:
A generalized
representation of the maj or
' .. :.':' .:... :'.; '. -.' :. : ;'.' volcanic deposits in the
. '.
". -.
northern Hackberry Mountain
.:::'.:.:...-:.':. :' H
. '.• -.
area. A: undifferentiated
-. : -":."
... .
pre-Tertiary basement; B: a
highly altered, locally brecciated rhyolitic welded
tuff. Locally overlain by
epiclastic sediments. Many
of the gold prospects in the
eastern Hackberry Mountains
occur in intensely silicified parts of the welded tuff
C: fossiliferrous lacustrine
sediments of late Barstovian
to Clarendonian age (see
text); D: a rhyolite dome
(see Figure 1 and Table I,
no. 9); E : a coarse-grained
l
quartz trachyte porphyry intrudes an apparently coeval
and cognate blanket of quartz
trachyte welded tuff, E , see
2
Plate II; and Table I, analA
ysis no. 8. Many gold
prospects in the western
Hackberry Mountain occur in
intensely silicified parts
of this unit. F: an
endogeneous dome of quartz trachyte/rhyolite (Figure 1,
Table I, no. 4); G: A sequence of three high silica
rhyolite flows - these flows underly the Hole-in-theWall Tuff, and make up most of the summit area of
Hackberry Hountain (Figure 1, Table I, no. 7);
H: Hole-in-the-Wall Tuff (see text); I: A thin,
discontinuous sequence of carbonate rich playa(?)
deposits.
_ ~---=.c~==-Cc=-=

quartz trachyte i , py!'oclastic flow deposit underlies
most of the central part of Hackberry Mountain.
Host of these deposits contain ten to thirty pe'rcent
phenocrysts, with sanidine (or anorthoclase) >
plagioclase, biotite> augite) opaques.

Plate 1.
The photograph was taken on the western
flank of Hackberry Mountain of the contact between
a coarse grained porphyritic quartz trachyte (white)
and a much finer grained porphyritic quartz trachyte
(dark); units El and E2 of Figure 2.
The light grey
porphyry has apparently intruded and forced the
recrystallization, and possible local remelting, of
a cognate carapace of tephra.
and has been dated (K-Ar on sanidine separates;
E. H. McKee, personal communication, 1979) at
18 m.y.b.p. The sediment sequence was therefore
deposited during the interval 18 - 11 m.y.b.p.,
consistent with the ages of vertebrate fossils
noted above at Hackberry Mountain.
Similiar
carbonate rich sediments also occur in Piute
Mountain (20 km northwest of Hackberry Mountain)
between the same pyroclastic flow sequences (cf.
Hewett, 1956). The ,.,ide distribution of this unit
makes lt potentially useful as a marker bed.
Stage 1 rocks are capped by the HH tuff on
Hackberry Mountain.
Small exposures of these rocks
also occur in the western Woods Hountains (Figure 1).
If the early volcanic field was continuous it can
be inferred to be elongate in an east-west direction
covering an area of approximately 200 km 2 with a
depth ranging from zero to 250 meters. The early
volcanism was apparently offset slightly to the
east from the major locus of later volcanism.
Stage 2: Extrusion of the Hole-in-the-wall
Tuff, and Caldera Formation
This stage of volcanism is defined as the time
interval during which the ill, tuft was emplaced.
McCurry (1981, 1982) discusses the petrography and
stratigraphy of these deposits. The sequence has
been slightly re-defined from an earlier designation
(McCurry, 1980). More complete data indicates that
Hembers 1 through 3 referred to by McCurry were
all erupted over a short period of time . . These
members are now grouped together as Hember 1 of the
H\1 tuff; Member 4 of HcCurry is now referred to as
Member 2. See Table I, analysis number 2, for a
typical major element analysis of a sample from the
seconc member. Both sequences consist of high
silica alkali rhyolite.
Both are characterized by
little or no vertical chemical variation, except
for thin zones near the top of the members, which
contain mafic, phenocryst-rich quartz latite pumice.
These pumice fragments are particularly abundant
at the top of Member 2, and some individual pumice

These volcanic rocks are separated from older
volcanic rocks in the northeastern part of
Hackberry Hountain by a sequence of lacustrine
and epiclastic sediments. The lacustrine deposits
locally contain many vertebrate fauna, and are of
late Barstovian to Clarendonian age (B. Reynolds,
1980, personal communication).
Similiar looking
carbonate rich sediments also occur beneath the
HH tuff at the north end of Ihld Horse Canyon,
about 20 km west of Hackberry Mountain. A rhyolitic
pyroclastic flow underlies the sediment sequence

*

Rock names are obtained by calculating a normative alkali-feldspar, plagioclase, and quartz by
the method of LeHaitre (1976), and the plotting the
"normative" minerals on the A-Q-P diagram of
Streckeisen (1979).
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Plate 2.
View to the southwest toward the Providence Mountains (background) from the Woods Mountains.
The
strongly layered mesas have a relief of 300 meters.
These mesas are a part of an eroded ignimbrite plateau
2
(the nHole-in-the-Wall" tuff) '''hich originally extended over an area of approximately 800 km . Cliffs consist
of layers of ,,,elded and/or devitrified tuff, less steep slopes are underlain by unwelded and glassy pyroclastic
flow material.
The uppermost cliff forming unit is associated ,,,ith Member 2 of the ill' tuff, everything beneath
is associated with Member 1.
series of closely spaced high angle faults, most eastside-up, by means of a progressive rotation
dO'''llward to the east; locally the beds dip up to
45 0 to the east.
Some of this faulting post-dates
the beginning of ring-fracture type volcanism
(cf. Smith and Bailey, 1968).

consist of mixed alkali rhyolite and quartz latite.
Studies of Fe-Ti oxide phenocrysts in these pumice
fragments indicates that the quartz latite magma
was about lOOoe hotter than the alkali rhyolite.
These data suggest that a sharp thermal and
compositional interface had formed in a shallow
magma chamber, and that this interface apparently
served as a barrier to continued volcanism and
associated caldera collapse (cf. Smith, 1979).

There are no high angle faults where they would
be expected in the western Hackberry Mountain area,
assuming the caldera was symmetrical with respect
to the associated gravity anomaly (Healey, 1973).
However some form of collapse is also indicated here
by the sudden westward absence of pre-Tertiary
basement exposures. These exposures are conwon in
areas outside of the inferred caldera, but do not
occur within it, as is the case of exposures of
HW tuff (Figure 1).

Caldera Collapse
The extrusion of the ill, tuff
'ms accompanied by the formation of a caldera
centered in the eastern Woods Mountains (Figure 1).
Evidence of caldera collapse is best seen in the
western Woods Mountains. Excellent exposures over a
north to northeast trending curve linear zone
approximately five kilometers long reveal a complex
pattern of collapse.
In some areas collapse has
taken place by east-side-do,"ll step-wise faulting
of the HW tuff.
The step-wise faults continue until
the tuff is cut off by a rhyolitic dike, which in
turn can be seen in laterally continuous exposures
to have ramped to the west over the ignimbrite.
The location of the dike apparently marks a major
step-fault or fault line scarp as no trace of the
ignimbrite can be found to the east.

Stage 3:

Post-Caldera Volcanism

Evidence of post-caldera volcanism is restricted
to the Woods Mountains.
Caldera collapse in the
western Woods Mountains consisted of the piece-meal
collapse and rotation of blocks along many high angle
faults.
At least some of these faults served as
conduits for later rhyolitic volcanism.
The
uppermost, highly friable unwelded zone of Member 2
of the HW tuff is well preserved beneath a rhyolite

Elsewhere caldera collapse has occurred over a
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Plate 4.
This hill has a relief of about 250
meters.
It is typical of a cluster of several
similiar hills in the eastern Woods Mountains.
The
dark grey rocks which form most of the hill are
part of an eroded funnel-shaped rhyolitic intrusive;
note the im"ard dipping boundaries on both sides
of the hill.

Plate 3.
The dark grey buttress consists of a
dense, divitrified pyroclastic flm" deposit of the
HW tuff.
The overlapping, light grey tephra deposits
are younger, unwelded parts of the HW tuff.
This
buttress is one of many formed in the western
Woods Mountains during the extrusion of the HW tuff,
and is reprosentative of a period of high angle
faulting which produced a shallow caldera.

abundant shallow intrusions, and outward dipping
older volcanic rocks may reflect a resurgent doming
of this area. The zone of resurgent doming lies
approximately one kilometer south of the maximum
in the negative gravity anomaly pointed out by
Healey (1973).

flow in the western 1*1 indicating that some flows
were extruded very soon after the formation of the
ill, tuff.
A sanidine separate from one of these
flows has yielded a K-Ar age date of 11 m.y. (E. H.
McKee, personal communication, 197/). As stated
above some local collapse occurred after the
extrusion of some rhyolite flows.
Some post-caldera
flows extend at least 5 km outboard of the inferred
caldera margin.
Other flows apparently filled in
the depression left by caldera collapse completely
burying the HI, tuff. One flow has been observed
which ramps out of the caldera part way over the
ill~ tuff and extends inward filling a portion of the
caldera ('fable I, Figure 1, number 3). No
epiclastic sediment has been found inside the
caldera.
Scattered funnel-shaped bodies of
phenocryst-poor rhyolite have intruded the intracaldera volcanic rocks in the western Woods
Mountains.
Stage 4:

The rhyolite intrusive in the
Mountains are similiar to those to
however they are widely scattered,
associated with radiating fracture

western Woods
the east,
and are not
zones.

LATE MIOCENE (?) BASANIIIC AND ANDESITIC VOLCANISM
After a period of time long enough to have
resulted in up to 50 meters of erosion of the
silicic volcanic rocks, a sequence of andesitic and
basanitic lava flows were extruded from fissurelike vents in the western Woods Mountains (Figure 1;
Table I, numbers 11 and 10, respectively). Andesitic
rocks similiar in composition and mineralogy to those
in the Woods Mountains also overlie the ill, tuff
on Pinto Mountain (approximately 10 km north of the
Woods Mountains); The mafic lava flows have not
yet been dated, but are deeply eroded, and are
probably of late Miocene or Pliocene age.

Resurgent Doming (?)

POST-VOLCANIC STRUCTUKES

At least six funnel shaped rhyolitic intrusions
occur in a 2 km square area of the eastern Woods
Mountains (Figure 1). The intrusive bodies are
phenocryst poor and are characterized by a concentric structure. A narrow outer zone of steeply
inward dipping, glassy tuff breccia grades
progressively inward into a glassy to devitrified
zones of welded tuff and tuff breccia, which in
turn grades into typically strongly flow banded
lithoidal rhyolite (Plate 4).

The volcanic rocks,in the Woods Mountains area
are only slightly deformed. Large remnants from
the ill, tuff now form plateaus at distances of up to
20 km to the north, west, and south of the Woods
Mountains. The o~ly significant structural
modifications in this area appear to have been a
regional gentle tilt to the southeast and the
apparently associated formation of many west to north
trending faults and some gentle west to southwest
trending anticlines and synclines. These structures
are believed to be associated with Neogene uplift of
the Providence Mountains - Mid-Hills area. The HW
tuff also caps Hackberry, however here the ignimbrite
has been broadly folded and faulted.
Bedding
attitudes are consistent with Hewett's interpretation
of a east trending anticline (Hewett, 1956).

Rhyolite flows dip away radially from the
intrusive bodies.
In addition a set of roughly
radially disposed high angle faults converge on the
intrusives in the woutheastern Woods Mountains
(Figure 1). The occurrence of the faults, the
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TABLE I.
Major element chemical composition of some Tertiary volcanic rocks in the Woods and
Hackberry Mountains area.
8.

9.

10.

11.

74.17

64.44

69.74

46.03

56.99

0.99

0.29

0.92

0.53

2.44

1.17

15.81

17.57

13 .83

17.62

15.71

15.07

16.70

5.98

2.07

3.76

1.10

3.51

4.09

9.28

6.90

0.06

0.04

0.02

0.09

0.04

0.04

0.01

0.11

0.11

0.15

0.07

0.45

0.85

0.28

0.14

0.33

0.44

9.87

4.37

3.67

0.05

0.50

2.68

1.47

1.49

0.75

1.20

1.67

12.42

7.70

4.03

4.51

3.84

4.28

4.34

5.06

4.15

5.28

2.57

2.48

3.46

5.00

4.92

4.40

4.18

5.21

5.77

5.24

5.89

4.76

1. 62

1.91

99.83

100.04

98.33

99.53

99.56

99.35

99.71

99.23

99.52

99.32

99.31

2.74

0.29

0.23

0.71

1. 38

1.29

0.91

0.88

4.59

2.34

0.96

1.

2.

3.

4.

5.

6.

71.52

75.03

74.91

65.66

69.47

64.34

0.23

0.23

0.05

0.89

0.88

14.88

13.54

13.71

15.37

2.03

1.46

0.79

MnO

0.07

0.15

MgO

0.34

CaO
Na20

Si0

2

Ti02

Total
L.O.I. io~

7.

Analysis numbers refer to the sample localities sholvn on Figure 1.
1: a holocrystalline, porphyritic
rhyolite from an endogenous dome; 2: a densely welded, devitrified sample from the Hole-iIT-the Wall Tuff
(see text); 3: an aphyric, holocrystalline, aphanic rhyolite; 4: a porphyritic rhyolite from an endogenous
dome; 5: a porphyritic, holocrystalline quartz-trachyte sample from a flolv; 6: a densely welded, devitrified
quartz trachyte ash flow tuff; 7: a holocrystalline porphyritic rhyolite
, from a flow; 8: a holocrystalline, coarse-grainedqz.trach. porphyry; 9: a holocrystalline, porphyritic rhyolite; 10: a porphyritic,
olivine-bearing basanite, from a flow; 11: an aphanitic, aphyric andesite, from a flow.

*

All Fe as Fe203
Loss on Ignition
in this region as recently as late Miocene, and that
locally this style of volcanism post-dates
detachment-style tectonism.

However the cross-cutting pattern of faulting in the
northern Hackberry Mountain region seems unrelated
to anticlinal folding (Figure 1).
SUMMARY

ill~D
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The "Woods Mountains"volcanic center evolved
similiarly to other caldera associated, silicic
volcanic centers (cf. Smith and Bailey, 1968). An
initial phase ot relatively mafic quartz trachytic
to rhyolitic volcanism was followed by the
eruptlon of large, high silica rhyolite pyroclastic
flows. The extrusion of the pyroclastic flow
sequence was coeval with the formation of a caldera
approximately 10 km across and probably a few
hundred meters d~ep. Volcanism following caldera
formation was dominated by the extrusion of many
rhyolitic flows, some through faults created during
caldera collapse. Lastly, resurgent doming resulted
in local uplift of the eastern Woods Mountains,
and the associated emplacement of several shallowfunnel-shaped rhyolitic intrusives.
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tonic rOc'{s of the 1"0'1 ~10untains belong, and then
discuss pos.si.bly rel'3ted OCC\l"rences in the Old Homan
Mount3ins and ot~er r~n~es in thB eastern Moiave
Desert (Fig. 1).
The dat'l 1e-:11 us to spp,",ulate on
models to 3.CCOU'1t for mylonite developme'1t.

ABSTRACT
The upper P'lrt of the L'tte Cretaceous (?) C'ld iz
V'tl1ey b'ltholith across a Hidth of ~5 km. in the eastern Mojave De.sert is prtly mylonitic g'1eiss.
The
mylonitic fabY'ic is inte\"preted as resulting from
flattening of the roof above the batholith, with elongation and possiblv shear 'tlong the northe'lsterly
tre'lding; line'ttio'1.
Textures in mylonitic b'tnds in
the bat'1olith belml the roof inrlic'tte th'3t fluids
pl'3yed an important role in the deformation. Synkinem'3tic mylonitized di-kes and post-mylonite dikes a~d
joints suggest that bY'i-ttle hyrlrofracturing occurr8d
during and after mvlonitizati0n.
The directions of
principal stress, indic'3ted hy the brittle featu r 8s,
paralleled flatteninc>; '3nd elongatio!1 .strai!1 axes interpreted from the mylonitic rocks, but princip'3l
stresses v8.ried in relative mag;nit Jde.
Ductile elongatio!1 was EN['; to NE, and greatest princip'll stress
was gener'llly oriented northHest. This contrasts to a
NE gre'3test pY'i-ncip3.l stress direction fou'1d fOr similar Laramide-age fe'3tuY'es in Arizona.
Mylonitic
gneiss in the eastern ~1oj3.ve Desert may have formed
rei;ionally beloH '3 rigid "oof '3nd above a more fluid
floor, perh'3ps by diapirism of Late Cretaceous m'3gm'3
and migma.

CADIZ VALLEY AREA
The Cadiz Valley b3.tholith of prob'3ble L'3te Creag8 occupies sever:::tl ranges in the easte""'n
Moj'lve Dese"t (Fig. 1; Jahn, 1981; D. t1iller anrl
others, 1982). The 1"0'1 Mou!1tains, on the east m3.rgin
of the b'ltholith, expose a thickness of 1.3 km of
mylonitic g!1eisses.
rHlle\' and others (1981) .:;howed
th3.t deformation decre3.ses .structurally dOH'1\-1'1rd in
this pile, gradi'1."; into undeformed Late Cretaceous(?)
t;::weous

1

INTRODUCTION
Mylonitic gneiss is becoming increasingly recognized '3.3 an integral element of many met'3mo r phic complexes in the No"th American Cordillera (Crittenden
and others, 1980). These mylonitic gneisses are commonly extensive and expose thick'1esses of mylonitic
rocks gre'3ter than one kilometer.
Typic'3l1y the mylonitic foli'3tion is subhorizontal and lineation is at
'3 high '3ngle to the trend of the Cord i 11 era .
In the
southHestenn United States, fo" example, mylo'1itic
lineations commonly strike east Or nOrtheast.

CALIFORNIA
50

o

50

M

kilometers

The nature, o"igin, '3nd tectonic sig;nific'3nce of
the strain responsible fo" the mylonitic fabrics
rem'3in obscure, despite nume"ous studies and much current interest.
In 0"1er to better address these
issues, l'lhor'3tory and theoretic'3l modeling studies
are needed to understand deformation conditions, and
further field studies are needed to outline geometry,
age and regional relations. In this paper we describe
mylonitic gneiss in ranges a"ound the previously
described mylonitic gneiss in the Iron Mountains
(Miller and others, 1981), to help provi.de a regioml
overview of the occurrence of these intriguing rocks
in part of the eastern !10jave Desert.
The geometry
and orientation of mylonitic rocks and associated
dikes and joints in this are3. suggest possible constraints on the kinem'3tic and dynamic conditions under
Hhich the fabric origimted.
We first discuss features in the Cadiz Valley b'3tholith, to which the plu-

MEXICO

Figure 1. M'3p showing Cadiz Valley area (ruled) in
relation to large exposures of mylonitic gneiss
(sh'3ded) in the eastern Moj'3ve Desert 3.nd adjacent
Arizona. I, Iron Mountains; OW, Old Wom'3n Mountains;
P, Piute Mountains;
N, Newberry Mountains; S, Sacramento Mountains; C, Chemehuevi t10untains; W, Whipple
Mountains;
B, Buckskin and R'3whide Mountains;
M,
Mesquite Mou!1tains; R, Riverside Mountains; LM, Little
Maria 3.nd Arica Mountains.
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granite of the Cadiz Valley batholith. They p~esenterl
structural, petrolog;ic, and limited geochronologic
evidence supportin,g an origi'1 of the mylonitic gneiss
by flattening of part of the batholith against a ~oof
formed by ea~lier phases of the batholith and its .mll
rocks. Mylonitic foliation there is subhorizontal and
lineation trends ENE.
Dikes that predate the mylonitization in the Iron
Mountains predominantly strike ENE parallel to lineation, dip steeply, a~e crossed by the same mylonitic
foliation and lineation as the 'lost gneisses they cut,
and show irregula~ serra te bo~ders suggest i ve of deformation
by homogeneous
bulk
flattening
st~ain
(Miller and ot'lers, 1981).
Textural features of t'le
mylonitic rocks in the Iron Mountai!1s, particularly
flattened and elongate qua~tz agg~egates and feldspar
augen \-lith "tails" of fi ne recry sta 11 ized feldspar
gra ins, suggest that the foliatiO'1 is the result of
substantial flattening and that the lineation records

..........

elongation.
Folds that trend at a high angle to the
lineation are overturned most commonly to the :1ortheast, and may indicate shear pa~allel to the mylo'1itic
foliation a'1d lineation. The fold data are supported
by further observations:
1) ENE-striking mylonitized
dikes are simply flattened by zones of extreme deformation, rather th'l.n b,aing sheared pa~qllel to foliation and perpendicular to ll'1eation, and 2) "S" surfaces (Short, sivnoidal foliqtion ,'3eg'TIents) and "C"
surfaces (throughgoing foliatio!1s) (e.g. PO!1ce de Leon
and Choukrou'1e, 1980) in the mylo!1itic rocks indicate
northeast-directed shea~ of higher rocks relqtive to
10'Ner ones, It Ls probable that cO'1siderable vertical
flattening and elongation in the ENE direction accompanied or followed simple shea~.
Intrusive relations indicate that successively
lo;;er and less deformed pluto!1ic units in the Iron
Mountains are successively younger. Mylonitic granite
gneiss in the Iron Mountains grades disco:1tinuously
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dOw.lHard to gneissic granite and undeformed granite of
the Cqdiz Valley batholith.
The upper part of the
undeformed batho li th, He 11 exposed in the soutl-Jern
11'0:1 Mou:1tains, contains isolat8d .gnei.ssic zon8S of
variable geometry and size that are moderately to
strongly deform8d.
These bodies of gneiss, and zones
cha~ac terized
by thin bands of mylonite cu tt i ng t'1e
granite, are typical of the batl-Joli.th near its roof.
'.-IestHa~d from
the Iron Mountains the mylonitic
gneiss textures persist
locally in narroloJ bands of
gneiss and in deformed dikes cutting undeformed granitic rocks. The azimuth of mylonitic lineation is east
to northeast and the plunge direction depends on the
dip of subhorizontal mylonitic foliation (Fig. 2).
These occurrences, described beloH, cross the southern
part of the Cadiz Valley batholith and appear to overlie undeformed parts of the batholith.

The H8sternmost exposure of mylonitic rocks in
the Cadiz Valley area is in the Sheep Hole Mountains.
It consists of a foliated and lineated zone of gra:1odiorite a feH meters thick in U'1deformed granodiorite
2-3 km from the Hestem ma'-'gin of tl-Je batholith.
The
northern part of the bCitholith a'3 presently exposed
lacks mylonitic fabric.
Mylon ite Zones
An exposure Hell Hithi:1 the batholith, just Hest
of the Iron Mountai:1s in Cadiz Valley, illustrates the
10calizatio:1 of str8.in in narrOH bands near the base
of the deformed roof ZO:1e. Figure 3 shO\'IS porphyritic
granite containing zones of intens81y strained mylonitic gneiss and mylonite.
Micl'oscopic study reveals
that the mylonitic zones contain reduced grain size,
elong8.te aggregates of rec'-'ystallized quartz, feldspar, 8.nd mic8., and clasts of feldspa~ having comminuted borders.
Quartz forms aggregates of fine
grained, equigranular, relatively u:1strained grains,
Hith strongly oriented .£-axes.
These textures are
similar to those of many mylonites.
The microstructures suggest th8.t intragranular deform8.tion mech8.nisms, involving dislocation movement, led to substantial dynamic recrystalliz8.tion and reduction in 8.ccompanying grai:1 size (Etheridge and Wilkie, 1979).
Smaller grain sizes resulting from dynamic recrystallization may h8.ve favored grain boundary slip mechanisms and accompanying further grain size reduction.
Grain size reduction due to gmin boundary slip alone,
hOHever, does not account for several characteristics
of mylonites, including thin zones Hith sharp boundaries in relatively homogeneous host rocks, such as
seen in Figure 3, and strongly preferred crystallographic orientations (Etheridge and Wilkie, 1979).

Figure 3.
Thin zones of mylonite in prophyritic
granite from Cadiz Valley between Iron and Coxcomb
Mountains. Slab is cut perpendicular to zones of mylonite (horizontal in photo).
Large white crystals
are alk8.li feldspar.
Indented feldspar phenocrysts,
at top of p'1otograph, are not seen in undeformed rock.
A faint older foliation can be seen at bottom (diagonally up from lower right). Penny for scale.
the deformed bands represent simple shear or pure
shear.
If they are flattened relative to their host
rocks, then material had to be removed, possibly by
extrusion of ductile material or by expulsion of dissolved material outward.
The destination of such locally removed d issol ved material is not known but it
perhaps could be in aplitic or other fluid-rich latecrystallizing rna terials.
It is intriguing to note
evidence that some aplitic dikes formed synchronously
with mylonitic deformation, as discussed below.

An unusual texture revealed in Figure 3 is indented relict alkali feldspar phenocrysts. This indentation suggests "pressure" solution, a condition which
Robin (1979) suggested could account for layering in
deforming rocks. Fluids may play 8.n important role in
the development of sharply defined mylonitic bands.
Etheridge and Wilkie (1979) pointed out that the importance of fluids in such zones should increase as
deformation causes align.ment of grain boundaries, reduces gra in size, and increases diffusi vi ty.
The resulting increase in fluid mobility provides positive
feedback by promoting more dislocation flow and dissolution, which in turn further enhances the diffusivitI'.
We do not h8.ve data to indicate whether the
mylonite zones in Figure 3 were chemically open or
closed during deformation. Nor is it clear whether

Deformed Dikes
Pre-mylonite aplite dikes that were deformed with
their host rocks in the Iron Mountains were noted
above.
A different kind of development of mylonitic
fabric occurs in aplitic dikes and sheets farther west
in the batholith, in the Coxcomb Mountains (Fig. 2).
Aplitic to pegmatitic sheets 0.3 to 3 m thick in the
northwestern Coxcomb Mountains intrude medium-grained
porphyritic granite that is not megascopically de-
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formed, but the sheets themselves exhibit a wide range
of penetrative mylonitic foliation and lineation. The
fabric generally panallels the gently dipping sheets,
and conforms to the r8gional orientation of subhorizontal foliation 'lnd the ~E strike of lineation.
The
lack of fabric development in the host rock suggests
that the sheets may have gained their fabric during or
shortly after intrusion, at a time when their rheologic properties were substant iall y different from those
of the host rock.

N

D

D eD

Variably oriented, deformed pegmatite and aplite
dikes 0.05 to 1 m thick occur in the northeastern Coxcomb ~10unta ins.
The dikes cu t med ium- to coarsegrained porphyritic granodiorite that is weakly but
penetratively foliated and lineated pac-allel to the
r8gional mylonitic fabric.
The dikes show foliation
and lineation, varying from locally developed penetrative fabric to slickenside-like features localized
along the dike borders. Most fabric in the dikes pa n allels the dikes but some is cross-cutting. The dikes
'lnd their cont'3.ined foliRtions '3.0'1 lineations range
Hidelv but systematic'3.11y in orientation (Fig. 4).
The dikes consistently strike southeast, and dip vaniably.
The southeast, subhorizontal line about which
the dikes V'3.c-y in dip lies in the pl'3.ne of region'3.1
mylonitic fo li '3.ti on , '3.nd is normal to the regional
lineation measured in the host rock and penetratively
deformed mylonitic granite gneiss nearby.
Mylonitic
lineations in the dikes '3.1so lie normal to this line,
plunging steeply or shalloHly NE or SW but alHays Hith
approxim'3.tely the same azimuth'3.s the region,ql_ ,nylonitic lineation. We are impr8ssed Hith this symmetry.

•

REGIONAL
LINEATION

D

D

0;,,:""'"",,
REGIONAL FOLIA TlON

D

D Pole to dike
• Lineation in dike

Figure 4. LOHer hemisphere equal-area projection of
deformed aplite 'lnd pegmatite dikes in northeaste'-'n
Coxcomb Mou.'1tains.
The dikes strike northwest and
mylonitic line'ltion in the dikes all trend northeast
or southHest Regional penetrative mylonitic foliation
'lnd lineation is me'3.sured from deformed "lost gr'3.nodiorite and nearby granite.

A model that mig;ht explain these relations is
hydrofracturing by late, fluid-rich aplitic magma,
normal to NIo/-oriented greatest principal compressive
stress and perpendicular to the least compressive
stress.
The stress may have been uniaxial, or the
least compressive stress may have vari.ed in time anct
location.
If conclusion,,,; from the Iron Hountains can
be used as a guide, the entire rock mass may have undergone bulk vertical flRttening and noc-theast elongation.
The constant lineation azimuth in the dikes
could be explained if the di.kes accumulated localized
la~ge strains,
perhaps during solidification, during
minor ductile flattening and extensional creep to the
NE and SH of the Hhole rock mass. The degree of shear
or extension in the dikes Hould depend on their orientation.

the Sheep Hole and Iron Mountains generally dip steeply NE, and indicate brittle f~~cturing after or not
accompanied by mylonitization.
Joints miner'l.lized by
I-Ihite mica and hematite replacing sulfides, 'lnd, in a
feH C'lses, by aplite, pegmatite, or vein quar>tz, dip
steeply NE throughout most of the Cadiz Valley batholith, and strike approximately pec-pendicular to the
regional mylonitic lineation.
Their' mineralogic assemblage and orientation suggest hydrofracturing under
conditions of N\v-oriented greatest compressive stress
and NE-oriented least compressive stress. In the Iron
Mountains, muscovite from aplite along one such joint
yielded a K-Ar age of 61.3 ± 1.4 m.y. (R. F. Marvin,
Hritten commun., 1981), and muscovite from a pegmatite
dikelet having this same orientation but cut by the
joints gave a K-Ar muscovite '3.ge of 60.5 m.y. (M. A.
Pernokas and C. 1-1. Allen, oral commun., 1982).
Both
ages fall Hithin the 50-70 m.y. r'lnge of apparent K-Ar
ages both of undeformed and mylonitized granitic rocks
that the joints cut (Calzia and Morton, 1980; John,
1981; D. Miller and others, 1981, 1982;).
This age
relation coupled Hith the common occurrence of the
joints all through the Cadiz Valley batholith and its
immediate environs suggest that the joints formed during late stages of cooling of the batholith. Mineralization may be the result of emanations from latercooling, deeper parts of the batholith.
The joint
orientations are consistent Hith the interpretation as
having formed shortly after and approximately perpendicular to the elongation lineation in mylonitic fabrics.
Mineralized joints in the central exposures of
the batholith, adjoining on the north the area of
northwest-striking mylonitized dikes previously described (Fig. 4), strike northHest but dip variably

The difference in fabric development, companed to
their host rocks, both for these dikes and for the
sheets in the northe'3.stern Coxcomb ~ountains seem most
easily explained if the dikes and sheets Here emplaced
duri.ng deformation.
Altern'3.tively they may have concentrated strain thmug;h intracrystalline deformation,
because of finer grain size, greater quartz content,
or greater Hater content than their hosts.
If so,
they may have been emplaced significantly before their
fabric HaS imposed, a possibility He cannot exclude.
We suggest that temperature andlor fluid content Here
likely causes of loc'llized high strains in the dikes,
and that both variables Here likely most effective
during, rather than folloHing, emplacement of the
dikes.
Post-mylonite Dikes and Joints
Brittle features that cut mylonitic fabric in the
Iron Mountains add a further element to the pattern of
deformation. Undeformed aplite and pegmatite dikes in

444

much likr; the mylonitize(j dikes (Fig. ~).
They 'Tl'lV
record
unielxi'il
NH-ot'iented
gre'itest
co:npressive
stress.

str3.in and st"ess or>ient8.tions "Ire cO'lst'int and
leI, but the relative milgnitudes of principal
ch'lnge I'lith time. The apparently contradictory
and str3.in data need to be furt'1er evalu'lted
context of 'i 13.r>gr;r> region.

Deformeltion History
A s'3quence of deformation celn be reconstructed
b3.sed on the evidence outlined above.
The sequence
proposed below is composite, not '111 the rel'1tionships
!leino; found in anyone pl8.c'3.
Rel8.tions in the Iron
Mount'iins suggest th3.t the mylonite-producing deform'ition proceeded duning (and Has related to) b:~tholith
intrusion 8.nd solidifLc8.tion of its ('oof.
Follo\>rLnq;
roof solidific8.tion in the IroCl '·louCltains, a sequence
of events is inferred that likely h<aS successively
you.'1ger 3.t lower levels, resulting from d01·r'-I',-/8.rd cooling and so lid i fic3. tion.

p·aralstress
st"ess
in t'1e

The def';ree to w'1ich simple she'l" milY have contributed to the mylonitic fabrics is difficult to assess
in the ilbsense of markers "It high ilngles to the lineation direction.
Simple ,s'1ear par3.11el to lineation
indicilted by NE-verging folds and S ilnd C plilnes in
t'1e Iron Mount3.ins seem contradicted by rare mylonitized dike,s normal to Hneation in the Iron Mountains
that are steeply dipping, suggesting little rotation
by simple shear (~1iller and others, 1981).
Regional
mapping of much of the Needles 1 x 2 0 sheet, in which
this region lies, has ShOWl no evidence of drastically
different rock units above 3.nd beloH mylonitic rocks,
3.03 might be expected if the mylonitic zone represents
a lilrge subhorizontal filult such as 'i major thrust.

(1) Solidific8.tion of batholithic rocks.
(2) P reki nem3.tic or syn ki nema t ie empl ace'll ent of
vertLcal dikes oriented ENE in the roof region, indicating least compressive stress oriented norm8.l to
that orientation.

OTHER AREAS IN THE EASTERN MOJAVE DESERT
Mylonitic Gneiss in the Region

(3) Reorient8.tion of stress follo'ded by penetrative
mylonitLz3.tion
resulting
f"om
vertiC'll
fl'lttening, ENS to NE elon;;eltioJ'1, 3.nd p"ob'lbly ENE
she8.r of higher rocks over 10Vier ones in the roof.
>lylonitiz3.tion Has p'lrtly perV'lsive 'lnd p3. r tly localized in bands.

Numerous other ilre'iS in the e3.stern Mojave Desert
contain mylonitic gneiss. T'1ose of the Hhipple Mountains are the best described (D'lvis "lnd others, 1980;
Anderson, 1981; Anderson ilnd Rowley, 1981).
In some
areas a Precambrian age for the mylonitic fabric development may be inferred, for example for variably
oriented mylonitic fabrics in the Hestern Turtle Mountilins that appear to predate Prec'lmbdan intrusive
rocks (Howard 3.nd others, 1982), and for vari8.bly Oriented gneiss inclusions ih the Cheme!1uevi Nountains
(Job'l, 1982).
In milny, 'ind perhaps in most cases,
hOHever, mylonitic gneiss is closely associated Hith
Cret'lceous plutonic rocks.
Local i ties of Cretaceous
mylonitic rocks, ilnd the ilzimuth ilnd plunge of their
subhorizont"ll lineation, include (Fig. 1):
southern
Old ~loman Mountains (SE), central ilnd northern Old
Hom'ln Mountilins (E to NE), Piute Mount'iins (E to NE),
Sacramento Nountains (SH), southern Ne'dberry Mount'lins
(SH), Chemehuevi Nountains (NS; John, 1982), Hhipple,
Buckskin and RaVlhide Nountains (SH; Davis ilnd others,
1980), Nesquite Nountains (S), Riverside Mountains
(SH), Little Naria and Arica 110untains area (NH-SE),
ilnd Grilnite Mount"lins (NE and SE; Fig. 2).
In the
Hhipple, Buckskin, Rawhide and Sacr3.ffiento Mountains
the mylonitic fabric pervades l'irge volumes of rock,
whereils in other areilS it is locally developed.

(4) Emplacement and mylonitiz,'ltion of sub'1orizontal dikes below the roof (l3.te synkinematic).
(5) Late synkinematic empl'lcement 'lnd mylonitization of N\'l-striking, variably dipping dikes sUf';gesting
NH-oriented greatest principill stress in the central
part of the batholith.
This may h'ive occurred during
continued vertical fl'ittening and NE elongation.
(6) Smplacement of post-kinematic, NH-striking,
steeply dipping dikes 'ind veins perpendicular to NEoriented least compressive stress on the margins of
the batholith.
(7)
Continued hydrofrac turing by mi nera lizi ng
fluid emanating from cooling batholithic rocks at
deeper levels.
Fractures formed Hith NTtl strike and
variable dips in the central part of the batholith,
possibly by u'liaxi'll stress, and they formed Vlith NTtl
strike and steep dips on the marginill parts of the
biltholit'1, perpendicul3.r to NE-oriented least compressi ve stre ss .

Old Homan Mount"lins
Mylonitic gneiss in the southern Old Homiln Mountains, al though close to the Cadiz Valley area, contains a differently oriented lineation from t'1at in
the Cadiz Valley area (Fig. 2), and it occurs in a
somewhat different tectonic setting. Mylonitic f';neiss
in the southern Old Homan Mountains also dips gently.
It gr3.des downward, not into undeformed grilnite as in
the Iron Mount"lins, but into migmatite (C . .Ni11er and
others, 1982).
Here, mylonitic fabric in a Cretaceous(?) porphyritic granodiorite sheet, part of the
Cretaceous(?) Old Woman pluton, decreases in intensity
downward through its floor of layered gneiss.
Below
this gneiss lies \oJispy, irregularly contorted, metamorphosed to ultrametamorphosed Prec3.ffibrian granite
mixed with numerous pockets of younger undeformed
gt'ani te.
The younger granite shows ambiguous age relations with the Old Homan pluton, and may have been
mobile at the same time.
These cO'lditions, together

Discussion
Apparently total st"ain produced nearly uniform
subhorizontal foliation and ENE to NE lineation, regardless of the time and location (roof solidificiltion
in the Iron Mou'ltains, or lilte dikes and mylonite
bands 10Her in the bat'1olith). Ttle therefore consider
the total geometry of str3.in to be approximiltely constant with time.
HOHever, it would appear that subvertical flattening 8.nd ENE extension were dominant
components of the bulk strain, components of strain
that are difficult to reconcile Hith broadly coeval
stress orientations given by dikes.
Dikes suggest
premylonitic or early mylonitic NH tension (or least
compression) and later NE tension, the latter in part
accompanied by NH compression.
These apparently irreconcilable data are notable because the principal
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ZO:1Cl (Rehrig a'1d Heidrick, 1976), even though both
areas Here i'1 a regime of NE-oriented subduction
(Con,"y and Reynolds, 1977).
This contrast indicates
orthogonal positions of least co:npressive stress in
tYJese two parts of the same orogen. The relative mClgnitudes of principal stress may vary witYJin an orogen
:iep'2nding on level 0\" position (Price and t-loU'1tjoy,
1970; Price, 1973). He suggest that if mylonitization
"''lS
broadly coeval throughout the region, dike and
joint orientations are sensitive indicCltors of regional stresses accompClnying mylonitizatio'1, and they provi.de a means of assessing large-scale floH on Cln orogen.
Our speculCltions on tecto'1i.c conditions of mylonitization Hill no doubt require much modification
with further data acq\lisition.
!tle expect critical
tests of timing to be very i:nportant in constraining
models, as well as careful studies outlining geometry,
nature of deformation, Clnd boundary conditions of mylonitic l'ocks.
More data on the processes produ·~ing
mylonitic rocks are sorely needed.

with highly elon~qte augen, and wavy, generally steep
foliation, su~gest that the migmatite was 8.t or near
melting conditions at the time the Old Homan pluton
Has emplaced over it.
The Old Homan pluton farther
north is undeformed (C. Hiller and others, 1982).
Present data do not demonstrate whether mylonitization
occurred when the Qnderlying floor HaS stiffer or more
fluid than the base of the Old Hom8.n pluton.
In the
11"0:1 Hourltains, a fluid floor of magma is inferred
belm" the zone undergoin~ mylonitization (Miller and
o the rs, 198 1 ) •
Extrapolation.s
If it can be concluded that mylonitic fl8.ttening
occurred above mobile magma in the Cadiz Valley area,
and possibly above mobile migma in the Old Wom8.o Mountains, this suggests 8. tool to assess tectonic models.
In the nearby Hhipple ~Iountains, Davis and others
(1980) hClve described a mylonite front above which
occur relativly undeformed Precambri,m rocks, and below w'1ich these roc1<s Here mylonitized synchl"onous
Hith the emplacement of Late Cretaceous granitoid
sheets (Davis and others, 1980; Anderson and ROHley,
1981; Anderson, 1981). The mylonitic rocks are several kilometers thick below the mylonite front and
their base is not exposed. The exposed top of mylonitic rocks in the Hhipple Mountains, and exposed base
in the Iron Mountains-Cadiz Valley and Old HomCln ~oun
tains areas, suggest that regionCllly, mylonitic deformation occurred below a relatively rigid cover, but
above a relCltively fluid floor.
One possible model
for mylonitization is that rising diapirs have pushed
against a rigid roof (Miller and others, 1981).
Another possibility is extending nOH resulting from
gravitCltionCll spreading of a thickened orogenic Helt
(Price, 1972).
Price presented an instructive model
in Hhich extend ing flOH in orogen ic bel ts occurs by
gravitational spreading betHeen slabs of more rigid
mClteriCll.
In the Mojave Desert, the flOH might occur
instead above a surface of 10H shear strength (e.g.
mClgma) and beloH Cl rigid cover.
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View of Mohawk Pass and Interstate 8 with the Mohawk detachment fault separating light-colored, upper-plate rocks from dark-colored, lower-plate
rocks. View is looking to the southeast toward Sonora.

