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GEOLOGY OF THE SOCORRO
PEAK AREA,

WESTERN HARQUAHALA MOUNTAINS
by

Robert J. Varga

Arizona Bureau of Mines*

INTRODUCTION

The west-central and southwestern portions of Arizona
have remained a geologic enigma since the pioneering map-
ping in the region by Eldred Wilson of the Arizona Bureau
of Mines. Until recently, such factors as adverse weather
conditions, remoteness of terrain, and relative lack of
known, large, economic mineral deposits have discouraged
subsequent, more detailed investigations of this area.
Hence, an impressive amount of information concerning the
geology of the more populous parts of the state continued to
grow while western Arizona remained in relative "geologic
infancy." This imbalance of understanding has become in-
creasingly obvious as models have been developed depict-
ing the regional tectonic and stratigraphic development of
Arizona. Fortunately, in the last decade these "gaps" in
our models have stimulated geologists to greater activity in
the western portion of the state.

It is now generally believed by those working with the
regional geologic framework of Arizona that an understand-
ing of this part of the Basin-and-Range Province is critical
to the evaluation of proposed extensions of Cordilleran tec-
tonic and stratigraphic trends into southeastern Arizona.
The northeast-trending Harquahala Mountains lie within
this critical terrain and display relationships which may aid
in defining the nature of any stratigraphic or tectonic link-
age through this area. The present study deals with the
geology of the Socorro Peak area in the western Harquahala
Mountains.

The Harquahala Mountains lie, physiographically,
within what is generally considered to be the Transverse
Range region of the Basin-and-Range Province (Wilson
and Moore, 1959). The general geology of this part of
Arizona, shown in figure I, is taken largely from the
Geologic Map of Yuma County (scale 1:375,000) by Wil-
son (1960). The only other geologic mapping which has
been done to date in this part of western Arizona has been
by Miller (1966, 1970) and Jemmet (1966) in the Plomosa
Mountains, Shackelford (1975) in the Rawhide Mountains.

*This study represents work completed in 1975-76 while the writer was a
graduate student at the University of Arizona and a Graduate Research
Assistant for the Arizona Bureau of Mines (now the Bureau of Geology
and Mineral Technology).

Blanchard (1913) in the Buckskin Mountains, and Cian-
canelli (1965) in the Granite Wash Mountains.

In general, the geology of west-central Arizona is domi-
nated by an abundance of Mesozoic and Cenozoic vol-
canics, intrusives. and sediments and Precambrian ('7)

gneiss with subordinate Paleozoic sediments.
The Harquahala Mountains are composed dominantly of

gneiss, schist, and granite with two overlying masses of
Paleozoic and Mesozoic sediments (fig. 2). The contact
between these sedimentary blocks and the underlying crys-
talline terrain was interpreted as a thrust fault by Wilson
(1960,1962). The northeast trend of the Harquahala Moun-
tains is generally parallel to the Harcuvar and southern
Buckskin ranges to the north but is otherwise discordant to
the dominant northwest trend of the region.

STRATIGRAPHY
With the exception of the schist terrain shown on the

generalized geologic map (fig. I), the study area includes
all of the major rock types found in the Harquahala Moun-
tains. These include gneiss, granite, diabase dikes, and
Paleozoic and Mesozoic sedimentary rocks.

CRYSTALLINE ROCKS
Gneiss

The rocks termed collectively "gneiss" in this circular
are dominantly biotite augen gneiss with minor biotite
gneiss and quartz-mica schist. These gneissic rocks are only
exposed east of Tenahatchapi Road (fig. 3); in the map
area. however, they make up the larger portion of the Har-
quahala Mountains.

Biotite augen gneiss is the dominant rock type in this unit
(fig. 4). Reconnaissance suggests that it also comprises a
large portion of the main Harquahala Mountain mass
mapped as Precambrian gneiss (fig. I). The biotite augen
gneiss is composed of white potassium feldspar augen. or
porphyroclasts. which lie within a foliated matrix of biotite,
quartz. and feldspar in approximately equal proportions.
The augen. which vary in size up to 3 em in length, are
lensoidal to tabular in shape and comprise about 40 percent
of the total rock volume. The long axes of these augen
define a poorly developed lineation within the foliation
plane.
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Figure I. Generalized geologic mar of west- central Arizona (after Wilson, 1960).
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Figure 2. Western Harquahala Mountains. View is to the northeast toward Socorro Block. Lithologic contacts shown are: gr = Socorro Granite, B =
Bolsa Quartzite, R = Redwall Limestone. S = Supai Formation. C = Coconino Sandstone. and K = Kaibab Limestone.

Variously interlayered within the biotite augen gneiss are
minor quartz-mica schist and biotite gneiss. A faint mineral
lineation is observed on foliation surfaces of these rocks
which is parallel in orientation to the lineation within the
adjacent biotite augen gneiss.

Socorro Granite
A large quartz monzonite to granite body, herein referred

to informally and collectively as the Socorro Granite, forms
a topographically subdued terrain between the gneissic
rocks to the west and the sedimentary sequence to the
southeast (fig. 2).

The dominant composition of the Socorro Granite lies
well within the granite field as defined by Streckeisen
(1973). Typically, this medium-grained, equigranular rock
is composed of approximately 45 percent quartz, 32 percent
microcline, 20 percent seriticized plagioclase and 3 percent
muscovite mica. Minor amounts of hornblende and biotite
mica are locally present. .

The Socorro Granite intrudes into both the overlying
sedimentary sequence and the gneiss. The granite intrudes
the gneiss concordantly as is evidenced, at map scale (fig.
3), by the general parallelism of the contact with the (rend
of gneissic fol iation.

Dike Rocks
Hornblende diabase dikes, which vary up to 120 m in

thickness, cut all rocks in the map area (fig. 3). The dike
rocks are composed of fine-grained plagioclase and
hornblende which together display a diabasic texture. The
hornblende in these dikes is locally altered to epidote.

Quartz dikes, up to 10 m thick, cut gneiss and Socorro
Granite. Unaltered rhyolitic dikes are also present but the
intrusive relationship of these dikes to the other rock types
in the study area is unclear. This is because where the
rhyolite dikes are exposed, they are surrounded by recent
alluvium. Rhyolite dikes are up to 170 m thick.

SEDIMENTARY ROCKS

A thick sequence of Paleozoic and Mesozoic sedimentary
rocks is exposed in the southeastern portion of the study
area. These rocks continue in outcrop farther to the east of
the mapped area and are also exposed in the easternmost
sedimentary block shown in figure 3. In the study area,
these sedimentary rocks are deformed into large-scale folds.
The folding, and associated deformation, makes thickness
estimations of the various formations difficult. The
thicknesses given below should be interpreted as an extreme
upper limit, as the tendency is to overestimate stratigraphic
thickness in folded terrains.

3
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Figure 4. Biotite augen gneiss. Note tabular augen composed of potas-
sium feldspar which lie in a foliated matrix composed dominantly of
biotite, feldspar, and quartz.

Correlation of the sedimentary rocks exposed within the
Harquahala Mountains to specific formations is hindered
due to the paucity of fossils and to the relatively large dis-
tances from the study area to locations of stratigraphic see-
tions which have been studied. These difficulties, combined
with the observance by McKee (1951) that the Harquahala
Mountains lie within an area which separated two active
geosynclines during the Paleozoic, make any stratigraphic
correlation tenuous.

The rock units are named and described below. Follow-
ing these descriptions is a discussion which summarizes the
basis for correlation of these units to specific formations.
The separation of rock description and correlation is made
here in the hope that this will facilitate stratigraphic revi-
sions in the future as western Arizona receives more atten-
tion and study.

Bolsa Quartzite
In the Harquahala Mountains, the Bolsa Quartzite is a

medium-bedded, arkosite composed of poorly sorted, sub-
rounded quartz and potassium feldspar fragments. The

quartz fraction comprises about 70 percent of the rock vol-
ume while the feldspar fraction totals approximately 30 per-
cent. Color of this formation is typically grayish brown
(5YR 3/2) on weathered surfaces and pale brown (5YR 5/2)
to grayish purple (5P 4/2) on fresh surfaces. Bolsa Quartzite
crops out along the entire length of the sedimentary block
and forms a prominent ledge over the more gentle slopes
composed of granitic rock (fig. 5). Thickness of the Bolsa
Quartzite is up to 106 rn, but varies along strike.

The contact of the Bolsa Quartzite with the underlying
Socorro Granite is intrusive (fig. 5). Although a chill zone
was not observed in the Socorro Granite along this contact,
the granite clearly intrudes and locally envelopes portions of
the quartzite. Isolated blocks of Bolsa Quartzite occur as
inclusions within the granite as is seen in cross-section
A-A' (fig. 3). Evidence for slight recrystallization of the
Balsa Quartzite near this contact is evidenced in thin sec-
tion, by the interlocking nature of many of the quartz and
feldspar grain boundaries.

Redwall Limestone
The most distinctive and readily mappable stratigraphic

unit in the Harquahala Mountains is the Redwall Limestone
(fig. 2). This formation is composed dominantly of very
homogeneous, medium- to massive-bedded dolomite. Very
little chert was observed within this formation. Color of the
dolomite ranges from grayish orange-pink (5YR 7/2) to
grayish orange (I OYR 7/4) on weathered surfaces and light
red (5R 6/6) to grayish pink (5YR 7/2) on fresh surfaces.
Locally, an upper unit of the Redwall Limestone is
observed. This unit is a thin-bedded, white marble with
abundant chert and minor phyllite layers. Thickness of the
Redwail Limestone ranges up to 115 rn .

The pink to red dolomitic lower unit of the Redwall
Limestone rests in fault contact with underlying Bolsa
Quartzite throughout the map area. This fault contact is
everywhere defined by a mylonite which was seen to vary in
thickness from 3 em to 3 m. The mylonite is reddish in
color and is composed of fine-grained, calcareous material.

Supai Formation
The Supai Formation is a very heterogeneous unit com-

posed dominantly of quartzite interbedded with minor lime-
stone and phyllite layers. This formation is up to 365 m in
the study area.

Medium-bedded quartzite comprises most of the Supai
Formation (fig. 6). This quartzite is pale red ( lOR 6/2) on
fresh surfaces and light brown (5YR 6/4) on weathered
surfaces. Small- cale crossbedding and flaser bedding is
locally present in the quartzites. Minor limestone is inter-
bedded with these quartzite throughout the thickness of the
Supai Formation. Two main limestone types are present.
The most abundant type is a thick-bedded limestone which
has a blocky appearance in outcrop. This blocky limestone
is pale red (5R 6/2) on fresh surfaces and pale, yellowish

(,



Figure 5. Bolsa Quartzite-Socorro
Granite intrusive contact. View is
to the NE. Note irregular trace of
contact. Bedding in quartzite is
steeply dipping to the NW.
Lithologic units shown are: gr =

Socorro Granite and B = Bolsa
Quartzite.

brown (lOYR 6/2) on weathered surfaces. In contrast, a
finely laminated limestone was found which is moderate
orange-pink (lOR 7/4) on fresh surfaces and pale red (lOR
6/2) on weathered surfaces. Field recognition of these
various rock types within the Supai Formation is hindered
by the development of black desert varnish on most exposed
surfaces.

The contact of the Supai Formation with underlying
Redwall Limestone is a probable fault. At most localities,
this contact is marked by a dark green phyllite with well
developed cleavage which parallels bedding. The phyllite
ranges up to 2 m in thickness. The upper white marble unit
of the Redwall Limestone is, in most areas, completely cut
out by this fault which brings the Supai Formation into
contact with the pink to red dolomites of the lower Redwall
Limestone.

Coconino Sandstone
The Coconino Sandstone is a homogeneous, thin-bedded

quartzite throughout the Harquahala Mountains. The most
distinguishing characteristic of this formation. relative to
the quartzites of the Supai Formation. is its homogeneity.
Thickness of the Coconino Sandstone in the map area is
approximately 335 m. The quartzite is fine-grained and has
a vitreous luster and clear to white color on fresh surfaces.
The Coconino Sandstone tends to form slopes and saddles
between the enclosing Supai Formation and Kaibab Lime-
stone. Small-scale crossbedding is abundant throughout the
Coconino Sandstone, and large-scale crossbedding is lo-
cally present (fig. 7).

The contact of the Coconino Sandstone with the under-
lying Supai Formation appears to be conformable and
depositional in nature. The reddish quartzites of the Supai

Formation grade upward into, and intertongue with, the
more vitreous quartzites of the Coconino Sandstone at this
contact.

Kaibab Limestone
Approximately 335 m of varicolored limestone overlies

quartzites of the Coconino Sandstone. This formation, the
Kaibab Limestone, is divisible into a lower, slope-forming
unit and an upper, cliff-forming unit (fig. 8).

The lower unit is composed of medium- to thick-bedded
limestone with minor chert lenses. The main distinguishing
feature of this lower unit. besides its slope-forming charac-
ter, is the abundance of pale yellowish-brown (I OYR 6/2) to
yellowish-gray (5Y 8/1) beds. The upper unit is composed
dominantly of medium- to thick-bedded, medium light-gray
(N6) limestone with abundant chert knots and lenses.

A bundant crinoid plates and less abundant echinoid
spines were found in the lower, slope-forming unit. The
only diagnostic fossil found, however, was a deformed Die-
tyoclostust'Ti brachiopod valve of probable Permian age.

The contact of Kaibab Limestone with the underlying
Coconino Sandstone is conformable and depositional in na-
ture. Clasts of quartzite from the Coconino Sandstone are
contained within Kaibab Limestone strata at this contact.

Moenkopi Formation(?)
Approximately 300 m of quartzite, phyllite, and minor

conglomerate of the Triassic Moenkopi Formation(?) crop
out along the southern margi n of the sedi mentary block (fig.
3). This formation crops out as a series of small hills to the
south of the main mass of Kaibab Limestone. The Moen-
kopi Formation/") is a very heterogeneous unit. Only the
major rock types found in the map area are described below.

7



Figure 6. Cascade fold in Supai Formation. View is to the southwest,
towards Little Harquahala Mountains.

Nowhere in the map area was a depositional contact ob-
served between the Moenkopi Formation(?) and the under-
lying Kaibab Limestone. The only contact between these
two formations is the low-angle fault located just west of the
Hidden Treasure Fault (fig. 3). However, the Moenkopi
Formation(?) is assumed to overlie the Kaibab Limestone
along a contact located somewhere beneath the alluvium
which separates outcrops of the two units.

CORRELA TlON OF SEDIMENTARY UNITS

The Harquahala Mountains lie within an area which has
been termed the" Arizona Sag" by Eardley (1949). During
the Paleozoic, this area was a slowly sinking shelf which
lay between the Defiance Positive Area and the so-called
Ensenada Land (McKee, 1951). (See fig. 9.) This sag con-
nected the Cordilleran and Sonoran Geosynclines during
Paleozoic time (McKee, 1951). Thus, the stratigraphic rec-
ord in this area may possess rocks with both southeastern
Arizona and Colorado Plateau affinities. Because of the
paucity of fossils within the rocks of the Harquahala Moun-
tains, correlation of stratigraphic units is based primarily on
lithologic similarity and stratigraphic sequence. It is the
opinion of the writer that the stratigraphy of the Harquahala
Mountains can be reconciled using present Arizona strati-
graphic nomenclature.

The lower third of this formation is made up dominantly
of pyrite-bearing quartzites. Color on fresh surfaces ranges
from light gray (N7) to light brown (5YR 6/4) to grayish
green (lOGY 5/2). Black desert varnish covers most ex-
posed surfaces. Euhedral pyrite cubes, to 2 mm in size, are
dispersed throughout these quartzites.

The dominant rock type overlying the quartzite is finely
foliated phyllite which comprises approximately two-thirds
of the formation. This phyllite is typically medium gray
(N6) and has growths of green chlorite plates on foliation
surfaces. A 3 m conglomerate bed was found in the lower
portion of the phyllite unit. In this conglomerate, sub-
rounded pebbles up to 4 ern in length and smaller rock
fragments lie within a chloritized, fine-grained matrix. The
larger pebbles observed were exclusively quartzite Smaller
pebbles and rock fragments are also dominantly quartzitic
with minor amounts of feldspar. Color on most exposed
surfaces of this conglomeratic bed is dark greenish gray (5G
4/1). A 2m thick bed of dolomite was found immediately
below the conglomerate. This dolomite is grayish orange
(IOYR 7/4) on weathered surfaces and moderate red (5R
5/4) on fresh surfaces. Thin chert layers define a fine lami-
nation in this bed. Figure 7. Large-scale crossbedding in Coconino Sandstone.



Kaibab Limestone, Coconino Sandstone,
Supai Formation

The three-fold conformable sequence of pale red
quartzites overlain by vitreous, crossbedded quartzites, in
turn overlain by varicolored, cherty limestone appears re-
markably similar to upper Paleozoic strata known to the
north in the Colorado Plateau region. Specifically, the de-
scriptions of the Supai Formation, Coconino Sandstone,
and Kaibab Limestone closely match those of this three-fold
sequence, whereas a similar correlation to the strata of
southeastern Arizona cannot be made.

Noble (1922) and more recently McKee (1975) have de-
scribed the Pennsylvanian-Permian Supai Formation as
consisting of flat to crossbedded, reddish sandstones with
minor limestone and shale interbeds. Conformably overly-
ing the Supai Formation at the Grand Canyon is the Hermit
Shale (Noble, 1922). However, to the south, in the vicinity
of Jerome-Oak Creek Canyon, Arizona (fig. 10), the Her-
mit Shale is not present (Anderson and Creasey, 1958) and
its absence there is explained by a facies change south of the
Grand Canyon (H.W. Peirce, personal comm.). There is
no correlative to the Hermit Shale in the Harquahala Moun-
tains and it is suggested that its absence is probably
explained by such a facies change. The Permian Coconino
Sandstone (Darton, 1910; McKee, 1934) on the Colorado
Plateau is a very conspicuous formation consisting of vitre-
ous white to gray sandstone which possesses large-scale
crossbedding. Conformably overlying the Coconino
Sandstone is the Permian Kaibab Limestone (Darton, 1910)
consisting of gray- to buff-colored, cherty limestone and
sandstone. The lower Kaibab Limestone has been desig-
nated the Toroweap Limestone by McKee (1938). How-
ever, the distinction of this subdivision as a mappable
formation is not always made. (For example see Moore,
1972.)

The closest match of the three-fold sequence to south-
eastern Arizona stratigraphic nomenclature is the Permian
sequence Concha Limestone and Scherrer Formation (fig.
10). The Concha Limestone is described as a massive-
bedded, cherty, gray limestone (Bryant, 1968). The Scher-
rer Formation underlies the Concha Limestone and consists
of two massive, white to brown sandstone units separated
by a dolomitic limestone unit (Bryant, 1968). A basal red
siltstone is locally present.

The Concha Limestone and Scherrer Formation may be
correlative to the varicolored, cherty limestone and vitreous
quartzite units of the three-fold, conformable sequence.
However, in detail, the lithologic match would be rather
tenuous. Also, the lower reddish quartzites are not rep-
resented in the southeastern Arizona rock record as the
Scherrer Formation overl ies thousands of feet of Cambrian
to Permian limestone with only minor sandstone strata
present (fig. 10).

In summary, it is felt that the thick sequence of quartzites
overlain by varicolored, cherty limestone in the Harquahala

Figure 8. Macroscopic fold in Kaibab Limestone. View is (0 (he north-
east. Sense of overturning of fold is to the southeast. Saguaro cacti at
base of hill give scale.

Mountains is lithologicallly and stratigraphically equivalent
to the Colorado Plateau sequence of Supai Formation,
Coconino Sandstone, and Kaibab Limestone. Miller (1966,
1970), working 50 km to the west in the Plomosa
Mountains (fig. 10), recognized an identical upper
Paleozoic sequence.

Redwall Limestone
With the above correlation established, it is possible

to eval uate the remaining stratigraphic units in the Har-
quahala Mountains.

Immediately underlying the quartzites of the Supai For-
mation in the map area is a pink to red dolomite unit. As
was previously mentioned, the contact between the
quartzite and dolomite is a fault which cuts out a white,
cherty marble unit to varying degrees. This bedding-plane
fault was not observed during reconnaissance in the Little
Harquahala Mountains (fig. I). The contact there appears
to be conformable and lithologic relationships within this
"complete" section suggest that separation along the above
mentioned fault is not large. The dolomite unit is therefore
con. idered to be stratigraphically the youngest unit beneath
the Supai Formation with the white marble unit representing
merely a thin, upper part of the same formation.
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Beneath the Supai Formation on the Colorado Plateau is
the Mississippian Redwall Limestone. McKee (1958) de-
scribes the bottom member of the Redwall Limestone in the
Grand Canyon as pale-red to gray dolomite. Above this
member is the relatively thin lower middle member com-
posed of cherty, pale-brown limestone. The pink dolomite
unit in the Harquahala Mountains, and its uppermost
cherty, white marble layers are correlated with this lower-
most part of the Redwall Limestone.

Miller (1970), using fossil evidence, assigned a Missis-
sippian agc to similar dolomites and cherty limestones
which underlie the Supai Formation in the Plornosa Moun-
tains. He correlated this unit, however, to the massive-
bedded, gray-colored Escabrosa Limestone (Bryant, 1968)
of southern Arizona (fig. I 0). The writer feels that, litholog-
ically, correlation of this unit to the Redwall Limestone is
much more satisfactory.

Bolsa Quartzite
Underlying the pink to red dolomites of the Redwall

Limestone in the Harquahala Mountains is an arkosite , The
contact between these two units is everywhere a bedding-

DEFIANCE
POSITIVE

AREA

Figure 9. Total Paleozoic isopach
map of Arizona. All thickness
figures shown are given in feet
(after McKee. 1951).

I

f' I,,
'''\L

I
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plane fault. Reconnaissance to the west, in the Little Har-
quahala Mountains, suggests that a considerable sequence
of black to gray. cherty dolomites conformably underlies
the pink to red dolomites of the Redwall Limestone. Be-
neath these black to gray dolomites is a thick-bedded arko-
site similar to that found to underlie Redwall Limestone in
the study area. Miller (1966. 1970) describes a similar
sequence in the Plornosa Mountains. He assigned the black
to gray dolomites to the Devonian Martin Formation of
southeastern Arizona (Bryant, 1968) and the basal quartzite
to the Cambrian Bolsa Quartzite (Bryant, 1968), also a
southeastern Arizona stratigraphic unit. Martin Formation
is apparently missing in the Harquahala Mountains and its
absence may be due to bedding-plane faulting between the
Redwall Limestone and the arkosite , In the Plornosa Moun-
tains. Miller (1970) recognized an interbedded shale and
quartzite unit between the Bolsa Quartzite and Martin For-
mation which he correlated with the Cambrian Abrigo
Formation of southeastern Arizona. This shale and
quartzite unit is not recognized in the Harquahala Moun-
tains nor in the Little Harquahala Mountains, and its ab-
sence may be due to erosion, non-deposition, or facies
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Figure 10. Comparison of selected
Paleozoic sections in Arizona.
Correlation lines are lines of ap-
proximate time equivalence.

RV - Roinvolley Fm.

C - Concho Ls.
K - Koibob Ls.
Cc - Coconino Ss.
Sh - Scherrer Fm.

H - Hermit Sh.
CI - Colina Ls .

Eo - Earp Fm.
S - Supai Fm.
Ho- Horquillo Ls.
R - Redwoll t.s.

E - Esea braso Ls.
M - Martin Fm.

Mu- Muav Ls.

change. To the north, along the Mogollon Rim, the Red-
wall Limestone is underlain by Martin Formation and
Cambrian Tapeats Sandstone (fig. 10).

It thus appears that, from stratigraphic sequence consid-
erations, the lowermost quartzite unit in the Harquahala
Mountains may tentatively be correlated to either the
Tapeats Sandstone or to the Bolsa Quartzite. The Tapeats
Sandstone (Noble, 1922; McKee, 1945) in the Colorado
Plateau region is described as a massive-bedded, chocolate
brown, crossbedded sandstone. The Balsa Quartzite is typi-
cally brown to reddish brown quartzite which becomes
more feldspathic in its lower part (Bryant, 1968). The arko-
site which forms the base of the sedimentary section in. the
Harquahala Mountains is lithologically more similar to the
lowermost Bolsa Quartzite and is thus correlated with it.

I. Waterman Min s. lMcClymands, 1959)

2. Mogollon Rim l Wi Ison, 1962)
3.Grond Canllon l Noble, 1922)

4.Jerome.lAnderson and Creasey, 1958)
5. Harquahalo Mtns. (this study)
6.Plomosa Mtns.lMiller, 1970)

Tb - Temple Butte Ls,

Ba- Bright Angel Sh.
T - Tapeot s Ss.
A - Abrigo Ls.

B - Bolsa Otzl.

1000 2000, , '000,
VERTICAL SCALE

(till)

Moenkopi Formation(?)
Overlying the Kaibab Limestone is a unit composed

chiefly of quartzite, phyllite and minor conglomerate. The
contact between these two units is not observed, however,
in the map area. Miller (1966) found a similar sequence
of clastic rocks in the Plomosa Mountains and assigned to
them a lower Mesozoic(?) age. He further suggests that
they may be correlative with the Triassic Moenkopi Forma-
tion which overlies the Kaibab Limestone on the Colorado
Plateau,

Possible correlatives in the southern Arizona rock record
are the lower Mesozoic volcanic and associated sedimen-
tary rocks. The lower Mesozoic strata, consisting of the
Canelo Hills Volcanics, Mount Wrightson Formation, and
Recreation Redbeds, were apparently deposited in local ba-
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sins and are not recognized very far north of Tucson,
Arizona (Hayes and Drewes, 1968).

The clastic unit which overlies Kaibab Limestone in the
study area is, therefore, provi sionally assigned the' name
Moenkopi Formation(?). It is hoped that stratigraphic
studies by future workers in west-central Arizona will
further test the val idi ty of such a correlation.

Discussion
The preceding correlations confirm the existence of a

considerable section of Paleozoic rocks in the Harquahala
Mountain area as mentioned briefly by McKee (1951) and
by Wilson (1962). The total Paleozoic section estimated in
the study area is approximately 1,258 m. This estimated
figure should be interpreted as an extreme maximum thick-
ness. Miller (1970) reports approximately 853 m of
Paleozoic strata in the Plornosa Mountains. These thick-
nesses are shown plotted on Mckee's (1951) total Paleozoic
isopach map of Arizona shown here as figure 9. It is evident
that the positions of the 2,000 ft, 3,000 ft, and 4,000 ft
contours in western Arizona should be displaced to the
southwest since the position of the contour lines in west-
central Arizona was originally based on thickness estimates
in these two mountain ranges (McKee, 1951).

Tentative correlation of the post-Kaibab clastic rocks
with Triassic Moenkopi Formation supports the original
contention by McKee (1954) that the Moenkopi Formation
once continued south of its previously recognized southern
limit in the Mogollon Rim area and that it has largely been
removed by pre-Cretaceous erosion.

STRUCTURAL GEOLOGY
The most conspicuous structural features in the western

Harquahala Mountains are large-scale folds which pervade
the Paleozoic-Mesozoic sedimentary rocks. Associated
with these folds are abundant bedding plane faults. In con-
trast, rocks of the underlying crystalline complex are not
generally folded or faulted but contain other well-developed
features such as joints, foliation and mineral lineation. The
following: discussion presents a general description and in-
terpretation of these various structures and attempts to relate
them to a structural sequence which, hopefully, will charac-
terize a part of the geologic history of this complex area of
western Arizona. A more rigorous, analytical treatment of
the structures described herein is presented elsewhere
(Varga, 1976).

STRUCTURES IN SEDIMENTARY ROCKS

The Paleozoic-Mesozoic sedimentary sequence can be
divided into two domains ba ed on contrasting structural
style. The Hidden Treasure Fault serves to separate the two
domains which are referred to below as the Socorro Block
and the Hidden Treasure Block (fig. 3). In general, the

Socorro Block is dominated by large-scale, recumbent fold-
ing, whereas the Hidden Treasure Block is characterized by
upright, large-scale folding. High-angle and bedding-plane
faults are present in both blocks.

Socorro Block
The Socorro Block is a structurally homogeneous terrain

characterized by large-scale, subhorizontal, gently inclined
to recumbent (Fleury, 1964) folds as are seen in figures 6,
8, and II A, and in cross section in figure 3. Geometrically,
these large-scale folds are generally concentric in profile
with some minor interlayer hinge-zone thickening. Hinge-
zone thickening is best developed in the calcareous layers of
the Kaibab Limestone (fig. 8) and Redwall Limestone. The
large-scale folds can thus be considered as transitional bet-
ween flexural-slip and flexural-flow (Donath and Parker,
1964). Tightness of folding, as determined by interlimb
angle (Fleury, 1964). variesfrom close (70° to 30°) to tight
«30°). Small-scale folds (fig. liB) are also present in all
rock types in the Socorro Block and display variations in
fold style similar to those of large-scale folds.

Axes of all folds measured in the Socorro Block have
shallow plunges and vary up to 40° in trend about an aver-
age orientation of N .58°E. Axial surfaces of folds generally
dip gently to the northwest or southeast.

The morphology of overall folding in the Socorro Block
is most easily visualized in tracing out a particular layer
within the folded sequence. Figure 12 is a structural
stereogram of a layer within the middle portion of the Supai
Formation. The inferred effects of erosion have been
removed in this reconstruction. The overall morphology of
this layer is that of vertically stacked, recumbent folds simi-
lar to the "piles of folds" described by Davis and others
(1974). Such stacks of recumbent folds have been approp-
riately termed "cascade folds" by Harrison and Falcon
(1936) .

Also evident in plan view in the structural stereogram,
and on the geologic map, is a gentle. s-shaped flexure in the
attitude of both bedding and fold axes. In the southwestern
part of the Socorro Block, fold axes and bedding follow a
nearly east-west trend and turn northeastward in the central
portion of the block. In the eastern part of the block, near
the Hidden Treasure Fault, fold axes and bedding again
turn to the more eastward orientations.

Several high- and low-angle faults are observed in the
Socorro B lock (fig. 3). Northwest-trending, high-angle
faults arc of minor extent and indicate normal and reverse
movements. A flat fault near the Socorro Mine area offsets
the axial portion of a large fold in the Redwall Limestone
and places reddish dolomites over quartzites of the Supai
Formation. Separation across this fault is up to 25 m.
Another low-angle fault in the southeastern portion of the
Socorro Block places folded Kaibab Limestone over gently
dipping Moenkopi(?) Formation. Minor reverse faults lo-
cated near this fault contact dip to the northeast.
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A

B
Figure II. Recumbent folds. (A) Macroscopic fold in Kaibab Limestone. View is to the SE. Sense of overturning of fold is to the

SE. (B) Mesoscopic fold in Coconino Sandstone.



I
:j

"I Ii"
I:

I ,I

',I

c
,2
;;;
E..2

'OJ
0.
:::l

c;)

"-=c:

-=''i
"-">.-'!
'"'-e
Ee
bJJee
"Vi

~u
:::l•..

Vi
N

!!
:::l
bJJ

l.i:

14



Figure 13. B, structures. View to the
southeast, towards Hidden Trea-
sure Block. Note highly folded
Coconino Sandstone.

Hidden Treasure Block
The Hidden Treasure Block is separated from the

Socorro Block by the Hidden Treasure Fault (fig. 3). This
fault has a slightly curvilinear trace which varies from
N .35°W. at its southern end to N .200W. in the northern part
of the area. Dips on the fault are at very high angles (7SO-
86°) to the northeast.

Movements on the Hidden Treasure Fault postdate
large-scale, recumbent folding in the sedimentary domain.
Near the postulated southern extension of this fault under
alluvium. fold axes in Kaibab Limestone appear to be
dragged in a right-lateral sense. Offsets of formational COIl-

tacts across the fault also reveal right-lateral separation. In
the northeastern corner of section 30, offsets and drag of
strata suggest reverse movement on the Hidden Treasure
Fault such that the Hidden Treasure Block has moved up
relative to the Socorro Block. Where the fault cuts Bolsa
Quartzite in the northern part of the area, slickensided sur-
faces are locally developed. The slickensides plunge at low
angles (12°-35°) to the southeast and, coupled with the
above separation data, suggest relative normal-slip on the
fault at this locality. This suggested normal-slip is contrary
to the observed reversc-sl ip offsets. This complication may
be due to local movements on the several fault splays which
diverge from the main Hidden Treasure Fault trace in this
area. Right-handed reverse-slip is suggested as the domin-
ant sense of displacement on the Hidden Treasure Fault.
The relative amounts of strike-slip versus reverse-slip can-
not be determined due to lack of slickenside data along most
of the fault trace.

The structure of the Hidden Treasure Block can be ob-
served in cross section 0-0' (fig. 3). Folds in the block
have similar physical attributes as do those in the Socorro
Block. Axes of all folds measured plunge at shallow to

moderate angles dominantly to the east-northeast, about an
average trend of N .68°E. Axial surfaces of these folds
dominantly dip steeply to the north. Thus, folds in the Hid-
den Treasure Block can be characterized as gently plunging
and steeply inclined (Fleuty , 1964) in contrast to the more
recumbent folds of the Socorro Block.

The relationship of structures in the Hidden Treasure
Block is summarized in cross section 0-0'. Macroscopi-
cally folded Balsa Quartzite, Redwall Limestone, and
Supai Formation are truncated and overridden by Coconino
Sandstone beneath a southeast-dipping, sub-bedding-plane
fault. At some localities this fault is defined by a gouge
zone up to 65 ern in thickness. Where observed at other
localities, the fault appears to be a "knife-edge" contact
with no well defined breccia or gouge zone. Coconino
Sandstone above this flat fault is little deformed but be-
comes highly folded towards the south where it overrides a
large, southeast-plunging anticline along a high-angle fault
(fig. 13). Minor folds associated with the reverse fault are
asymmetric and verge to the southeast. Another fault in this
system jux iaposes a small slab of Redwall Limestone over
Coconino Sandstone in the northwest corner of section 20.
This fault plane has been intruded by diabase dikes.

Post-folding, high-angle faults which cut the southern
part or the Hidden Treasure Block are similar in trend to the
Hidden Treasure Fault. Where exposed, these faults indi-
cate normal separation, although a component of strike-slip
separation cannot be ruled out.

STRUCTURES IN CRYSTALLINE ROCKS

Foliation and joints are the dominant structures within the
crystalline domain (fig. 3). Gneiss, which makes up the
western part of the domain, contains a northwest-strik ing
foliation with an average orientation of N .lOoW. Dips of

15



foliation plane' vary from 16°NW. in the extreme western
part of the map area to 80oNE. near the granite-gneiss con-
tact. Mineral lineation on the foliation plane, where
present, trends approximately N .SOW. and plunges at shal-
low angles to the northwest or northeast. Strike of the folia-
tion plane is constant throughout the exposure of gneiss
except where rotated by a N .60oW. striking fault (fig. 3).

Pervasive, closely spaced joints are the dominant planar
elements in Socorro Granite (fig. 3). Spacing of joints is as
close as 2 ern at some localities. The average orientation of
joints is N .8°W. in strike and vertical in dip. Orientation of
joints is approximately parallel to the granite-gneiss intru-
sive contact and to foliation within the gneiss. Locally, joint
orientations in the granite are also parallel to the trend of the
granite-Bolsa Quartzite intrusive contact. In the Socorro
Mine area (fig. 3), near this contact, joints grade into a
faint, incipient foliation defined by slight alignment of mica
and feldspar crystals. A similar incipient foliation is ob-
served in the center of the Socorro Granite exposure near
the middle of section 23 (fig. 3).

Diabase dikes have intruded the crystalline domain both
parallel and transverse to fol iation and joints. Quartz dikes
are also parallel to foliation and joints, and possess a perva-
sive jointing which reflects this parallelism.

STRUCTURAL EVOLUTION
Formation of "cascade" folds (B: folds) and their sub-

sequent s-shaped flexuring (B2 folds) record two distinct
period of deformation in the Paleozoic-Mesozoic sedimen-
tary sequence (Varga, 1977). Insights into the structural
evolution of the Harquahala Mountains can be gained
through an understanding of the origin and relative timing
of these two fold events in relation to formation of the
gneiss and granite crystalline complex. Absolute timing of
such events can only be inferred due to lack of radiometric
dating in the region. An attempt will be made to correlate
structural events in the western Harquahala Mountains to
those of other mountain ranges which have similar struc-
tural sequences.

EVENTS RECORDED I SEDIME TARY ROCKS

8I Deformation
The presence of abundant bedding-plane faults (fig. 3)

suggests an initial period of low-angle tectonic transport
within the rocks of the sedimentary domain. Bedding-plane
faulting has cut out several hundred meters of section
between certain formations. The most notable of such faults
occurs in the Hidden Treasure Block at the base of the
Coconino Sandstone. Successive formations are cut out be-
neath the Coconino Sandstone until it rests directly on
folded Bolsa Quartzite. The upper, cherty marble unit
of the Redwall Limestone is cut out to varying degrees
beneath the Supai Formation throughout the sedimentary
domain. Bedding-plane movements are believed to have
occurred prior to, as well as concomitantly with 81 folding.

Such a model permits the associated occurrence of folded
bedding-plane faults as well as those whieh truncate folds.

Several features associated with this initial period of pre-
sumed low-angle tectonic transport suggest that deforma-
tion occurred as the response to body, or gravitational,
forces as opposed to lateral compressional forces.
Bedding-plane faults in the sedimentary domain primarily
pia e younger strata on older strata. Armstrong (1972) has
suggested that sueh "younger on older" Or denudation
faults are almost certainly of gravitational origin. Bi folds
possess. everal morphologic features which are also indica-
tive of a purely gravitational origin. Presence of unthinned
and unfaulted reversed limbs of large folds is thought by
de Sitter (1954, p. 337) to be "strong evidence for gravity
tectonics." Reversed limbs are a common feature of B.
folds (see cross sections A-A' , B-B', C-C' and fig. 12).
"Cascade" morphology of folds, as seen in figure 12, is
also strong evidence for deformation predominantly under
gravitational forces (Harrison and Falcon, 1936).

Fold analysis (Varga, 1976) restricts the movement di-
rection within the sedimentary rocks during B. deformation
to a N .39°W./S .39°E. line. However, inspection of the en-
tire fold system in cross section A-A', B-B', C-C', and
figure 12 reveals a general overturning of folds to the south-
east. It is concluded, therefore, that tectonic transport ac-
companying gravity gliding was S.39°E. Several faults and
their associated minor structures which formed during
gravitational gliding support this sense of transport.

The reverse fault in the southern portion of the Hidden
Treasure Block is thought to have formed during gravity
gliding. This fault brings folded Coconino Sandstone over
an anticline composed of Kaibab Limestone and cored by
Coconino Sandstone. Minor folds associated with this fault
verge to the south-southeast, a direction consistent with the
southeust-d irectcd tectonic transport derived for B I folds.
Overriding of Coconino Sandstone along this fault was pos-
sibly a response to local compression due to crowding at the
toe of the glide sheet.

The slab of folded Kaibab Limestone which overlies
Moenkopi Formatioru") in fault contact in the southwest
corner of section 29, was also emplaced during gravity glid-
ing. Minor reverse faults at the fault contact indicate
movement to the southeast. Northeast axial trends of folds
within the slab are consistent with this movement direction.
Emplacement of the Kaibah Limestone slab is envisioned to
have occurred in a mode similar to formation of a "slip
sheet" (Harrison and Falcon, 1936, p. 93). A slip sheet, in
this sense, is a slab which slides down the steepening flank
of an anticline and overrides strata of a younger age. A
possible source of the Kaibab Limestone slab is the large
recumbent fold immediately to the northwest. Also thought
to be a slip sheet is the small slab of Redwall Limestone in
the northwest corner of section 20 (fig. 3).

Timing of gravity gliding is clearly post-Moenkopi For-
mation(?) deposition (Triassic) and possibly pre-Socorro
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Granite intrusion. Socorro Granite definitely intrudes Balsa
Quartzite, the basal unit of the folded sequence. However,
it is difficult to determine if granite intrudes, at depth, the
large-scale folds and thus postdates their formation or if
intrusion and uplift caused folding. Figure 5 shows the
irregular trace of the granite-Balsa Quartzite intrusive con-
tact. At this locality, bedding and a large fold in the Balsa
Quartzite were truncated by granite intrusion. This relation-
. hip ,UPPOlts a post-B. foldinu time for granite emplace-
menr. Other direct evidence which helps support this
hypothesis comes from a small granite dike which crops out
in the southwest corner of section 29 (fig. 3). This 90-m-
thick dike is similar in mineralogy to Socorro Granite and
cuts the Kaibab Limestone "slip sheet." [f this dike is
indeed equivalent to Socorro Granite, then it follows that
intrusion of the Socorro Granite places minimum age con-
straints on B 1 deformation.

B2 Deformation
S-shaped tlexuring of B1 trends in the eastern Socorro

Block was caused by drag during oblique, right-lateral and
reverse movement on the Hidden Treasure Fault. Folds in
the Kaibab Limestone slip. sheet mentioned above demon-
strate this relationship. Northeast-trending fold axes in the
sheet are dragged to more easterly trends adjacent to the
inferred trace of Hidden Treasure Fault. The near-vertical
rotational axis (B2) and axial plane derived for this tlexuring
(Varga, 1976) are consistent with a major component of
strike-slip motion during faulting. Time of faulting is post-
Socorro Granite intrusion because it offsets the granite-
Balsa Quartzite contact.

Flexuring of B 1 trends to a more eastward orientation in
the western Socorro Block is not related to any fault known
in the study area. Possible placement of a right-lateral fault
to account for this tlexuring is between the Harquahala
Mountains and Little Harquahala Mountains along the
present trend of Centennial Wash (fig. 14). The position of
thi proposed fault is coincident with a major lineament as
defined on ERTS imagery of western Arizona. Such a
placement is compelling due to the truncation of Precarn-
brianr") gneissic terrains and apparent right-lateral drag of
the western Harquahala Mountains.

Time of northwest-trending, right-handed oblique slip
faulting ean be inferred from relationships found in the
Plomosa Mountains which lie 50 krn to the west of the
Harquahala Mountains (fig. I). There, northwest-trending
faults whieh have apparent right-lateral separation cut a
post-middle Miocene rhyodacite unit (Miller and McKee,
1971). These faults correspond in time to the beginning of
Basin-and-Range extension faulting. Jemmet (1966) also
suggests that similar faults in the northern Plomosa Moun-
tains can be assigned to the Basin-and-Range event. The
writer extends this reasoning to the Harquahala Mountains
and assigns a Cenozoic age (probable post-middle
Miocene) to the northwest-trending faults.

EVENTS RECORDED IN CRYSTALLINE ROCKS

It has thus far been established that intrusion of Socorro
Granite postdates gravity gliding in the sedimentary do-
main. It is more difficult to determine, however, the relative
timing of development of foliation in gneiss with respect to
Socorro Granite intrusion and B I deformation.

Gneiss-Socorro Granite Relationships
It is possible that gncissification was syn- or pre-Socorro

Granite intrusion. However, if granite intrusion caused the
gneissic foliation to develop, then a decrease in intensity of
gneissification away from the intrusive contact should be
observed. Instead, a decrease in foliation development is
observed towards the contact which is probably the result
of recrystallization in the gneiss due to granite intrusion.
The writer thus favors the interpretation that intrusion of
Socorro Granite postdates development of foliation in
gneiss.

A post-gneissification time of granite intrusion is sup-
ported by the general concordancy of the granite-gneiss con-
tact to gneissic foliation. This north-northwest-trending
contact (fig. 3) is fairly sharp except where granite locally
intrudes gneiss in a lit-par-lit fashion. General parallelism
or the granite-gneiss contact with foliation orientations in
the gneiss indicates that foliation may have provided an
inherent weakness along which Socorro Granite was
emplaced. Therefore, Socorro Granite in the map area is
envisioned as a sill-I ike body which intruded along the
gneiss-Bolsa Quartzite interface. Intrusion thus had the ef-
fect of wedging apart the sedimentary rocks from gneiss.
Joints in Socorro Granite probably formed as the result of
this emplacement. Local development of an incipient folia-
tion parallel to joint surfaces supports this contention.

Gneiss-Gravity Gliding Relationships
The above interpretation impl ies that rocks of the

sedimentary domain were in contact with gneiss during
gravity gliding and associated B 1 deformation. Contact rela-
tionships 5 km to the west, in the Hercules Mine area,
support this suggestion. There, Bolsa Quartzite overlies a 3
m thick schist unit which, in turn, rests directly on gneiss.
Bedding in the quartzite and foliation in the schist is con-
cordant to foliation in the underlying gneiss. The dip of the
entire sequence is 20oSE.

Based on the above contact relationships it is suggested
that the gneiss-Paleozoic sedimentary rock interface was the
surface of detachment, or "decollement," during gravity
gliding. This zone of decollement served to separate rocks
of widely dissimilar metamorphic grade and structural style
during deformation. The nature and attitude of this zone
cannot be determined due to intrusion of Socorro Granite.
However, the low dip of the gneiss-schist-Bolsa Quartzite
contact in the Hercules Mine area, and the overall low
foliation dips of gneiss in the main Harquahala Mountain
mass suggests that the zone of decollement in the study area
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may also have dipped at a low angle ('::"20°-30°) to the
southeast prior to granite intrusion.

The above relationships in the Harquahala Mountains
bear a strong resemblance to the so-called "metamorphic
core complexes" of western North America. Characteristic
of these terrains is the presence of lineated, low-dipping,
cataclastic foliation in gneiss (Coney, in press) which is
often overlain by a little-metamorphosed cover sequence
deformed by flexural-slip folding and other brittle processes
(Armstrong and Hansen, 1966).

Existence of "metamorphic core complexes" is wide-
spread in the western United States. These complexes oecur
as discrete ranges in a belt from southeastern Arizona
(Davis, 1975; Davis and others, 1975) through the eastern
Great Basin (Armstrong and Hansen, 1966), and northward
into British Columbia (Campbell, 1970, Reesor, 1970).
Burchfiel and Davis (1975) feel that they represent exposed
culminations of a metamorphic belt which is continuous at
depth.

Relative time of formation and uplift of gneiss and grav-
ity gliding in the Paleozoic and Mesozoic sedimentary
sequence is difficult to evaluate due to lack of radiometric
dating and mapping in western Arizona. Coney (in press)
has recognized that south of the Snake River Plain the
metamorphic core complexes were "either perpetuated,
reactivated, or initiated in Oligocene-Miocene time." This
recognition of a possible complex history of core complexes
in the southwestern U. S. bears directly on the present
problem. Was gravitational tectonics in the sedimentary
domain in the Harquahala Mountains concomitant with
formation and uplift of a metamorphic core complex or wa
this deformation merely the result of simple gravity gliding
during uplift of a previously formed, rigid core complex?
The answer to this que tion remains largely unanswerable
from data presented in this study. Isotopic dating by future
workers in western Arizona will aid in establishing age
relationships more definitely.
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SUMMARY
A thick sequence of Paleozoic (1,258 m) and Mesozoic

(~300 m) sedimentary rocks is recognized in the Socorro
Peak area of the western Harquahala Mountains. These
strata are lithologically similar and herein correlated to
specific formations of both Colorado Plateau and southeast-
ern Arizona nomenclature . Formations designated to repre-
sent the mapped sedimentary units include Cambrian Bolsa
Quartzite (106 m), Mississippian Redwall Limestone (l15
rn), Permian-Pennsylvanian Supai Formation (365 m),
Permian Coconino Sandstone (335 m), Permian Kaibab
Limestone (335 rn), and Triassic Moenkopi Formation(?)
(~300 m). Crystalline rocks include biotite augen gneiss
and post- Triassici"), muscovite-bearing granite.

The existence of Paleozoic rocks in western Arizona is
consistent with earlier stratigraphic models which show this
area as a "sag" during the Paleozoic between the
Cordilleran Geosyncline to the north and the Sonoran
Geosyncline to the southeast. However, the Paleozoic
sequence in the Harquahala Mountains is considerably
thicker than previously suggested.

Two phases of deformation are recognized within the
Paleozoic and Mesozoic sequence. Gravitational tectonics
in post- Triassic(?), pre-granite intrusion time is expressed
in the sedimentary sequence as large-scale, steeply-inclined
to recumbent folds and primarily . 'younger on older"
faults. Direction of tectonic transport during gravity gliding
is determined by kinematic analysis of folds to have been
S.39°E. Sigmoidal flexuring of initial deformational trends
about a vertical rotational axis occurred at a time following
gravitational tectonics and granite intrusion. It is suggested
that the sigmoidal flexuring was the result of a component
of right-lateral, strike-slip motion on high-angle faults in
post-middle Miocene.") time.

Formation of augen gneiss is pre-granitic intrusion, al-
though the relationship of gneiss/ormation to gravitational
tectonics in the Paleozoic and Mesozoic sequence is inde-
terminate from data presented in this study. The gneiss-
Paleozoic sedimentary rock interface may have acted as a
zone of decollement during "cascade" folding and low-
angle faulting in the sedimentary sequence.

Relationships in the western Harquahala Mountains do
not support models which extend Sevier (Burchfiel and
Davis, 1975) and Laramide (Burchfiel and Davis, 1975;
Drewes, 1976) thrust belts through west-central Arizona
into the southeastern portions of the state.
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