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ABSTRACT
The Gardner Mountain area, southeastern Arizona,
contains the geological association that typifies the
eastern foothills of the Rincon range:

an autochthonous

assemblage of metamorphic tectonites, and an older-onyounger, low-angle juxtaposition of Precambrian granodiorite and its Paleozoic cover sequence over the tectonites.
The autochthonous rocks include Precambrian granitic base
ment, Precambrian and Paleozoic metasedimentary rocks, late
Precambrian metadiabase, and Tertiary intrusive rocks. With
the exception of the Tertiary intrusive rocks, these units
exhibit a tectonite fabric.
exotic:

The allochthonous units are not

they are essentially a duplication of those units

found in the autochthon, but are unmetamorphosed and lack a
tectonite fabric.

Emplacement of the allochthon is inter

preted to have occured from east to west, along a midMiocene detachment fault.

The tectonite fabric of

the autochthon is truncated by the detachment surface and
has no first-order relationship with the kinematics of
allochthon emplacement.

xi

LOCATION, ACCESSIBILITY, AND CULTURE
Gardner Mountain, a central feature in the area of
investigation, is located in northeastern Cochise County,
50 km (30 mi) due east of Tucson, Arizona (Figure 1).
2
2
map area consists of 10 km (4 mi ), and extends from

The

the Cochise-Pima county boundary on the west, across Paige
and Gardner Canyons, to McCormick Canyon on the east; the
area includes portions of Sections 19, 20, 21, 28, 29, and
30, T. 14 S ., R. 19 E.

The study area may be approached

from either Mescal, via the Clopton Ranch, or Cascabel,
via the Gavin or "Last Chance" Ranch.

In addition, Paige

Canyon, when dry, is negotiable by four-wheel drive ve
hicle from a point near its mouth to within a mile of the
map area.

A windmill at the head of McCormick Canyon, on

the eastern edge of the map area, may also be reached in a
four-wheel drive vehicle, by means of a road which origi
nates at the headquarters of the Cascabel Land and Cattle
Company.
Land usage in the map area is limited to cattle
grazing.

The ruins of an adobe house and a corral, built

by homesteader W. Daniel Allen in the 1930's , stand on the
west bank of Paige Creek, near its confluence with Deer
Creek.
1
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Figure 1.

Location map for the Gardner Mountain thesis
area. -- The thesis area is shown by dashed
outline. Scale, 1:300,000.

PHYSICAL FEATURES
The map area covers a highly dissected region east
of the Rincon Mountains and north of the Little Rincon
Mountains (Figure 1).

Although elevations in the area do

not exceed 1525 m (5000 ft), maximum relief is greater
than 300 m (1000 ft).

Incised drainages commonly provide

excellent exposures of the geology.
The major drainage in the Gardner Mountain area is
Paige Creek, which receives runoff from a large segment of
the eastern flank of the Rincon Mountains and flows north
to join the San Pedro River near Cascabel.

The drainage

pattern of the area is subrectangular, being partially con
trolled by a series of north-trending high-angle normal
faults; the north-trending portions of Bear Creek and
McCormick Canyon reflect such control. Paige Creek, how
ever, lacks obvious structural control over most of its
length.
The topography of the area is strongly influenced
by bedrock geology.

Plut (1968) has described the tenden

cy of carbonate and quartz-rich units to form topographic
highs, and that of granitoid and schistose rocks to under
lie the lower areas.

In the few localities where an

unmetamorphosed Paleozoic section is relatively intact, as
3
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along the Eagle Peak-Gardner Mountain ridge, the
Paleozoic strata dip moderately to steeply eastward, and
form hogbacks capped by upper Paleozoic limestones.
Vegetation in the map area is typical of the Upper
Sonoran Life Zone.

Among the common plants are catclaw,

varieties of yucca and agave, and many types of cactus, in
cluding the giant saguaro.

Ocotillo is abundant on carbon

ate slopes, while dense lechuguilla or "shin-stabber" plant
predominates on quartz-rich lithologies.

Isolated stands

of sycamore and live oak along Paige Creek distinguish
zones of riparian habitat.

During the summer, these zones

host a variety of distinctive species, including treefrogs
and garter snakes in and near semi-permanent pools, and
orioles and flycatchers in the broadleaf canopy.

Herds of

javelina and deer range across the map area and are en
countered throughout the year.

GEOLOGIC SETTING
The Rincon Mountains, east of Tucson, Arizona,
extend roughly 28 km in a N-S direction, their longest di
mension, and possess an irregular outline that incorpo
rates two southwest-trending spurs (Figure 2).

Gardner

Mountain is situated approximately 11 km east of the range
crest.

The Rincon Mountains lie within the Mountain Re

gion of the Basin and Range physiographic province (Wilson
1962) ; the relatively abrupt eastern margin of the range
reflects control by a Basin and Range structural element,
the Happy Valley fault (Drewes 1974, 1977).

This north

trending fault dips eastward 80-85° and separates the main
mass of the Rincon Mountains from the Little Rincon Moun
tains to the east.
The predominant lithology in the Rincon Mountains
is a garnetiferous muscovite granite, the Wrong Mountain
Quartz Monzonite of Drewes (1977).

The granite commonly

envelops a biotite augen gneiss, and Drewes has assigned
a PreCambrian age to both units.

More recently, Keith

et al. (1980) have suggested that the protolith of the
augen gneiss originated in conjunction with a generation
of 1440 m.y.-old porphyritic granites (Oracle-type gran
ites); they have tentatively assigned the muscovite
5

Figure 2.

Geologic sketch map of the Rincon Mountains.
Allochthonous units are stippled. Sections
X-X* and Y-Y1 are shown in Figure 21.
Compiled from Keith and Kluth (1980),
Drewes (1974, 1977), and Lingrey (1982).
TVP = Tanque Verde Peak
MM = Mica Mountain
RP = Rincon Peak
GM = Gardner Mountain
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TVP&

Rincon P»okK
Fractur* Zone

Detachment fault, barbs on
upper plate
Normal fault, barb on downthrown
block

x-.

Outcrop extenf of the Late Miocene (?)
Nogales Fm; not involved in detachment
faulting ?

granite to an Eocene suite of intrusions, 45-50 m .y. in
age (Wilderness suite).

According to Keith et al., the

muscovite granite of the Rincon Mountains occurs within a
composite batholith, which extends beneath the Santa
Catalina and Tortolita ranges to the northwest and com
prises at least ten individual plutons varying in age from
Cretaceous to mid-Tertiary.
The crystalline rocks of the Rincon Mountains, as
well as those of the Santa Catalina and Tortolita ranges,
exhibit a tectonite fabric.^

The structural characteris

tics of these rocks, which include a gently dipping mylonitic foliation and a prominent mineral lineation, have
prompted identification of the three ranges as a metamor
phic core complex (Davis 1977).

Metamorphic core com

plexes have recently been isolated as a distinct element
within the North American Cordillera (Coney 1973, 1978,
1979; Davis and Coney 1979); they are defined by Coney
(1980, p . 25) as a "group of usually domal or arch-like,
isolated uplifts of anomalously deformed, metamorphic and
plutonic rocks, overlain by a tectonically detached and
distended unmetamorphosed cover."

1. "Tectonite" and "non-tectonite" are used in
this text to distinguish between rocks having a penetra
tive fabric produced by cohesive deformation in the solid
state and those rocks lacking such a fabric. This usage
follows Sander (1930) and Turner and Weiss (1963).

8
Foliations in the gneiss of the Rincon range are
disposed in a domal pattern; more specifically, they form
a composite dome with three subordinate culminations which
correspond well with the topographic highs at Mica Moun
tain, Tanque Verde Peak, and Rincon Peak (Drewes 1977).
Gently plunging antiforms underlie the two spurs which
trend southwest off the main Rincon range.

The northern

antiform appears to have an eastward continuation in the
downthrown block east of the Happy Valley Fault, where
Lingrey (1982) documented a broad arching of metamorphic
foliations about an E-W axis.

The southern antiform, on

the other hand, does not appear to extend east of the
ridge crest, but east of Rincon Peak, passes into a zone
of steep, east-dipping fractures oriented perpendicular
to the antiformal axis (average trend, N 30° W; see
"Rincon Peak Fracture Zone" in Figure 2).

The fractures

are noticeable from the road into Happy Valley from
Mescal and can be traced on the Forest Service aerial
photographs of Rincon Peak, but they have not yet been
studied in outcrop.
Skirting the Rincon range on its western and south
ern margins is the sinuous trace of the Catalina fault
(Pashley 1966), a low-angle surface which separates tectonite gneiss below from non-tectonite formations above.
The Catalina fault has a long history of dual

9
interpretation, both as a thrust fault (Moore et al. 1949;
Brennan 1957; Layton 1957; Acker 1958; Kerns 1958; Pashley
1966) and alternatively, as a surface of gravitational
sliding (McColly 1961; Arnold 1971; Liming 1974; Davis
1975).

Drewes (1977) has proposed that the fault has ex

perienced movement of both types, and that it represents
a northeast-directed Laramide thrust fault which was re
activated during a mid-Tertiary episode of denudation.
Recently the possibility has emerged that the
Catalina fault is neither a thrust fault, nor a local
gravity slide feature which can be related to the present
topography.

Instead, the fault may be akin to extensive

"detachment faults" (so termed by G. A. Davis et al. 1979,
1980) mapped in the core complex terranes of western
Arizona-southeastern California.

Terms such as "detach

ment fault" and "denudation fault" (Armstrong 1972) have
arisen because of the inadequacy of most structural clas
sifications with regard to low-angle extensional faulting.
A longstanding dogma in structural geology has maintained
that the usual consequence of horizontal extension of the
crust is high-angle normal faulting (e.g., Anderson 1951)
and that low-angle normal faults result from gravity
sliding.

Since 1970, however, workers in the western

United States have identified a growing number of lowangle faults that have clearly effected stratigraphic

10
thinning and which are difficult to attribute to simple
models of gravity sliding (Anderson 1971; Armstrong 1972;
Davis et al. 1979, 1980).

The Whipple-Rawhide-Buckskin

"detachment fault" of Davis et al. (1979, 1980) is continu-

2

ous over several thousand km , but is characterized by a
single transport direction which bears no relation to pres
ently existing topographic gradients.

As a rule, the units

above these low-angle surfaces are internally faulted,
distended, and rotated in a direction sympathetic with
fault motion ("back-tilted").
The geology of the eastern side of the Rincon
Mountains is distinct from that of the western side in
several respects.

The basement on the eastern side of the

range shows a much weaker development of the tectonite
fabric, and it is overlain by an irregular sheet of highly
deformed late Precambrian and Paleozoic metasedimentary
rocks. Above the metasedimentary rocks is a shattered
Precambrian granodiorite which in turn is overlain by an
unmetamorphosed Paleozoic cover sequence (Plut 1968;
Drewes 1974, 1976).
The striking structural characteristics of the
metasedimentary rocks have received much attention.

The

extremely ductile folds in the metasediments of the Happy
Valley area, east of the Rincon Mountains, and in meta
sediment ary outcrops in the adjacent Santa Catalina

11
Mountains do, as noted by some previous workers, resemble
structures common to the mantle zone of a mantled gneiss
dome (Pilkington 1962; Waag 1968; Frost 1977).

However,

the essential character of the metasedimentary units is
not that of a thickly draped mantle but, to follow the
terminology of Davis (1977, 1980a), that of a thin
"carapace."

As defined by Davis, the "metamorphic cara

pace" refers to a curvitabular, strongly foliated sheet
of metasedimentary rocks which concordantly overlies
mylonitic gneiss in a metamorphic core complex.
The upper boundary of the tectonitic units in the
Happy Valley area is consistently formed by a low-angle
fault surface.

Such faults in this area commonly display

an older-on-younger juxtaposition, as when Precambrian
granodiorite overlies tectonites derived from Paleozoic
formations.

Although Drewes has noted such relationships,

he has emphasized the contact between the basement and the
younger Precambrian and Paleozoic metasedimentary rocks as
the fundamental tectonic discontinuity in the Happy Valley
area (Drewes 1976).

It is this horizon which he has cor

related with the Catalina fault on the opposite side of
the Rincon Mountains. According to Drewes, all the rock
units above the basement on either side of the Rincon
Mountains are part of a Laramide allochthon which extends
over most

of southeastern Arizona.

However, it is the
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structural discontinuity at the'upper boundary of the
tectonitic units that consistently separates rocks of con
spicuously different metamorphic grade and deformational
style.

The studies of Frost (1977) were predicated on the

view that the fundamental structure in the Happy Valley
area coincided with the upper limit of the tectonites;
that concept also provides the basis for the present study.
In the Happy Valley area, then, two unusual geo
logic features are spatially associated:

1) a strikingly

deformed metamorphic tectonite and 2) an older-on-younger
low-angle juxtaposition of a Precambrian granodiorite and
its Paleozoic cover sequence over the tectonite.

Past ef

forts at structural analysis in this area have assumed,
without adequate evidence, that the processes which pro
duced these features were kinematically linked.

It has

been a major concern of the present study to investigate
the relationship between tectonite formation and low-angle
faulting.

In addition, the major low-angle surface in the

Gardner Mountain area and the internal structures in the
allochthonous rocks above it have been studied in detail.
The structures of the tectonitic rocks, which have been so
well described by Frost (1977), Davis (1980a), and Lingrey
(1982), have received less attention.

PREVIOUS WORK
E . D . Wilson conducted reconnaissance mapping in
the Gardner Mountain area for the Geologic Map of Cochise
County (Arizona Bureau of Mines 1959).

This map depicts

the granitic rock at the base of Gardner Mountain, now
recognized to be allochthonous, as an erosional inlier of
Precambrian basement within Paleozoic sedimentary rocks.
2
Miles (1965) mapped a 10 km area north of the map
area and also conducted reconnaissance mapping in the
vicinity of Gardner Mountain, Miles regarded the granitic
rock of Gardner Mountain as Jurassic (?), and intrusive
into Paleozoic units.

Folds in the Paleozoic rocks north

of Gardner Mountain indicated to him a "forceful injection"
of the granite from the south-southeast.
The Eagle Peak-Hells Gate area mapped by Plut
(1968) is immediately south of, and partially overlaps, the
Gardner Mountain map area.
Precambrian

In his map area, Plut observed

granitic rock and an overlying unmetamorphosed

Paleozoic section of formations resting on metamorphosed
rocks; he was the first worker to recognize the presence
of low-angle faulting in the eastern Rincon foothills.
Plut also described the structures in the late Precambrian

13

14
and Paleozoic metamorphic rocks (the tectonite assemblage
of Happy Valley), and attributed them to the emplacement
of a block of hot gneiss from the south.
The extent of the allochthonous grandiorite and its
Paleozoic cover was demonstrated on the Happy Valley quad
rangle map by Drewes (1974).

On this map, klippen of the

granodiorite are seen to be distributed across the entire
quadrangle.

A tectonic synthesis for southeastern Arizona,

incorporating his work in the Happy Valley area, was pub
lished by Drewes in 1981.
Frost (1977) conducted a structural analysis of
tectonite marbles in the vicinity of Bear Creek, approxi
mately 4 km west of Gardner Mountain.

He described pene

tratively developed, strongly overturned to recumbent
folding, accompanied by transposition of Paleozoic units,
and he reported that the folding was asymmetric towards
the Rincon Mountains.

Frost assumed that the development

of the tectonite fabric accompanied the emplacement of
allochthonous materials into the Happy Valley area, and
that the geometry of such a fabric was thus directly
relevant to the kinematics of the allochthon.

From that

perspective, the fold vergence data of Frost opposed a
conventional model of gravity gliding, such as had been
proposed by Davis (1973, 1975).

Frost was nevertheless

able to maintain that the allochthon had been locally
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derived from the Rincon Mountains by suggesting that the
folds were related to reverse drag features which are com
mon on the flanks of mantled gneiss domes.
The structural characteristics of the tectonitic
rocks on the east side of the Rincon Mountains have been
described in detail by Davis (1977, 1980a, 1980b), and
incorporated into his models for metamorphic core complex
formation.
The work of Lingrey, concurrent with the present
study, provided an invaluable framework for research.
data, collected from a 120 km

His

area which borders the

Gardner Mountain map area on the north, have allowed a
reinterpretation of the geology of the eastern side of the
Rincon Mountains in terms of west-directed detachment
faulting.

METHOD OF INVESTIGATION
Field mapping in the Gardner Mountain area was
conducted sporadically from February 1980 to April 1981.
Mapping was done on an enlargement of the Happy Valley 7%"
topographic sheet (1973), at a scale of 1:6000, and was
aided by aerial photographs obtained from both a private
firm and the U.S. Forest Service.

Thirty-nine petrographic

thin sections made from rocks of the area were examined.
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LITHOLOGIC UNITS
The outstanding geologic feature of the Gardner
Mountain map area is the low-angle fault surface, dis
cussed above, which forms the upper boundary of the tectonitic formations throughout the area.

Lithologic units

are therefore most conveniently discussed in terms of a
threefold division:

1) autochthonous units below the

fault, 2) allochthonous units above the fault, and 3)
units which postdate the termination of low-angle faulting.
The tectonic stratigraphy formed by the lithologic units
of the map area is presented in Figure 3.
Units of the Autochthon
The autochthonous units of the Gardner Mountain
map area, with the exception of Tertiary intrusive rocks,
have been transformed into metamorphic tectonites.

The

map abbreviations for the tectonitic units have been
designated with a prime symbol (') in order to distinguish
them from equivalent, non-tectonitic formations which oc
cur in the allochthon and throughout southeastern Arizona.

17

AUTOCHTHON

Figure 3.

ALLOCHTHON

Schematic geologic column of the map area, -- Scale, 1 in - 900 ft.
PGg = Precambrian granite. Other abbreviations are those used on the
geologic map (Plate I).
t— 1
oo
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Undifferentiated PreCambrian schist,
phyllite, and quartzite (PinalApache equivalents)
Both the Pinal Schist and the Apache Group rocks
were named by Ransome (1903) in the course of work in the
Globe District of Arizona.

The Pinal Schist represents a

thick sequence of immature, largely volcaniclastic sedi
ments and intercalated volcanic units which has been sub
jected to low-grade metamorphism and regional deformation
(Cooper and Silver 1964; Silver 1978).

Deposition of the

Pinal Schist, the first event in the known geologic record
of southern Arizona, is thought to have occurred approxi
mately 1.7 b.y. ago in a deep marine basin, prior to the
development of continental crust in this region (Silver
1978) .

The deposition of the Apache Group sediments on

continental basement in late Precambrian time reflects a
vastly different geologic environment, perhaps one of
cratonic fragmentation (Sears and Price 1978).
The Pinal Schist is typically a strongly foliated
quartz-muscovite or quartz-muscovite-chlorite schist with
subordinate quartzite and mafic metavolcanic rock. In most
areas, it is distinguished with ease from the clastic for
mations of the Apache Group, namely the Pioneer Shale and
the Dripping Spring Quartzite, which are normally unmetamor
phosed and unfoliated.

The Pioneer formation is composed

of maroon mudstones and siltstones, with scarce arkosic
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interbeds.

The lower portion of the Dripping Spring

formation is a massive, flesh-colored quartzite; the upper
portion consists of thinly interbedded siltstone and
feldspathic quartzite.

Thin basal conglomerate members

are associated with both the Pioneer Shale and the Dripping
Spring Quartzite.
In areas of Phanerozoic metamorphism, differen
tiation between the Pinal Schist and the lower formations
of the Apache Group may become difficult.

At Johnson

Camp, within the metamorphic aureole of a Laramide pluton,
the Pioneer Shale is represented by a gray mica schist
which in isolated occurrences is indistinguishable from the
Pinal Schist; the Dripping Spring Quartzite at Johnson
Camp lacks its characteristic pink color (Cooper and
Silver 1964, p. 38, 40).

In the vicinity of the Santa

Catalina and Rincon ranges, recognition of the Precambrian
formations is complicated not only by metamorphism, but
also by a structural event that involved transposition and
the acquisition of a gently dipping foliation.

Workers

from the University of Arizona have generally regarded
deformed pebble conglomerate, correlated by them with the
Barnes Conglomerate member of the Dripping Spring Quart
zite, to be diagnostic of the presence of the Apache Group
within the tectonite assemblage.

However, Drewes (1974)

has mapped meta-conglomerate horizons within the Pinal
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Schist in the Happy Valley Quadrangle.

In the Korn Kob

mine area north of Redington Pass, Wilson (1977) has
assigned a metamorphosed quartz pebble conglomerate, up
to 50 m thick, to the Cambrian Abrigo Formation.
In this study, it is assumed that the tightly
packed quartzite pebble conglomerate found sporadically
throughout the Happy Valley Quadrangle and in one location
in the Gardner Mountain map area is indeed the Barnes Con
glomerate, and that some fraction of the area's schist and
phyllitic quartzite is derived from sediments of the Apache
Group. However, an accurate reconstruction of the PinalApache contact is not considered possible.

The irregular

ity of the meta-conglomerate unit itself, repeated by
folding in some places and missing over large areas, is
an indication of the structural complexity of the Precambrian metasedimentary rocks.

On the accompanying geo

logic map (Plate I), rocks derived from the Pinal Schist
and those derived from the Apache Group are not divided.
Within the map area, undivided schist, phyllite,
and quartzite of probable Precambrian age are exposed on
Driscoll Mountain and in the northwestern c o m e r of the
area.

On the eastern side of Driscoll Mountain, these

rocks occur in discontinuous lenses surrounded by metadia
base.
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Schist is the most widespread lithology within the
area of PreCambrian metasediments; the most common variety
is a light gray rock which weathers to a reddish brown color
and consists of approximately two thirds quartz, up to one
third muscovite (phengite), and minor amounts of biotite,
chlorite, feldspar, and oxide minerals. Phyllite and mica
ceous quartzite are less widespread than schist in the map .
area, but are the common rock types where metasediments
are preserved in fold structures in the metadiabase.

Rela

tively pure quartzite is best represented on Hill 4576,
where it is a white rock with dark gray color banding.
In the Santa Catalina range, Waag (1968) described
a unit of marbleized impure limestone and calcareous meta
quartzite which he correlated with the Mescal Limestone,
the upper formation of the Apache Group. No probably cor
relative of the Mescal Limestone has been recognized in
the Happy Valley Quadrangle, and the formation was prob
ably removed by erosion before the deposition of the
Paleozoic sedimentary sequence.
Cataclastically deformed grantic
rock, possibly derived from
Johnny Lyon Granodiorite
Two episodes of calc-alkalic plutonism contributed
to the development of the granitic basement of southeastern
Arizona.

Typical of the older of the two granitic

23
l

generations is the Johnny Lyon Granodiorite (Silver 1955;
Cooper and Silver 1964), a medium- to coarse-grained,
somewhat porphyritic, hornblende-biotite granodiorite.

The

Johnny Lyon Granodiorite has been dated by U-Pb methods as
1625 m.y. old (Silver and Deutsch 1963).

A younger gener

ation of intrusions is represented by coarsely porphyritic
granites for which radiometric data suggest an age range
of 1.4-1.45 b.y. (Damon and Giletti 1961; Livingston and
Damon 1968; Silver 1968, 1978).

The latter granitic

type has been extensively involved in the mylonitic de
formation of the Santa Catalina-Rincon-Tortolita metamorphic core complex and is believed to be the protolith
of a majority of the biotitic augen gneisses in the area
(Creasey, et al. 1977; Shakel, Silver and Damon 1977;
Keith

et al. 1980).

As yet, no radiometric data have

documented the presence of an older, Johnny Lyon-type
granite within the zone of mylonitic deformation.

How

ever, Drewes has mapped a fine- to medium-grained,
foliated and often chloritic rock in the Happy Valley
area as Johnny Lyon Granodiorite(?).

A Tertiary age for

at least some of this rock, preferred by Plut (1968),
cannot be discounted at this time.

The granitic unit in

question does not cross-cut the late Precambrian and
Paleozoic metasedimentary rocks above it, nor can an
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unconformable relationship be demonstrated.

Yet the

overall aspect of the contact is that of a strongly modi
fied basement-cover unconformity, below which the grani
tic rocks were relatively rigid at the time of deformation.
Probable granitic basement is represented only in
the southeastern corner of the Gardner Mountain map area,
where it crops out in the floor of Gardner Canyon.

It is a

green quartzofeldspathic cataclastic rock which resembles
the unit mapped near Eagle Peak by Drewes as Johnny Lyon
Grandiorite (?).

In Gardner Canyon, the granitic rock is

overlain along an undulose contact by sheared quartzite
inferred to have been derived from the Cambrian Bolsa For
mation (Figure 4).
In hand specimen, the rock appears to be composed
of angular porphyroclasts of pink feldspar in a very fine
grained gray-green matrix.

Although the unit is locally

foliated and folded on the scale of the outcrop, a speci
men taken from a meter below the contact with the quart
zite failed to show microscopic fluxion structure (as
defined by Higgins 1971).

The microscopic appearance of

the specimen is best described as that of a granitic micro
breccia, consisting of porphyroclasts of feldspar and
quartz in a chloritic matrix.

Feldspar porphyroclasts range

from 25 pm to several mm in diameter.

Porphyroclasts of

quartz are less common and are an order of magnitude
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Figure 4.

Contact between metamorphosed Cambrian quartzite
(pink) and cataclastically deformed granitic
rock (gray-green) in Gardner Canyon. -- The con
tact is formed by a ductile fault which has cut
out younger Precambrian u n i t s . Note the appar
ent truncation of foliation in the metaquartzite
by the fault.
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smaller than the largest feldspar porphyroclasts; the
largest quartz porphyroclast observed was 0.5 pm in diameter.
Under plane-polarized light, the larger feldspar
porphyroclasts are seen to consist of a mosaic of sub
grains, 50-200 pm in diameter, which lack twinning and
exhibit undulatory extinction.
clasts are pervaded by

The feldspar porphyro

microcracks, and are seen in all

stages of disaggregation.

Most are extensively altered,

with chlorite and sericite occurring in microcracks and
along the subgrain boundaries.

The quartz porphyro

clasts are also segmented into subgrains, with incipient
recrystallization evident along the subgrain boundaries.
The matrix of the microbreccia is very fine
grained, including materials .001 mm in diameter, and is
apparently composed of chlorite, sericite, and calcite.
Narrow calcite veins cross-cut the rock.
Metadiabase
The association of diabase with younger Precambrian
units in southern Arizona is ubiquitous (Shride 1967).

In

the Happy Valley area, large outcrops of tectonitic amphi
bolite have been interpreted by both Plut and Drewes as
metamorphosed Precambrian diabase.
A large mass of amphibolite is exposed in the
southwestern corner of the Gardner Mountain map area.
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along Bear Canyon and Paige Creek south of Bear Canyon, and
on Driscoll Mountain.

The amphibolite is fine- to medium

grained and is greenish black in color, both on fresh and
weathered surfaces.

Its texture ranges from weakly foli

ated to schistose to gneissic.

Faint augen textures may

develop around clusters of hornblende or feldspar grains.
The typical mineralogy of the amphibolite consists
of hornblende, 35-60%, plagioclase 35-55%, and oxides, 510%.

Hornblende is a pleochroic green variety.

The

plagioclase is generally andesine, with a compositional
range of ^ 35 -5 0 «

Sodic plagioclase was observed in a

specimen from south of the map area.

Biotite is locally

an important constituent of the metadiabase, especially in
zones of shearing and folding; in such zones, amphibolite
may grade into biotite schist.

Minute grains of idocrase

(?)» 10-125 pm in diameter, occur as an accessory in all
specimens of the amphibolite which were examined micro
scopically.
Interleaved with quartz-muscovite schist in the
northwest corner of the map area are thin lenses of bio
tite schist.

These mafic rocks are also regarded as

metamorphosed Precambrian diabase.
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Metamorphosed Bolsa Quartzite
The Bolsa Quartzite, named by Ransome (1904) for
exposures near Bisbee, Arizona, is the basal unit of the
Paleozoic sequence in southeastern Arizona; it is regarded
as Middle Cambrian in age (Hayes and Cone 1975).

The Bolsa

Quartzite consists almost entirely of silica-cemented
orthoquartzite, with conglomerate common near its base.
Feldspar occurs in minor amounts in the lower portions of
the formation, but it is generally absent in the upper
portions.
Metamorphosed Bolsa Quartzite is distinguished on
the accompanying map (Plate I) only where its presence is
suggested by spatial association with units clearly de
rived from the Paleozoic section.

Metamorphosed quart

zites elsewhere in the map area occur within terranes
dominated by schistose rocks, and these are included with
Precambrian metasediments.

The unit mapped as metamor

phosed Bolsa Quartzite in the Gardner Mountain area is for
the most part a light gray, relatively pure, recrystal
lized quartzite, which weathers to a rusty orange color.
Color banding, which characterizes the Bolsa Quartzite in
the unmetamorphosed state (Cooper and Silver 1964, p. 45)
is absent in the metamorphosed quartzite.
Quartz constitutes 90% of a metamorphosed quart
zite from the Gardner Canyon area; the remainder of the
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rock consists of biotite and chlorite, 5%, opaque minerals,
3%, sphene(?), 1%, and minor amounts of sericite and epidote.

The quartz grains are elongate (0.4-1.4 mm in length)

and are segmented into ribbon-shaped subgrains; many grains
exhibit biaxial optics.

Incipient recrystallization is

evident along the subgrain boundaries.
Metamorphosed Abrigo Formation
The Abrigo Formation (Ransome 1904) of southeastern
Arizona comprises heterogeneous shallow marine and tidal
flat deposits, ranging in age from Middle to Late Cambrian
(Hayes and Cone 1975; McClure 1977).

The formation has

been divided into four members by Hayes and Cone (1975),
three of which are present in unmetamorphosed sections of
the formation

near the Rincon Mountains.

These include

a lower shaly member, a middle member of irregularly lami
nated limestone and siltstone, and an upper member of
sandy dolomite.
In the map area, a distinctive metamorphic unit
composed of laminated siliceous marble (Figure 5) is cor
related with the middle member of the Abrigo Formation.
The crinkled appearance of the metamorphic rock, due in
part to abundant small-scale folding, seems also be re
flect irregularities in the original texture. Like the
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Figure 5.

Contact between metamorphosed Abrigo Formation
and PreCambrian metadiabase on the east bank
of Paige Canyon. -- The contact is formed by a
ductile fault which has eliminated the metamorphic equivalents of the Bolsa Quartzite and
the lower, pelitic member of the Abrigo Forma
tion from this locality.
A short distance to
the south, upper Paleozoic marbles rest directly
on metadiabase along the same surface.
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middle member of the Abrigo Formation in the•
unmetamorphosed state, the siliceous marble is strongly
affected by differential weathering.

Its surface is typi

cally etched into a series of ridges, formed of yellowish
orange or tan siliceous material, which stand out from
olive gray carbonate-rich layers.

Within the map area,

this unit crops out in southern Paige Canyon and in Gardner
Canyon; in both places, it overlies presumably older units,
such as quartzite or amphibolite, without an intervening
politic unit which might represent the lower member of the
Abrigo Formation.

The identity of the upper member of

sandy dolomite, if it exists in the map area, is lost
within the carbonate pile (Pzm) which overlies the unmeta
morphosed Abrigo Formation.
A siliceous marble from Gardner Canyon, mapped as
metamorphosed Abrigo Formation, was found to consist
largely of calcite (60%) and quartz (30%), with only
minor amounts of calc-silicate minerals.

Chlorite com

posed 5% of the rock, talc, 3%, and opaque minerals, 2%.
The quartz was subrounded and fine-grained (35-200 pm),
with the majority of grains in the size range of silt
(<62 pm).

In

contrast to quartz grains in the metamor

phosed quartzites, quartz grains in the siliceous marble
showed little evidence of strain.

Adjacent calcite grains,

on the other hand, were pervaded by fine twinning.

Undifferentiated marble, siliceous
marble, and calc-silicate rock
The abundance of marbles, siliceous marbles, and
calc-silicate rocks in the metamorphic assemblage on the
eastern side of the Rincon Mountains is not surprising in
view of the predominance of carbonate units in the Pale
ozoic section of southeastern Arizona.

The metacarbonate

rocks are not uniformly distributed, however:

they are

quite thin over large areas, but locally form thick piles
which are not penetrated by the area's deep canyons.

In

such locations, marbles of various colors and textures
crop out in an array of structures over the entire height
of the canyon walls, which in some cases exceeds 150 m.
Portions of Paige, Bear, Deer, and Redrock Canyons all
provide dramatic exposures of the tectonite marble.
The areas of major marble outcrops are readily
distinguished on aerial photographs.

Pure marbles have a

photographic expression as bright white bands, while car
bonate units rich in clastic material appear as darker
bands.

In the Gardner Mountain map area, metamorphosed

carbonates crop out over a large area north of Bear
Creek; on aerial photographs, units in this region dis
play an irregular, often convolute, pattern which re
flects the interference of topography with a gently
warped low-dipping foliation.

Marbles east of McCormick
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Canyon, as well as marbles north and east of the map area,
display a linear photographic pattern which results from a
more steeply dipping

foliation with a constant north

easterly strike.
Pint recognized three main lithologic types in the
metamorphosed carbonate assemblage north of Bear Creek:
1) pure marbles, 2) siliceous marbles, and 3) calc-silicate
rocks.

These categories are useful to describe the meta

morphosed carbonate rocks observed in the course of this
study as well, but an attempt to use them as map units
was unsuccessful.
The pure marbles in the map area are generally
white or gray, weathering light gray to grayish pink, but
they are streaked with a variety of other colors.

Some of

these rocks are composed of more than 99% calcite.

Minor

amounts of pure dolomitic marble have been noted north
east of the map area by Lingrey.

Most of the marbles con

tain small amounts of quartz, in the size range of silt
and fine sand, and talc, neither of which is conspicuous
in hand specimen.

Some massive white marbles contain

blades or needles of tremolite; tremolite needles up to
6 cm long were observed in marble east of McCormick Canyon.
In one sample from east of McCormick Canyon, talc was ob
served in elongate prisms up to 1 cm long, apparently
replacing tremolite.
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The marbles often have a speckled appearance in
hand specimen, which is manifest on a microscopic scale as
a heterogranular texture of large (up to 5 mm in diameter)
anhedral grains of calcite surrounded and embayed by a
fine-grained, equigranular calcite mosaic.

Dense, complex

twinning affects the large calcite grains, while the
smaller grains lack twinning.
The category of siliceous marbles includes rocks
widely variable in appearance, but with a simple mineralogy
of calcite and quartz, with minor amounts of epidote.

The

quartz occurs in brown-weathering resistant bands ranging
in thickness from 1 mm to several cm.

The proportion of

siliceous and calcareous components is variable, resulting
in a range of lithologies, from rocks having a predomi
nantly siliceous framework with little visible calcite, to
those in which the siliceous bands are widely separated
by bands of pure marble.
Calc-silicate rocks in the map area, like the
siliceous marbles, typically have banded textures.

In

these rocks, calc-silicate minerals, including epidoteclinozoisite, tremolite-actinolite, and talc, are suf
ficiently abundant to be conspicuous constituents in hand
specimen.

Bands containing calc-silicate minerals are

generally greenish in color; they alternate with
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brown-weathering siliceous bands and also, in some
instances, with gray bands of calcite.
Although epidote-clinozoisite, tremolite-actinolite,
and talc are the principal calc-silicate minerals occur
ring within the map area, other calc-silicate minerals have
been reported by workers in adjacent areas.

Lingrey has

identified wollastonite in a calc-silicate marble from
north of the map area.

Garnet and diopside occur in

marbles in the lower portion of the metamorphosed carbonate
sequence in the Bear Creek domain of Frost (1977); ac
cording to Miles (1965, p. 30), diopside is also present
in metamorphosed calcareous siltstones near Lechuguilla
Peak.
Chemistries favorable to the formation of marbles,
siliceous marbles, and calc-silicate marbles are present
in each of a dozen Paleozoic formations which overlie the
Bolsa Quartzite in southeastern Arizona (Bryant 1968).
Some broad correlations can be inferred from the known
behavior of the Paleozoic formations in instances of con
tact metamorphism, as outlined, for instance, by Gilluly
(1956) and Cooper and Silver (1964).

The middle part of

the Paleozoic sequence, which gives rise to pure marbles,
is probably the best represented in the map area.

Out

crops on the east bank of McCormick Canyon are composed
almost entirely of pure marble and probably represent

either the Escabrosa or Black Prince formations,
Mississippian and Pennsylvanian in age respectively.

Pure

marbles also predominate in the large area of metacarbon
ate rocks north of Bear Creek, but they are accompanied
by marbles with abundant siliceous bands; in this region,
the Horquilla formation, of Pennsylvanian age, is likely
to be strongly represented.

Calc-silicate rocks and

highly siliceous marbles crop out in abundance along
northern Paige Canyon, downstream from the stone dam;
these rocks are probably derived from the lower Paleozoic
Abrigo-Martin formations or from the Earp Formation,
Pennsylvanian-Permian in age.

The rocks along northern

Paige Canyon contain abundant limonite pseudomorphs after
pyrite, a characteristic of the Earp Formation in the un
metamorphosed state (Rea 1967, p . 50).
Calcareous cataclastic rocks
Where the basal low-angle fault surface is devel
oped on metacarbonate units, it is underlain by an ir
regular zone of calcareous cataclastic rocks.

In some

places, this zone attains a sufficient thickness to per
mit its depiction as a map unit.

The cataclastic zone,

which is up to 20 m (65 ft) thick, encompasses a range
of textural varieties, from coarsely brecciated marble
to marble microbreccia to nearly aphanitic calcareous
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cataclasite.

The rocks exhibit a low-angle foliation,

along which anastomosing zones of punky white gouge may be
developed.

In some localities, the cataclastic zone con

tains a gray-green foliated rock, composed largely of feld
spar, chlorite, calcite and mica, which weathers to form a
clayey material; such rock may represent mafic dike material
modified within the cataclastic zone.

At or near the top of

the cataclastic zone, there is commonly a ledge, up to 1 m
thick, of microscopically structureless cataclasite.

In

northern Paige Canyon, a ledge of snowy white calcareous
cataclasite extends out from beneath the rubble of upper
plate limestone.

A visible microbreccia texture is locally

evident on the upper surface of the ledge, and is high
lighted by hematite staining in a few places.

The surface

is commonly streaked by parallel veins, composed of calcite
and, to a lesser extent, hematite (Figures 6a, 6b).

The

microstructure of the calcareous cataclastic rocks is dis
cussed in a subsequent chapter.
Granodiorite of Happy Valley
Granitic rock cropping out in the small stock
near Barney Ranch was mapped by Miles (1965) as Happy
Valley Quartz Monzonite.

However, Miles did not dis

tinguish between intrusive granitic rock and the alloch
thonous granodiorite of Happy Valley, and it is not clear

Figure 6.

Marble cataclasite ledge beneath the major
low-angle fault of the map area, east bank
of Paige Canyon.— a. Oblique view of the
cataclasite ledge. b . Parallel veins of
hematite and calcite, striking N 05 W, cut
the brecciated surface of the cataclasite.
Pen in same position as in (a).
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that any of the 8 specimens analyzed by Miles for modal
mineralogy (p. 91) were actually collected from the stock
at Barney Ranch.

In fact, it is possible that some of the

specimens of Miles, collected from "along the road north
of Mescal" (p. 35) were taken from the muscovite granite
later mapped by Drewes as Wrong Mountain Quartz Monzonite.
Drewes (1974) mapped the rocks of the Barney Ranch
stock and those of a larger stock in the Little Rincon
Mountains as the Granodiorite of Happy Valley.

Granodior-

ite from the Barney Ranch stock has yielded a K-Ar age on
biotite of 28 m.y. (Marvin, et al. 1973; Marvin and Cole
1978).

Muscovite from a pegmatite within the same stock

was also dated by K-Ar methods, with a result of 38 m.y.
Keith

et al. (1980) provisionally assigned both stocks

to the late Oligocene Catalina suite of granites, the
youngest plutonic association in the Santa Catalina-RinconTortolita metamorphic core complex.
The Barney Ranch stock extends into the northwest
corner of the Gardner Mountain map area.

The main phase

of the stock is, as it has been described by Drewes (1974),
a massive, medium- to coarse-grained, light-colored bio
tite granodiorite which does not contain muscovite.

Abun

dant pegmatites proximal to the stock do, by contrast,
contain muscovite and frequently garnet.

One specimen of

the granodiorite, taken from the floor of Deer Creek, was

found to consist of plagioclase (A^g) , 62%, orthoclase,
10%, quartz, 25%, biotite, 3%, and opaque minerals, 1%.
The granodiorite of the Barney Ranch stock intrudes
the tectonitic rocks of the autochthon, but is itself nonfoliated.

Nearby pegmatites also lack foliation, but are

sometimes affected by folding and boudinage.

Frost (1977)

has noted that both massive and foliated pegmatites are
present on the eastern side of the Rincon Mountains.
Neither the granodiorite nor any of the pegmatites has been
observed to intrude the rocks of the allochthon.

On the

contrary, pegmatitic rock appears to be truncated by a
low-angle fault, overlain by unmetamorphosed Cretaceous
strata, in a mine shaft on the western edge of the map
area.
Porphyritic andesite
Several dikes of porphyritic andesite(?) intrude
Paleozoic metasedimentary rocks in the northern part of
the map area, along Paige Canyon.

These are characterized

by randomly oriented light-colored laths of plagioclase,
0.5-10 mm in length, in a light brownish gray aphanitic
groundmass.

The dikes approach the fault surface at the

top of the metasedimentary rocks and are absent in the al
lochthon, but are not clearly cross-cut by the surface.
Porphyritic andesite from Iron Flat, 1.5 km north
of the Gardner Mountain map area, was examined by MieIke

(1965) during a survey of the "Turkey Track" porphyry.
"Turkey Track" porphyry is an informal designation, at
tributed to E . D. Wilson, for igneous rocks in Arizona
which share the distinctive "turkey track" texture, formed
by large randomly oriented phenocrysts of tabular plagioclase.

The major element chemistry of the porphyry, where

examined by Cooper (1961), is that of a trachyandesite or
doreite; the trace element composition of these rocks,
while similar from place to place, is not particularly dis
tinctive (Cooper 1961; MieIke 1965).

Plagioclase from a

Turkey Track porphyry at Mineta Ridge has been dated by
K-Ar methods at 27 m.y. (Shafiqullah, et al. 1978).
Microdiorite porphyry
A number of mafic dikes intrude the metasedimentary
rocks of the autochthon.

Rock collected from a dike near

BM 3899 in Section 19 was examined microscopically, and is
here termed a microdiorite porphyry.

The dike, one of

several which intrude the marbles along Bear Canyon, is
truncated by a splay of a major north-trending high-angle
fault.

A similar mafic dike in Paige Canyon appears to be

truncated by the major low-angle fault surface of the map
area.
The dike rock near BM 3899 is undeformed and has
a speckled "salt-and-pepper" appearance; it is composed of

phenocrysts of plagioclase, 3-5 mm long, and brown
hornblende, averaging 2.5 mm in length, in a holocrystalline groundmass.

Plagioclase phenocrysts are strongly

zoned, but have an average composition of An^Q.

The miner

alogy of the groundmass is similar to that represented by
the phenocrysts. In the groundmass, plagioclase is up to 1
mm long, while hornblende averages 0.4-0.5 mm in length.
Opaque minerals constitute 5-7% of the rock.

Zircon is

present as an accessory.
Mafic intrusions are not unique to the autochthon.
Drewes (1974) mapped several diorite dikes within unmeta
morphosed strata of the Earp Formation (Sec. 33, T. 14 S .,
R. 19 E.) and Plut (1968) noted three lamprophyre sills in
an allochthonous section of the Abrigo Formation.

A sill

like intrusion of lamprophyre, too small to be mapped, was
also observed in the unmetamorphosed Horquilla Limestone
of Gardner Mountain.

Dikes and sills of "dioritic" lam

prophyre are also present in the Johnny Lyon Hills, where
they are cross-cut by northeast-trending rhyolite dykes
of Tertiary age (Cooper and Silver 1964).
Units of the Allochthon
Both Plut (1968) and Drewes (1974) were able to
depict the geology of the Happy Valley allochthon in terms
of the local stratigraphic framework of southeastern Ari
zona.

A similar scheme has been adopted here.
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Johnny Lyon Granodiorite
The basal unit of the allochthon is a highly
fractured and jointed granodiorite which appears red from a
distance and typically forms a low, grus-covered landscape.
Plut noted the resemblance of this rock to two Precambrian
units, the Rincon Valley Granodiorite (Moore et al. 1949)
and the Johnny Lyon Granodiorite (Silver 1955), but he
gave the unit a local name, the Happy Valley Quartz Monzonite.
This name, however, has since been applied by Drewes to a
Tertiary unit.

Drewes (1974) designated the allochthonous

granitic rock as Rincon Valley Grandiorite, which. in its
type locality on the western side of the Rincon Mountains,
is also shattered and rootless.

To date, no evidence has

come forth to invalidate that correlation.

In 1978, however,

Silver endorsed an alternative correlation of the alloch
thonous granodiorite of Happy Valley with the Johnny Lyon
Granodiorite, arguing that, in terms of petrographic
characteristics and age, the two units were indistinguish
able.

The correlation with the Johnny Lyon Granodiorite

has the advantage of linking the allochthon of Happy Val
ley to an area in which original stratigraphic relation
ships are preserved;^ it thus takes precedence over a
1. In stating that original stratigraphic rela
tionships are preserved in the Johnny Lyon Hills, it is
not presumed that the rocks of that area are autochthon
ous. See p. 117.

correlation with the Rincon Valley Granodiorite, which is
allochthonous and disjunct from overlying rocks in its
type locality.
The rock mapped as Johnny Lyon Granodiorite in the
Gardner Mountain map area is medium- to coarse-grained,
with a hypidiomorphic-granular texture.

A modal anlaysis

of the allochthonous granodiorite, on a sample taken east
of the map area in Redrock Canyon, is given in Table 1;
modal analyses of the Johnny Lyon Granodiorite and Rincon
Valley Granodiorite are presented for comparison.

The

mineralogy of the sample from Redrock Canyon is similar
to that reported for the Johnny Lyon Granodiorite in its
type locality, but several differences are apparent.

The

granodiorite from Redrock Canyon is richer in quartz

and

contains less biotite; its dominant potassium feldspar is
orthoclase rather than microcline.

The Redrock Canyon

specimen is, from a mineralogical standpoint, more like
the allochthonous granodiorite of Rincon Valley.
The Johnny Lyon Granodiorite, as mapped within
the Happy Valley allochthon, is usually light gray to pink,
but zones of hematitic alteration, in which the rock dis
plays a deep red color, are common.

In a sample taken

from an altered zone in Gardner Canyon, hornblende and
biotite have been completely replaced by chlorite and oxide

Table 1.

Modal analyses of the allochthonous granodiorite of the map area, the
Johnny Lyon Granodiorite, and the Rincon Valley Granodiorite. Mineral
composition by volume percent.

G r a n o d io r ite o f
Redrock Canyon
( p r e s e n t s tu d y 3 )

Johnny Lyon
G r a n o d io r ite
(C ooper and S i l v e r
1 9 6 4 °)

R incon V a lle y
G r a n o d io r ite
(A rn old 1971c )
(D rew es 1 9 7 7 °)

ran ge

average

ra n g e

average

Q uartz

33

2 1 .3 - 3 0 .3

2 4 .9

1 9 .7 - 2 9 .1

2 4 .3

28

P la g io c la s e

53

4 2 .4 - 5 5 .0

4 8 .4

3 0 .7 - 5 7 .2

4 4 .5

47

(An27)
M yrmekite

(* * 11 - 33 )
0 . 7 - 2 .0

1 .3

7 . 1 - 1 4 .5

1 0 .6

M ic r o c lin e

<1

O r th o c la se

9

B io tite

2

6 .4 - 1 2 .9

H ornblende

3

0

C h lo r it e

—

— —

- 5 .6
■■ -

—

—

-1 3 . 5 - 3 0 . 7

—
—

1 .1 5 .3

( o r t h o c l a s e predom i
n a n t)

1 0 .0
2 .6

( * * 2 7 .6 )

—

—

—
12

---- .

9

——

2

5 .2 - 2 1 . 8
( r e p l a c in g b i o t i t e
and h o r n b le n d e )

mmmm

Table 1.--Continued

G r a n o d io r ite o f
Redrock Canyon
(p r e s e n t s tu d y 3)

Johnny Lyon
G r a n o d io r ite
(C ooper and. S i l v e r
1964b)

R incon V a lle y
G r a n o d io r ite
a
(D rew es 1977 )
(A rn old 1 9 7 1 c )

ran ge

average

ran ge

average

Opaques

tr

1. 2 - 1 .7

1 .4

0 - 1 .2

0 .4

tr

A p a t it e

—

1 .4 - t r

0.2

0 - tr

tr

tr

Z ir c o n

tr

0 - 0 .3

0.1

0 - tr

tr

tr

C a lc it e

tr

—

0 - 4 .5

0 .9

—

—

O ther

up t o 1 0 ,0
(m o s tly a l 
te r a tio n
p r o d u c ts )

■

T o ta l

ido

t r = tra ce
a S in g le p o in t - c o u n t d e te r m in a tio n ,
b Seven p o in t - c o u n t d e t e r m in a tio n s ,
c E ig h t p o in t - c o u n t d e t e r m in a tio n s ,
d U n s p e c if ie d d e te r m in a tio n .

100.0

3.3

100
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minerals; inclusions of coarse sericite are abundant in the
plagioclase.

Microfractures in the altered granodiorite

are filled with hematite.
Apache Group
Although small occurrences of Dripping Spring
Quartzite in an upper-plate position are depicted on the
Happy Valley quadrangle map of Drewes (1974), no Apache
Group rocks were identified within the allochthon during
the present study.
Bolsa Quartzite
The Bolsa Quartzite of the allochthon is typical of
the formation as it has been described elsewhere in south
eastern Arizona (Tyrrell
D. L. Bryant
1978).

1957; Cooper and Silver

1968; Hayes and Cone

1964;

1975; J . W. Bryant

The formation lacks diagnostic fossils, but has

been assigned to the Middle Cambrian on the basis of con
formable relations with the overlying Abrigo Formation, the
lower part of which is known to be of late Middle Cambrian
age (Hayes and Cone

1975; Hayes

1978).

Allochthonous

Bolsa Quartzite in the map area is a resistant silicacemented orthoquartzite, ranging in color from dark brown
to red to tan.

The darker colors predominate in the lower

part of the section, and are commonly expressed in a

48
pattern of color banding.

Also characteristic of the lower

portions of the Bolsa Quartzite are numerous lenses of
granule conglomerate.
The orthoquartzites of the Bolsa Formation are
composed almost entirely of well-rounded but poorly sorted
quartz grains cemented by secondary overgrowths of silica;
hand specimens lack visible feldspar.

Hematite and magne

tite are the only accessories of note.
Substantial variations in the thickness of the
Bolsa Quartzite occur in the Gardner Mountain map area,
but can be attributed to faulting.

As in Plut's map area

to the south, the lower contact of the Bolsa throughout
the Gardner Mountain map area is formed by a fault.

The

upper contact of the Bolsa is also controlled by faulting
in some places, but in many localities a conformable con
tact with the overlying Abrigo Formation is preserved.
The maximum thickness of the Bolsa Quartzite in the Eagle
Peak area was estimated by Plut (1968) at 120 m (400 ft).
Abrigo Formation
As stated previously, the Abrigo Formation is a
heterogeneous Middle to Late Cambrian unit.

The formation

exhibits strong regional variations in facies, and there
fore its character within the Happy Valley allochthon is
potentially significant with regard to the source area of

49
the allochthem.

The three members which are generally

present within unmetamorphosed Abrigo sections in neighbor
ing ranges can also be recognized in the Happy Valley
allochthon.

These three are:

1) a lower shaly member,

2) a middle member of thin-bedded limestone with irregular
partings of sand and siltstone, and 3) an upper member of
sandy dolomite.

The Abrigo Formation of the Gardner Moun

tain map area contains in addition to these units a promi
nent ledge-forming, cross-bedded orthoquartzite in the
middle of the Abrigo section.

Below the orthoquartzite

ledge, carbonates are subordinate to terrigeneous elastics.
Above the orthoquartzite ledge, carbonate units constitute
the bulk of the section.

Within a conventional three-fold

division of the Abrigo Formation, the orthoquartzite of
the Gardner Mountain area may thus be placed near the
boundary between the lower and middle members of the Abrigo.
The orthoquartzite forms a conspicuous marker bed which is
evident on aerial photographs, and is valuable in delin
eating small faults in the allochthon.
In the Gardner Mountain map area, the portion of
the Abrigo Formation beneath the orthoquartzite is repre
sented by brownish sandstones and siltstones and olive
shales, with subordinate interbeds of gray limestone.
Where the lower contact of the formation is not disturbed
by faulting, thin beds of reddish brown quartzite are
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present in the basal part of the formation and form a
transitional sequence with the underlying Bolsa Quartzite.
The thickness of the lower portion of the Abrigo Formation
approaches 60 m (200 ft) in the Gardner Mountain map area.
The orthoquartzite marker bed consists of approxi
mately 8 m (26 ft) of grayish red siliceous quartzarenite,
which has a reddish brown color and a pitted texture on
weathered surfaces.

The unit consists of subangular

quartz, with minor amounts of hematite and glauconite,
cemented by silica overgrowths; it displays wedge- and
trough-style crossbedding.
The presence of a ledge-forming quartzite in the
middle o'f the Abrigo Formation was not noted by Plut,
although an equivalent unit has been observed in his area
by the author.

Instead, Plut's measured section of the

Abrigo Formation includes two ledge-forming crossbedded
sandy dolomites in the upper member of the Abrigo.

Through

out the Gardner Mountain area only one prominent ledge
forming sandy unit occurs within the Abrigo Formation.
The Abrigo section measured by Plut may therefore contain
fault repetitions which render it atypical.
Above the orthoquartzite marker bed, fossiliferous
micritic limestone and sparry dolomite are the most abun
dant constituents of the Abrigo Formation.

Interbedded

shales are olive gray in color; the proportion of shaly
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beds decreases up-section.

The upper third of the Abrigo

Formation is dominated by yellowish-brown weathering sandy
dolomite.

However, the uppermost unit of the Abrigo in

the map area is a coarsely crystalline grayish pink lime
stone which contains coarse green flakes of glauconite.
The portion of the Abrigo Formation above the orthoquart
zite marker bed may attain a thickness of 90 m (300 ft)
in the Gardner Mountain map area.
In summary, the allochthonous section of the Abrigo
Formation at Gardner Mountain has several distinctive fea
tures, which include:

1) the presence of an isolated

quartzite unit in its middle portion, 2) the absence of a
"parting quartzite" at the top of the Abrigo section as
seen at Johnson Camp and other locations to the southeast
(Cooper and Silver 1964; Hayes and Cones 1975), and 3) the
presence of a glauconitic, coarse-grained limestone at the
top of the section.
Orthoquartzite in the middle portion of the Abrigo
Formation is apparently uncommon; it has been reported in
the allochthonous section at Colossal Cave on the western
side of the Rincon Mountains (Me Clure 1977, p. 64), and
in the northwestern corner of the Dragoon Quadrangle
(Silver 1955, p. 220; Cooper and Silver 1964, p. 48).
Southward thinning is evident in the quartzite unit of the
northwestern Dragoon Quadrangle.

The unit consists of
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15 m (50 ft) of crossbedded resistant quartzite in the
Kelsey Canyon area and diminishes to less than 1 m (2 ft)
of flaggy quartzite and calcareous sandstone in the Johnny
Lyon Hills.

A minor occurrence of quartzite, less than 1 m

thick, has also been described by McClure in the Abrigo
section at Dry Canyon in the Whetstone Mountains. McClure
suggested (p. 66) that the quartzite occurrences in the
Abrigo Formation may reflect a sandy shoal of limited
extent.
According to Cooper and Silver, the quartzite cap
ping the Abrigo Formation at Johnson Camp is not observed
in the Dragoon quadrangle north of the Willcox-Cascabel
road.

In this area, about 15 m (50 ft) of pinkish gray to

pink, coarsely crystalline, glauconitic limestone overlie
the sandy dolomite and constitute the uppermost unit of
the formation.

Cooper and Silver state (p. 48):

"Nowhere

in . . . other parts of the Dragoon quadrangle has any
limestone been observed in the upper member."

On the other

hand, a similar limestone unit does exist at Colossal Cave,
where it was given a formational status by Stoyanow (1936,
p. 474).

Stoyanow described the Rincon Limestone, 13 m

(42 ft) thick at its type locality, as a "pink, mostly
crystalline limestone that is in places oolitic and often
contains accumulations of green matter, glauconite or
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epidote."

A unit equivalent to the Rincon Limestone has

also been recognized in the Whetstone Mountains (Tyrrell
1957), but there it is thicker (24-34 m thick) than at
Colossal Cave and is overlain by a "parting quartzite."
Stratigraphic variations in the Abrigo Formation in
the vicinity of Gardner Mountain are summarized in Table 2
and an accompanying location map (Figure 7).

The alloch

thonous Abrigo section of Gardner Mountain bears a marked
affinity to se ctions of the formation in the northwestern
corner of the Dragoon Quadrangle, but is similar as well to
the allochthonous section at Colossal Cave.
Martin Formation
The Late Devonian Martin Formation was named and
described by Ransome (1904) at Mount Martin near Bisbee,
where it is dominantly limestone.

To the north and west

it comprises an interbedded sequence of dolomite and
terrigenous elastics.

In the Dragoon Quadrangle, Cooper

and Silver (1964) have described a sequence of four dis
tinctive units.

The first and third of these units consist

of fine- to medium-grained dolomite which weathers medium
gray to yellowish brown.

The second and fourth units are

composed of fine elastics.
An identical sequence of four units, characterized
by a step-like topographic expression, was described by
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Table 2.

Thickness (in meters) of various units of the
Abrigo Formation at Gardner Mountain and
neighboring localities. — Location map given
in Figure 7.

Lover member,
excluding
quartzite

Gardner Mountain
(this study)
Rattlesnake Ridge,
NW Dragoon quad.
(Silver 1955)
Lechuguilla Hill,
NW Dragoon quad.
(Silver 1955)
Keith Peak, Johnny
Lyon Hills
(Silver 1955)
Seven Dash Ranch,
Little Dragoon
Mts.
(Cilluly 1956)
Johnson Camp, Lit
tle Dragoon Mts.
(Cooper 1957)
Northern Whetstone
Mts. (Tyrrell
1957)
Central Whetstone
Mts. (Tyrrell
1957)
Middle Canyon,
Whetstone Mts.
(Cilluly 1956)
Colossal Cave
(Acker 1958;
McClure 1976)c
Waterman Mts.
(McClymonds
1957)
Peppersauce Canyon,
N. Catalina Mts.
(Stoyanow 1936)e

Middle
quartzite

Middle member
+ upper member
excluding
upper
limestone
and upper
quartzite

Upper glau
conitic pink
limestone
(■ Rincon
Limestone)

Upper
quartzite
("parting
quartzite")

Total
Abrigo FM

158

60

8

80

146

14

74

52

3

123

118

2

106

112

<1

129

4

245

91

<1

113

6

210

-10®

248

14

178

227

-1

111

65

24

1

209b

127

60

28

3

22 6b

122

98

8

209

47

12

84

127

97

16d

116

8

88c

163

12

6e

216

229

*The thickness of the upper glauconitic limestone in the Gardner Mountain area is estimated from the measured
.section of Plut (1968).
°The northern and central Whetstone Mountains sections of the Abrigo Fa contain 'vBo of limestone conglomerate and
sandy limestone, above the Rincon limestone member and below the "parting quartzite."
cThe thicknesses listed for units at Colossal Cave, except for the Rincon Limestone member, are those measured by
.McClure (1976). The Rincon Limestone member was not present in McClure's section.

^Silty marl.
The Peppersauce Canyon section of the Abrigo Formation belongs to the northern facies of the formation; sand
stones rather than carbonate units predominate in the upper half of the formation. The Peppersauce Canyon
Sandstone, which caps the formation at this location, is time equivalent to the Rincon Limestone member at
Colossal Cave.
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•WM

D etach m en t fault, d a re s on
u p p e r p la te

^

Norm a! fault, b a rb on down thrown
block

GM = Gardner Mountain
EP = Eagle Peak
RR = Rattlesnake Ridge,
NW comer. Dragoon
quadrangle
LH = Lechuguilla Hill,
NW corner, Dragoon
quadrangle
KP = Keith Peak, Johnny
Lyon Hills
SD = Seven Dash Ranch,
Little Dragoon Mts.

Figure 7.

JC = Johnson Camp, Little
Dragoon Mts.
NW = Northern Whetstone Mts.
CW = Central Whetstone Mts.
SW = Southern Whetstone Mts.
MC = Middle Canyon, Whet
stone Mts.
CC = Colossal Cave
WM = Waterman Mts .
NC = Nugget Canyon
PC = Peppersauce Canyon

Location map for stratigraphic comparisons in
the region surrounding Gardner Mountain (Tables
II. and III). — Question marks denote uncertain
ty as to whether detachment faults "root out" or
continue beneath neighboring ranges of the Rin
con Mountains.
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Pint for the Martin Formation in the Eagle Park area.

In

the Gardner Mountain area, however, the Martin Formation
has a very restricted occurrence.

It is represented by a

few discontinuous beds of yellowish-brown weathering dolo
mite which are generally askew in orientation relative to
adjacent units.

Reddish brown siltstone crops out in sev

eral gullies which drain the talus slope beneath the cliffs
of Escabrosa Limestone on Gardner Mountain; otherwise, the
clastic members of the Martin Formation are not observed in
the map area.
Escabrosa Limestone
The Escabrosa Limestone, of Mississippian age, is a
prominent cliff-former at its type locality along Escabrosa
Ridge near Bisbee, Arizona (Ransome 1904) and at many lo
calities in southeastern Arizona.

The highest points on

Eagle Peak, northern Gardner Mountain, and "Sister Ridge"
are all underlain by Escabrosa Limestone.

The Escabrosa at

its type locality is a light gray, coarsely crystalline,
thick-bedded limestone, but the formation contains consid
erable dolomite in many areas to the north (Gilluly, Cooper
and Williams 1954; Purves 1978).

In the Eagle Park area,

Plut measured a partial thickness of allochthonous
Escabrosa Limestone of 53 m (175 ft), of.which the lowest
46 m (150 ft) was dolomitic.

Of the many sections of

Escabrosa Limestone studied by Purves (1978), only that
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measured in the Johnny Lyon Hills contained a basal
dolomite sequence comparable in thickness to that reported
by Plut (Table 3).
In the Gardner Mountain area, as in the Eagle Peak
area, only partial thicknesses of Escabrosa Limestone are
present.

The formation is exposed along ridge crests in

discontinuous hogbacks which are discordantly overlain by
thinner-bedded upper Paleozoic formations.
Black Prince Limestone
Where the Black Prince Limestone occurs as a mappable unit, it is separated from the underlying Escabrosa
Formation by a unit of maroon shale.

It was given a

separate formational status by Cooper (1950, p. 32) because
it was recognized to contain a distinctly younger fauna
than that of the Escabrosa Limestone.

The age of the forma

tion was subsequently established on the basis of a micro
fossil collection to be Pennsylvanian (Nations 1961).
Although the Black Prince Limestone has been mapped only in
the ranges of the Dragoon Quadrangle and in the Whetstone
Mountains, Ross (1973) demonstrated that time-equivalent
strata exist elsewhere in southeastern Arizona, and have
been included with the Horquilla Limestone.
Plut did not map Black Prince Limestone in the
Eagle Peak area, but he noted the presence of a grayish
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Table

3.

Thickness (in meters) of the basal dolomitic
sequence of the Escabrosa Limestone at Eagle
Peak and neighboring localities. Total thick
ness of the Escabrosa Limestone also listed.
Location map given in Figure 7.

Basal
dolomitic
sequence
Eagle Peak
(Plut 1968)
Rattlesnake Ridge, NW comer,
Dragoon quad.
(Silver 1955)
Keith Peak, Johnny Lyon Hills
(Silver 1955)
Johnny Lyon Hills
(Purves 1978)
Northern Whetstone Mts.
(Tyrrell 1957)
Central Whetstone Mts.
(Tyrrell 1957)
Middle Canyon, Whetstone Mts.
(Purves 1978)
Southern Whetstone Mts.
(Tyrrell 1957)
Waterman Mts.
(Purves 1978)
Nugget Canyon, northern Catalina
Mts. (Purves 1978)
Peppersauce Canyon, northern
Catalina Mts. (Purves 1978)
Partial section.

46

Total,
Escabrosa
Limestone

53a

54

181

50

213

52

181

8

153

19

156

29

181

19

169

9

79

24
29a

106a
29a
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purple shale which he included as the base of the Horquilla
Formation.

Scattered outcrops of maroon shale also occur

along the crest of Gardner Mountain.

These shale beds may

correlate with the basal unit of the Black Prince formation
but do not form a mappable unit; they too have been mapped
with the Horquilla Limestone.
Horquilla Limestone
The thick Pennsylvanian-Permian carbonate sequence
of southeastern Arizona was subdivided by Gilluly and
others (1954) into six formations.

The lowermost of these

formations, the Horquilla Limestone, is entirely Pennsyl
vanian in age, and consists of a relatively thin-bedded
sequence of light to dark gray limestones with subordinate
interbeds of argillaceous limestone and calcareous mud
stone.

The regular alternation of resistant and non-

resistant units within the Horquilla Limestone produces a
distinctive ribbed outcrop appearance, which contrasts with
the massive cliff-forming limestones of the Escabrosa
Formation.
On Gardner Mountain, the Horquilla formation forms
the dip slope of a cuesta largely supported by Escabrosa
Limestone.

In contrast to the Horquilla formation in other

localities, the Horquilla in the map area is not highly
fossiliferous. Fusulinids, generally abundant in the
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upper Horquilla, were not observed in the Horquilla of the
map area.
Earp Formation
The contact between the Earp Formation (Gilluly
et al. 1954) and the underlying Horquilla Limestone is
arbitrarily chosen where clastic units become dominant over
limestones.

The Earp Formation is distinguished from the

Horquilla by the presence of many beds of shales and
calcareous sandstones; the formation forms swales rather
than ledgy slopes.

Zones of large fusulinids, exceeding

6 mm in length, occur within 60 m (200 ft) of the contact
(Micklin 1969) . A red chert pebble conglomerate in the
middle of the formation may be used confidently as a marker
bed for the Earp (Rea 1967; Bryant 1968).
The Earp Formation in the map area consists largely
of light gray and pink, thin-bedded limestones, which are
locally fusulinid-bearing, and dark red shaley intervals.
Beds are generally disrupted and difficult to trace
laterally.

The area contains two isolated occurrences of

the red chert-pebble conglomerate.

Within the map area,

Tertiary gravels unconformably blanket the Earp Formation
and no younger Paleozoic formations are exposed.

Immedi

ately south of the map area, however, Drewes (1974) has
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mapped a tectonically thinned sequence of Colina, Epitaph,
Scherrer, and Concha formations above the Earp Formation. ■
Bisbee Group
Four formations were recognized by Ransome (1904)
within the thick section of Early Cretaceous clastic and
carbonate strata which he assigned to the Bisbee Group.
North of the type locality, the proportion of carbonate
units diminishes and the stratigraphy of the clastic beds
becomes difficult to differentiate.

However, the basal

formation of the group, the Glance Conglomerate, is
generally distinguished with ease.
In the eastern foothills of the Rincon Mountains,
Bisbee Group rocks are unmetamorphosed and yet occupy a
position structurally below Johnny Lyon Granodiorite; they
were regarded by Frost (1977) as essentially autochthonous.
Lingrey, however, has demonstrated that Bisbee Group strata
of the area belong to the allochthon, and that the fault
which separates them from the underlying metasedimentary
rocks is continuous with the major low-angle fault of
Happy Valley.
Bisbee Group rocks occur in the extreme northwest
corner of the Gardner Mountain map area.

They include

limestone cobble conglomerate, typical of the Glance, and
brown, fine-grained calcareous sandstone.
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Units Which Postdate Allochthon
Emplacement
Lingrey recognized in the northeastern Rincon
Mountains a generation of tilted gravels which postdate
the low-angle faults of the area and are controlled in
their distribution by north-trending, west-dipping highangle normal faults; he applied the name Paige Gravels
to these units and speculated that they were correlative
to the Late Miocene (20-14 m.y.) Big Dome Formation of
Krieger, Cornwall and Banks (1974).
In the Gardner Mountain map area, a sequence of
similar-appearing gravels contains a small angular un
conformity which has allowed its division into two map
units, Tg^ and Tg2 .

Other units which were deposited

subsequent to the emplacement of the allochthon include:
flat-lying gravels, a small landslide deposit, and
Quaternary

alluvium.

G^ Gravels
The older tilted gravels of the map area, Tg^,
are exposed only in Gardner Canyon.

An angular uncon

formity of a few degrees separates them from the overlying,
more widespread G 2 gravels.
The G^ gravels are generally brownish in color;
they are well-indurated and form steeper slopes than do
the overlying G 2 gravels. Within the limited exposures of

the

sequence, beds of coarse sedimentary breccia, in

which clasts range up to a meter in diameter, alternate
with beds of finer-grained sands and conglomerates.

Clast

composition is dominated by lithologies found in the
Gardner Mountain allochthon.

Clasts of unmetamorphosed

granodiorite are the most abundant constituent of the G^
gravels, followed by clasts of the lower Paleozoic forma
tions.

Limestone clasts representing the upper Paleozoic

formations are less common.

The G^ gravels also include

scarce clasts of felsic volcanic rock.

No metamorphic

clasts have been observed.
Gg Gravels
The ^2 gravels of the map area are continuous with
the Paige Gravels, as mapped by Lingrey.

They appear

light gray or purplish brown from a distance, are wellindurated, and generally form scree slopes rather than
vertical cliffs.

The unit consists largely of weakly

bedded coarse conglomerates, with subordinate beds of
sandstone and siltstone.

Within the map area of Lingrey,

the Paige gravel sequence also contains interlayered
tuffaceous beds.
Clast composition of the Gg gravels is variable.
Over most of the map area, lithologies of the Gardner
Mountain allochthon predominate.

At most localities,
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Johnny Lyon Granodiorite or unmetamorphosed gray limestone,
or a mixture of these two rock types, constitutes the bulk
of the G 2 clasts; the lower Paleozoic formations are
represented to a lesser extent.

In the northeastern

corner of the map area, however, G 2 gravel locally con
sists almost entirely of gneissic cobbles which resemble
metamorphosed Johnny Lyon Granodiorite.
Flat-lying Gravels
Flat-lying gravels occur in Paige, Gardner and
McCormick Canyons and"are generally associated with ter
races.

They are most widespread in McCormick Canyon,

where they have been eroded to form vertical cliffs which
appear buff-colored from a distance. Clast composition
in the flat-lying gravels is highly variable and, at a
given location, generally reflects lithologies which are
presently exposed nearby.
Landslide Deposit
A small landslide deposit on the western side of
Driscoll Mountain, identified by Drewes (1974). was also
mapped in this study.

Detrital blocks within the slide

deposit consist largely of quartz-muscovite schist.

The

slide postdates movement on a major north-trending highangle fault and is probably a relatively recent feature.

Alluvium
Alluvium of mappable extent occurs in the major
drainages of the map area.

A colorful assortment of

stream gravels reflects the diversity of lithologies
\

found in this small area.

METAMORPHISM
The distribution of metamorphosed younger
Precambrian and Paleozoic rocks in the vicinity of the Tortolita, Santa Catalina, and Rincon ranges is shown in
Figure 8.

The rocks in question cannot be considered an

expression of a regional "infrastructure," but are
clearly restricted to the aureole of the Santa CatalinaRincon-Tortolita plutonic complex.

More specifically,

metamorphism is most closely associated in space with plutons of the Wilderness suite (50-45 m.y., Keith et al.
1980) and tends to increase in intensity towards such
bodies.
In the Gardner Mountain map area, metamorphic
grade appears to be unaffected by proximity to the Barney
Ranch stock, which Keith et al. (1980) have tentatively
assigned to the Catalina plutonic suite (28-25 m.y.).
In the Bear Canyon area to the west, Frost (1977)
noted a strong increase in metamorphic

grade down-

section, toward the-contact with the basement-gneiss,
which in this locality consists of deformed Precambrian
granite heavily intruded by dikes of Wilderness-type
leucogranites.

Lingrey also reported an increase in

metamorphic grade down-section throughout his map area,
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Figure 8.

Distribution of metamorphosed younger
Precambrian and Paleozoic rocks in the vicinity
of the Tortolita, Santa Catalina, and Rincon
ranges. -- Adapted from Keith et a l . (1980).

and hypothesized that a sill-like intrusion of Wilderness
age extends beneath the metamorphic rocks of the north
eastern Rincon Mountains.
In the northeastern Rincon Mountains and adjacent
areas, metamorphism has affected rocks of quartzofeldspathic, politic, mafic, and carbonate compositions.

Thus

far, the carbonate mineral assemblages have been the most
useful in establishing the conditions of metamorphism;
they have been interpreted by Lingrey to indicate shallowlevel metamorphism at temperatures within the range of
350°- 550°C.

Metamorphic pressures of 1-2 kb have been

proposed by Lingrey and other workers (Waag 1968; Frost
1977) , based on the estimated thickness of the sedimen
tary column at the time of metamorphism.
Quartzofeldspathic Compositions
Rocks of quartzofeldspathic composition are poorly
represented in the Gardner Mountain map area.

The grani

tic microbreccia which crops out for a short distance in
Gardner Canyon contains an atypical mineral assemblage
which appears to reflect mechanically induced chemical
reactions;

a chlorite-sericite matrix has been produced

at the expense of feldspar.

Metamorphosed quartzofelds

pathic rocks north and west of the map area are charac
terized by the non-diagnositc assemblage quartz

+ potassium feldspar + plagioclase + biotite
+ muscovite (Lingrey 1982).
Pelitic Compositions
Rocks of pelitic composition are more widespread
in the map area, but these also fail to provide diag
nostic mineral assemblages.

These rocks typically con

tain the assemblage quartz + muscovite + biotite
+ microcline, which is stable over a wide range of tem
peratures and pressures.

Chlorite is often present as

well, but appears to be at least in part a product of the
retrograde metamorphism of biotite.
Staurolite and cordierite are widely regarded as
indicators of medium-grade metamorphism in pelitic as
semblages.

Staurolite was reported in the schists of

Driscoll Mountain by Plut, but was not observed in the
course of this study.

Staurolite has been described at

only one other location in the Santa Catalina-RinconTortolita complex, within calcareous metapelites of the
lower Abrigo Formation (Peirce 1958).

A cordierite-

bearing assemblage has been identified by Lingrey in the
northeastern Rincon foothills, in a structurally low
part of the metasedimentary section.

Cordierite may be

produced by the reaction
chlorite + muscovite + quartz
= cordierite + biotite + A^SiO^ + I^O
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which has been investigated by Hirschberg and Winkler
(19.68) ; for

pressures of 1-2 kb, equilibrium tempera

tures for the reaction range between 515° and 525°C.

These

temperatures are probably higher than those attained during
metamorphism in the Gardner Mountain map area proper (see
below).
Mafic Compositions
Rocks of mafic composition, such as the meta
diabase of the map area, are generally sensitive indi
cators of metamorphic grade.

On first review, the

predominant mineral assemblage of the metadiabase, i.e.
hornblende + andesine, with no actinolite, primary chlor
ite, or epidote, would seem to indicate medium-grade
(or amphibolite facies) metamorphism.

In low-grade

metamorphic terrances, the mafic composiitons are commonly
characterized by the assemblage albite + actinolite
+ chlorite + hornblende + epidote.

With increasing tem

perature, hornblende becomes more abundant than actinolite,
chlorite disappears, and epidote diminishes.

The plagio-

clase also becomes more calcic; a discontinuous jump
from albite (Ang^) to oligoclase or andesine (An^^.^g)
has been widely recognized and is thought to be controlled
by the peristerite solvus.

According to Winkler (1979),

in the context of medium-pressure metamorphism, this
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jump occurs at temperatures slightly lower than those
associated with other reactions marking the transition from
low- to medium-grade.

The changes in plagioclase compo

sition, however, are strongly dependent on pressure; in
the context of low-pressure contact metamorphism, the
albite-oligoclase jump, and the corresponding disappearance
of the Ca-bearing mineral epidote, may occur within lowgrade metamorphism (Miyashiro 1973).
The condition of low pressure might therefore help
to account for the discrepancy between the metadiabase
assemblage and neighboring pelitic and carbonate assemblages,
which lack signs of medium-grade metamorphism.

However,

several lines of evidence suggest that the amphibolitic
metadiabase should be regarded as a non-equilibrium assem
blage and discounted from the discussion of metamorphic
grade.

First of all, the mineralogy of the amphiobolite

itself supports this viewpoint.

The wide range of plagio

clase compositions, from A n ^ to An^Q, in the metadiabase
suggests that equilibrium was never attained:

thorough

going metamorphism would be expected to homogenize plagio
clase composition at an equilibrium value.

Furthermore,

Plut reported minor augite in the metadiabase of Hells
Gate, which must be interpreted as a relict phase which
could not have persisted in an equilibrium metamorphic

assemblage.

Pyroxene occurs only in high-grade

amphibolites, in which case it is diopsidic (Winkler
1979, p. 172).
Secondly, smaller bodies of basic composition out
side the main amphibolite body display distinctly lower
grade assemblages.

In the northwestern part of the map

area, metadiabase occurs as narrow bands of biotite schist
No samples were taken from this area, but Miles reported
that metamorphosed diabase dikes a short distance to the
north contained the assemblage biotite + epidote + albite
+ actinolite + magnetite.

In the Gardner Mountain map

area, a greenschist horizon within the metacarbonate pile
was found to contain the assemblage albite + actinolite
+ epidote + chlorite + biotite + idocrase.

Assemblages

containing albite, actinolite, epidote, and chlorite are
therefore considered to characterize the equilibrium
state of metamorphosed basic rocks in the map area.
Finally amphibolites on the crest of the Santa
Catalina range, where metasedimentary rocks exhibit
higher grade assemblages than in the map area, are
characterized by less calcic plagioclase (An2Q_2 5 >
kington 1962).

These rocks probably formed at pressures

similar to those in effect during metamorphism of the
map area and demonstrate that low-pressure metamorphism

alone cannot explain the high Ca content of plagioclase in
the Gardner Mountain-Hells Gate amphibolites.
Carbonate Compositions
The metacarbonate assemblages of the map area are
consistent with low-grade metamorphism.

The reactions of

interest occur in siliceous dolomites and involve the five
components, CaO-MgO-SiOg-COg-HgO.

All the reactions are

bivariant; fluid composition as well as P-T conditions
must be specified in order to predict the phase chemistry.
Lingrey simplified the problem by assuming isobaric meta
morphism, at a pressure between 1 and 2 kb.

A schematic

isobaric T-X^q ^ diagram for the various metacarbonate
reactions has been given by Winkler (1979; see Figure 9).
Lingrey bracketed the temperature of metamorphism exper
ienced by rocks in his area on the lower end by the iso
baric invariant point defined by the assemblage Tr + Ta
+ Cc + Do + Qz, and on the upper end, by the first-diopsideproducing reaction
1 Tr + 3 Cc + 2 Qz = 5 Di + 3 C02 + 1 H^O
In the Gardner Mountain area, no diopside was ob
served.

The limited sample of metacarbonate rocks from

the map area also lacked any assemblage containing tremolite in the absence of talc; on the other hand, the as
semblage Cc + Ta + Qz in the absence of tremolite was

Figure 9.

Schematic isobaric T-XCO2 diagram for stable
reactions in the system CaO-MgO-SiC^-CC^-IUO. -Arabic numbers refer to reactions, Roman num
erals to isobaric invariant points. The
numbers are those used by Metz and Trommsdorff
(1968); the corresponding reactions are listed
on the following page. The stippled area rep
resents the range of T-XCO^ conditions which
would produce the metacaroonate mineral assem
blages of the map area at a given pressure.
Diagram adapted from Winkler (1979, p. 116).
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observed.

It thus seems thatvthe isobaric invariant point I,

defined by the assemblage Tr + Ta + Cc + Do + Qz, may be
close to the upper limit of metamorphism in the Gardner
Mountain area; the isobaric T-X^q ^ field delimited by the
metacarbonate assemblages of the map area is shown sche
matically in Figure 9.

Various determinations of invariant

point I, at pressures of 1-2 kb, have been made by differ
ent authors, with temperatures ranging from 415°-445°C
(Slaughter, Kerrick, and Wall 1975) to 490o-530°C (Metz
and Trommsdorff 1968; Metz and Puhan 1970).
Summary
The rocks of the map area seem to fall entirely
within the limits of low-grade metamorphism:

the pelitic

rocks lack porphyroblasts of either cordierite or
staurolite, the assemblage albite + actinolite
+ chlorite + epidote is present in mafic compositions,
and diopside is absent in metamorphosed siliceous dolo
mites . Metamorphic temperatures appear to have been in
the lower part of the range suggested by Lingrey, and
lower than those attained in the study area of Frost, 4 km
to the west, where the assemblage Di + Qz + Cc was de
scribed in marbles bordering the basement gneiss.

In

the Gardner Mountain map area, talc is present even in
metacarbonate units resting directly on the basement.

ECONOMIC GEOLOGY
Mineralization in the Gardner Mountain map area is
scant.

Although the metasedimentary assemblage of Happy

Valley contains many of the same minerals as a typical s k a m
assemblage (Quick 1976, p. 85-88), it is conspicuously lack
ing in economic minerals.

The mineralization which can be

observed in the map area is mainly associated with pegmatite
veins rather than with replacement deposits in the metasedi
mentary rocks. Mineralization is generally limited to iron
oxides and chrysocolla, with minor occurrences of malachite
and azurite, either in the granitic pegmatites themselves,
or in associated quartz veinlets, Two closely spaced
shafts on the western edge of the map area, driven into
pegmatitic rock, were apparently non-productive.

Dump

material presently consists of graphic granite and alaskite,
weakly mineralized by iron oxides, malachite, and azurite,
and small amounts of dark brown gossan.

The nearby grano-

diorite stock at Barney Ranch is barren and unaltered.
Miles (1965) noted the presence of Fe-Cu-Mn oxides
as fracture coatings in the metasedimentary rocks of the
Lechuguilla Peak area, but found "no indication of economic
sulfide mineralization."

Lane of the U.S. Bureau of Mines,

in a recently published report (1981), has assigned a low
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economic potential to the Rincon Wilderness study area,
including the Gardner Mountain map area.

Although samples

from several prospects in the Gardner Mountain area were
assayed at >1% copper, none were considered by Lane to rep
resent mineralized zones of economic importance.
Detachment surfaces in several of the metamorphic
core complexes of western Arizona and adjacent California
host economic deposits of copper, iron, and gold (Reynolds
1980) ,

However, the major, low-angle fault of the map area,

aside from local hematite veining, contains no visible
mineralization.

Despite its prominence as a structural

feature, the fault surface escaped the attention of the
area’s prospectors.
In recent years, placer claims have been maintained
for parts of northern Paige Canyon, Section 34, T, 13 S .,
R. 19 E,

Gold was produced from the Little Rincon Mountains

for a brief period shortly after the turn of the century,
but from an area outside the Paige drainage basin (Mining
Science 1913).

The gold mine was located on the south side

of Wildhorse Mountain, along the contact of a mafic dike
and Precambrian granitic rock; drainage from the mine area
is to the south.

STRUCTURAL GEOLOGY
The structures of the map area, like its lithologic
units, can be classified according to their relationship
with the low-angle fault surface which dominates the local
geology.
lished:

Three categories of structures are thus estab
1) those affecting only the autochthonous rocks

below the fault, 2) those occurring in the allochthon and
immediately beneath it, including the major low-angle fault
itself, and 3) those which postdate emplacement of the
allochthon, and thus affect both lower and upper plate
rocks.
Structures of the Autochthon
The autochthonous units of the map area, with the
exception of the Tertiary intrusive rocks, contain pene
trative structures which result from cohesive deformation
in the solid state, and are thus tectonites in the sense
introduced by Sander (1930) and subsequently developed by
Turner and Weiss (1963),

The preceding generalization must

be qualified by the fact that the tectonite fabric is often
poorly developed in the metaigneous rocks of the area, i,e.
the PreCambrian granitic rock and the metadiabase.
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The most prominent element in the fabric of the
tectonites is a foliation, generally low-dipping.

In the

development of this element alone, the fabrics of the meta
sedimentary and the metaigneous rocks diverge sharply.

In

the metasedimentary rocks, the foliation is well-developed,
rather consistently low-angle, and generally east-dipping
(Figure 10a); it has an axial plane orientation relative to
mesoscopic folds in the metasedimentary rocks,

The meta

sedimentary foliations, like the foliations measured by
Lingrey to the north, plot on a stereonet as a diffuse
girdle suggestive of warping about E-W axes,

Dip reversals

in the metasedimentary foliations of the map area, however,
are widespread and are difficult to relate to mappable
fold axes.
Foliation in the metaigneous rocks is, by contrast,
sporadically developed and highly variable in orientation
(Figure 10b).

It is a relatively coarse feature which con

trasts with the delicate metamorphic lamination character
istic of many of the tectonite marbles (Figure 11).

The

metaigneous foliations are commonly quite steep, and some
times vertical.

High-angle foliations often represent the

steeply inclined limbs of broad, upright to overturned
folds.
planar.

In such structures, the foliation is not axial
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Figure 10.

Lower hemisphere equal-area projections of
poles to foliation in metamorphic rocks.

Figure 11.

Development of foliation in metaigneous and
metasedimentary rocks.

a.

Coarse foliation in metadiabase, deformed into a b r o a d ,
slightly asymmetric fold.

b.

Strongly foliated, siliceous marbles.
Note the
abundant intrafolial folds formed by siliceous layers
in the marble.
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Foliation is generally parallel to lithologic
layering in the metasedimentary rocks but in isolated loca
tions crosses such layering at a high angle.

It is there

fore regarded as a transposition foliation (Turner and
Weiss 1963, p. 92).
Lineation is not prominent in the fabric of the
tectonitic rocks in the map area.

Mineral lineation,

while characteristic of the mylonitic gneisses on the west
side of the Rincon Mountains, is absent in the deformed
quartzofeldspathic rocks of the map area, and is rarely
observed in the carbonate and pelitic rocks,

Infrequently,

trains of granular calcite on the plane of foliation de
fine a lineation in tectonite marbles; lineation of this
type was measured at one locality, with an orientation of
21°N 66°E.

Lineation is somewhat more common in the meta

diabase, where it is formed by the alignment of prismatic
hornblende,

A second type of lineation in the metadiabase

is formed by the intersection of foliation and the axial
planes of small-scale crenulations,
At some locations in the Santa Catalina-RinconTortolita complex, a lineation is formed by the axis of
deformation of clasts in flattened pebble conglomerates
(Davis et al. 1975),

Severely deformed quartzite pebble

conglomerates occur in the Guilla Peak area north of the
map area and in Pint's map area to the south.

However, in
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the map area proper and immediately to the northwest,
quartzite pebbles in metaconglomerate horizons show little
evidence of strain and exhibit no obvious direction of
elongation.
Folding on all scales has contributed strongly to
the tectonitic fabric of the area; the resulting geometries
have been described at length by Frost (1977) and Lingrey
(1982).

In the metasedimentary rocks, mesoscopic folding

is penetrative.

The folds are tight to isoclinal, and

strongly overturned to recumbent.

The siliceous marbles

and calc-silicate rocks, in which mesoscopic folds are most
conspicuous, display on the whole a sub-similar style of
folding (Class IC of Ramsay, 1967),

Folding in the banded

lithologies is commonly disharmonic and intrafolial folds
are widespread (Figure 12).

Folded siliceous and calc-

silicate layers are often boudined and occur as rootless
isoclines and exotically shaped tectonic inclusions.

The

less obvious folds in the pure marbles approach a perfect
similar geometry (Class II of Ramsay, 1967) and are more
likely to persist across many layers,
Mesoscopic fold axes in the metasedimentary rocks
are diverse in orientation.

Thirty-two measurements of

such fold axes are plotted in Figure 13 according to their
sense of asymmetry.

The distribution of fold axes shows a

weak maximum, corresponding to an E-ENE axial trend.
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Lower-hemisphere equal-area projection of
fold axes in the metasedimentary rocks, shown
according to their sense of asymmetry.
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Vergence in the folds which were measured, as well as in
others observed in the field area, ranges from east to
southwest to south.
In metaigneous rocks, folds seldom penetrate the
outcrop as they do in the metasedimentary rocks. Meso
scopic folds in the metaigneous rocks are larger than those
in the metasedimentary rocks, with wavelengths of several
m rather than several cm or tens of cm.

The folds are

more open and rarely isoclinal; they tend to be upright or
overturned rather than recumbent.

The number of fold

measurements made in the metaigneous rocks is insufficient
to make any generalizations about their orientation or
vergence.
Macroscopic folds are difficult to identify and
although several such structures

have been recognized in

both the metasedimentary and metaigneous rocks, their net
contribution to the fabric of the map area is unclear,
Where these folds have been identified, they exhibit tight,
recumbent forms similar to those seen in mesoscopic folds,
Yet the pre-metamorphic stratigraphy of the area appears
to have been preserved, at least in a gross sense, with
only rare repetitions or inversions,

The most conspicuous

effect of deformation is the elimination of units from the
sequence:

although most of the formation of southeastern

Arizona have metamorphic equivalents in the map area, a
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complete representation is almost never present in any
one section through the metamorphic sequence.
Faults wholly contained in the autochthon are
typically ductile faults; that is, they are characterized
by undulating surfaces which, at the outcrop scale, show no
evidence for loss of cohesion during movement, such as
brecciation or open space filling.

At the microscopic

scale, however, adjacent rocks may show evidence of micro
fracturing and cataclastic comminution (Figures 14a, 14b;
15a, 15b). Most of the geologic contacts within the
autochthon are, in fact, low-angle ductile faults.

The

effect of these faults has been to eliminate units and to
markedly thin the stratigraphic sequence.

These ductile

faults are not always strictly concordant with metamorphic
foliation, as illustrated in Figure 4.
One structure in the map area bears an uncertain
relationship with the generation of ductile faults.

It is

the E-W trending reverse fault north of Bear Creek, which
dips to the south and effects a visually striking juxta
position of black metadiabase above white marble,

Dip

values on the fault increase towards the east, from 43°
to 80° (the latter value was recorded by Drewes somewhat
east of a measurement of 64° made in this study),

Figure 14.

Photomicrographs of metadiabase. —
25x.

Plane light,

a.

Approximately 15 m below a low-angle ductile fault
with metamorphosed Paleozoic r o cks.

b.

Immediately below the ductile fault. -- Note the
asymmetric fold.
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a.

Approximately 15 m above a low-angle ductile fault with
metamorphosed PreCambrian granitic r o c k .

b.

Immediately above the ductile fault.
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Figure 15.

Photomicrographs of metamorphosed quartzite.— Plane
light, 25x.
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Structures of the Allochthon and
Immediately Underlying Rocks
The major low-angle fault of the Happy Valleynortheastern Rincon area truncates the tectonite fabric
described above:

the fault is discordant to metamorphic

foliation at many localities and it cross-cuts a number of
ductile faults in the lower plate.

It truncates as well

non-tectonitic dike rocks in the autochthon.

These rela

tionships, clear from Lingrey's mapping, are not always
obvious at the outcrop, because the tectonite fabric is
overprinted by brittle deformation as the fault surface
is approached.

The lower limit of overprinting is not

clearly defined, but brittle deformation usually becomes
pronounced within 10-20 m of the fault surface, in the
form of dense fracturing.

Low-angle fractures are espe

cially prominent (Figure 16) and are sometimes brecciated.
In Figure 17, a highly fractured hand specimen from this
zone shows normal displacement along a small-scale lowangle fault.
The outcrop characteristics of carbonate rocks in
the zone of overprinting have been previously described.
Microscopically, these rocks exhibit exclusively brittle
deformation.

Coarse tectonite marbles, with an average

grain size of 1-2 mm, grade upward toward the major fault
surface into almost aphanitic cataclasites, made up of

Figure 16.

Dense, low-angle fractures in marbles beneath
the major, low-angle fault.
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Figure 17.

Small-scale low-angle normal faulting in a
hand specimen from the zone of calcareous
cataclastic r o c k s . Specimen is 8 cm wide.
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particles 5-15 pm in diameter (Figures 18a, 18b).
Porphyroclasts in the calcareous cataclastic rocks show no
elongation, only microfracturing and marginal granulation.
Where the major fault surface is developed on
metacarbonate rocks, as it commonly is in the map area,
slickensides are rarely evident.

A short distance west of

the map area (NW %, Sec. 19, T, 14 S., R. 19 E.), in a
location where quartzite underlies the fault, slickenside
striae are visible and.trend E-W.

Within the map area,

parallel calcite veins on the upper cataclasite ledges
(Figures 6b, 19) are consistently oriented orthogonal to
this direction, trending N 05-15 W.
From the characteristics outlined above, it may be
concluded that the major low-angle fault, unlike the lowangle ductile faults of the autochthon, is indeed a surface
of mechanical detachment.

For the time being, the term

"detachment surface" is used in this descriptive sense
alone.
The detachment surface is predominantly east
dipping, with dip values generally in the range of 10° 30°.

The shape of the surface is broadly curviplanar and

contrasts with the more irregular undulations of smaller
wavelength that typify the low-angle ductile faults.
Remnants of the allochthon commonly rest in structural
depressions on the fault surface.

A trough-shaped

Figure 18.

Photomicrographs of marble. —
25x.

Plane light,

a.

Approximately 10 m below the major low-angle fault.
Tiny calcite grains, on the order of 10 ym in diameter,
occur along the edges of larger calcite grains, and
appear to be the product of granulation.

b.

Immediately below the fault.
All calcite grains are
on the order of 10 ym in diameter.
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Figure 19.

Marble cataclasite ledge, showing parallel
calcite veins on its surface.
The veins trend
N 15 W.

95

96
depression occurs in the detachment surface under Gardner
Mountain.

Standing on the marble ridges to the west, one

can see that the fault surface is flat along most of the
Eagle Peak-Gardner Mountain ridge, drops sharply beneath
Gardner Mountain, and then rises again north of Paige Can
yon.

The structural contour map shown in Figure 20 gives

a limited view of this geometry.

The axis of the depression

is poorly constrained, but appears to lie in a S 70 W-N 70 E
direction.
Structures within the allochthon are largely
extensional in nature.

The allochthon is partitioned by a

sequence of poorly-exposed west-dipping normal faults that
merge with the major detachment surface.

These faults are

largely obscured by younger normal faults that dissect the
detachment surface.

However, their effect is seen in the

repeated pattern, observed in each fault block, of Johnny
Lyon Granodiorite and overlying Paleozoic formations being
successively cut out to the east against the detachment
surface.

One repetition of this type occurs in the map

area, and the allochthon within the area is recognized to
consist of two blocks;

the Gardner Mountain block, and

the "Sister Ridge" block.

The geometry of these blocks is

depicted in the cross-sections of Plate II.

The cross-

sectional appearance of the allochthon across a larger
area is shown in Figure 21a.

In these cross-sections, the
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R .I9 E .

Figure 20,

Structural contour map of the major detachment
surface, in the vicinity of Gardner Mountain.
Contour interval, 40 ft.

Figure 21.

Internal structure of the allochthon, as
envisioned a) in the present study, and b) in
the geologic sections of Drewes (1974).
Red
Blue
Green
Brown

=
=
=
=

Johnny Lyon Granodiorite
Unmetamorphosed Paleozoic strata
Unmetamorphosed Cretaceous strata
Mid-Tertiary gravels (equivalents of
the Pantano Formation, Brennan 1957)
Orange = Tilted gravels, 20-14 m.y. old (Paige
Gravels, Lingrey 1982)
Yellow = Flat-lying gravels
Section X-X' was drawn in cooperation with S,
Lingrey; section Y-Y* is redrawn from Section D,
Drewes (1974). The lines of cross-section are
shown on Figure 2. Scale of both sections,
1 = 85,000.
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allochthon appears as a mass of imbricate, fault-^bounded
blocks above a single translational surface.

This internal

structure contrasts with that envisioned by Drewes (1974,
Figure 21b), who depicted stacked sheets of wide areal
extent, separated by multiple translational surfaces.
The Paleozoic strata in the fault-bounded blocks
of the allochthon are tilted and dip to the east and north
east, generally between 25° and 75°.

Figure 22 shows poles

to bedding in the allochthonous Paleozoic strata of the
Gardner Mountain and "Sister Ridge" blocks, both individ
ually and in combination.

The maximum concentration of

points corresponds, for the Gardner Mountain subset, to a
strike of N 37 W and a dip of 35°NE, and for the "Sister
Ridge" subset, to a strike of N 17 W and a dip of 65°NE;
the "Sister Ridge" block appears to be more steeply tilted.
The component blocks of the allochthon are
themselves internally faulted.
fied into two categories:

Such faults can be classi

1) faults roughly parallel to

bedding and localized by lithologic boundaries, and 2) highangle transverse faults.

The bedding-plane faults are

generally associated with marked stratigraphic thinning,
and often the omission of entire formations; incompetent
units such as the Martin Formation are commonly thin or
missing altogether.

Locally, however, these faults may

Figure 22.

Lower-hemisphere equal-area projection of poles
to bedding in the allochthon. -- Poles to bed
ding in (a) the Gardner Mountain block (111
pts.), (b) the "Sister Ridge" block (49 pts.),
and (c) the two blocks in combination (160 pts.).
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produce repetitions, as in the Escabrosa Limestone of
Gardner Mountain, or in Plut's section of the Abrigo For
mation.
The high-angle transverse faults are oblique to the
block-bounding faults and to the strike of bedding within
the blocks; they invariably show normal displacements.
Fault orientations group in what may be a conjugate set of
trends, N 60-70 E and N 50-60 W, although dip directions
associated with these trends are not consistent.

Drewes

(1974) shows the NE trend well-developed in the transverse
faults of the Eagle Peak area.
One structure in the allochthon does not fit into
the foregoing discussion; it is the fault along which Johnny
Lyon Granodiorite overlies Bisbee Group sedimentary rocks
(an older-on-younger juxtaposition) in the northwest corner
of the map area.
to the west.

The fault presently dips approximately 40"

Its presence implies that an episode of

reverse- or thrust-faulting occurred in the source area of
the allochthon prior to its emplacement into the Gardner
Mountain area.
Structures Which Affect Both
the Autochthon and the
Allochthon
The structures which affect both the autochthon
and the allochthon consist largely of north-trending
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high-angle normal faults.

Lingrey recognized that these

faults could be divided into two subsets which differed in
timing and movement plan.

Faults of the older set are

characterized by westerly dips and are periodically spaced
across the eastern Rincon foothills, at a rough interval of
1.5-3 km.

These faults appear to have controlled the depo-

sitional pattern of Late Miocene (?) gravels and to have
effected their rotation to east-dipping orientations.
Faults of the younger set are largely confined to the mar
ginal portions of the range and dip east, towards the adja
cent San Pedro basin; they are non-rotational.

In these

attributes, the younger set of faults resembles classic
Basin and Range structures, and they have been regarded as
such by Lingrey.
Two major faults of the older, rotational set
transect the areas, one paralleling the road to Barney
Ranch on the west side of the area, and one following the
course of McCormick Canyon on the east side.

A third

fault, trending southwest, splays out from the McCormick
Canyon fault and runs along the western front of "Sister
Ridge."

All of these faults are west-dipping, with dip

values generally between 60° and 70°.

Displacements on

the faults cannot be specified from map data, but are
shown in the range of 150-400 m on the accompanying crosssections (Plate II).

Several faults of the same trend
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and dip direction, but with smaller displacements, may
belong to the same generation of structures.
A number of north- to northwest-trending normal
faults in the map area dip to the east and may belong to
the Basin and Range generation of structures, although
they do not clearly cross-cut any west-dipping faults.
Most notable is the system of faults in the vicinity of
Gardner Canyon, which may connect with splays, mapped by
Lingrey, of the Basin and Range faults in Canada Atravesada.
However, recorded dip values of 47° and 55° on a fault in
Gardner Canyon are anomalously shallow for a Basin and
Range structure; just south of the map area, Drewes re
corded an easterly dip of 50° on what may be a connecting
fault.

The Gardner Canyon fault places Late Miocene (?)

gravels (both G^ and G 2 ) against upper Paleozoic limestone
of the allochthon and therefore does not predate the
structural development of the Late Miocene depositional
basins.
East-dipping normal faults are also observed along
the E-W portion of McCormick Canyon.

Here they are part

of a series of closely spaced (roughly 15-50 m apart)
structures which cut G£ gravels; west-dipping faults also
occur in this series.
Poles to bedding in the G 2 gravels are plotted in
Figure 23,

A high degree of scatter is evident, in

N

Figure 23.

Lower-hemisphere equal-area projection of poles
to bedding in the Gg gravels; 28 pts,
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contrast to the consistent east-dipping orientations
reported by Lingrey for the Paige Gravels.

The anomalous

orientations of the G2 gravels are restricted to the area
between Gardner Canyon and "Sister Ridge"; the gravels in
the eastern part of the map area do, in fact, show con
sistent, eastward dips.

Anomalous attitudes in the G 2

gravels may therefore reflect local disruption subsequent
to rotation, perhaps caused by drag along a Basin and Range
fault system in Gardner Canyon or by slumping.

STRUCTURAL PETROLOGY
A few interpretative observations from structural
petrology are presented here as a preface to the main body
of interpretations.

The contrasting microscopic behavior

of the rocks during tectonite formation and during lowangle detachment faulting is of particular interest.
The structural regime during tectonite formation
was such that calcite deformed by mechanical twinning,
quartz formed ribbon-shaped subgrains by intragranular
slip, and more brittle minerals, such as feldspar and
hornblende, were affected by microcracking.
The following sequence of deformational mechanisms
for increasing temperature/decreasing strain rate may be
inferred from the experimental deformation of calcite and
a structural analogue, NaNOg:
on e {0112}

1) cataclasis, 2) twinning

and slip on r {1011}, 3) rotation recrystal

lization (progressive rotation of subgrains) which, togeth
er with inhomogenous deformation, produces a "core and
mantle" microstructure, and 4) rapid dynamic recrystalliza
tion by grain boundary migration (Heard and Raleigh 1972;
Schmid, Patterson, and Boland
1981).

1980;

Tungatt and Humphreys

At lower temperatures, e twinning has a critical

shear stress lower than that for r translation, and is
106
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therefore the first mechanism of flow to operate. With
increasing temperature, the ease of slip increases and the
broadening of twins by boundary migration is favored over
the proliferation of many twins; the thick, bleb-like twins
that result under these conditions have been described by
Vernon (1981), and are quite unlike the swarms of sharp
twins seen in the marbles of the map area (Figure 18a).
The onset of the change in twin character was observed by
Rutter (1970) between 400° and 500°C.

The microstruetural

characteristics of tectonite marbles in the map area are
therefore consistent with deformation at a relatively low
temperature/high strain rate.

The smaller grains which

commonly engulf larger, finely twinned grains (Figure 24)
are assumed to be the product of post-tectonic rather than
dynamic recrystallization:

they exhibit equant shapes and

straight boundaries and they show no signs of internal dis
locations .
The ease with which the brittle-ductile transition
is induced in pure, coarse-grained marbles is well-known.
Under triaxial compression at room temperature, the
brittle-ductile transition in pure, coarse-grained marble
occurs at confining pressures of .2-.3 kb (Paterson 1958,
1978).

In room-temperature extension, the pressure neces

sary to induce ductile behavior may be much higher, on the
order of 1.5 kb (Paterson.1958),.

However, the onset of

Figure 24.

Large anhedral grains of finely twinned calcite
in a fine-grained, equigranular calcite mosaic.
Plane light, 25x.
The smaller grains are interpreted to be the
product of post-tectonic recrystallization.
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ductile behavior is also promoted by elevated temperatures
and decreased strain rates, and it is expected that the
ductile behavior of the marbles in the map area was easily
achieved at the inferred conditions of metamorphism (1-2
kb, 350o-450°C).
At the other end of the behavioral spectrum is the
metadiabase.

Unmetamorphosed Maryland diabase achieves

ductile flow, under a strain rate of 3 x 1 0 ^ sec \

at

600°C and 15 kb, by intracrystalline slip within the pyrox
ene and penetrative microfracturing of the plagioclase
(Kronenberg and Shelton.1980) ..

Amphibolitic metadiabase

is not likely to be any less resistant to ductile flow,
since intracrystalline slip is very difficult to activate
in amphibole and the main mechanism of plastic deformation,
twinning, operates only at comparably high temperatures and
pressures (Nicolas and Poirier 1976).

That the metadia

base was able to flow at all may be due to its chemical
instability at the conditions of metamorphism, which
favored the development of biotite and chlorite.
During low-angle detachment faulting, the condi
tions of temperature, strain rate, and effective confining
pressure (the latter includes the counter-effect of local
pore pressure buildup) were such that even the behavior of
marble was thoroughly brittle.

Friedman and Higgs (1981)

have demonstrated that porphyroclasts in calcite gouge,
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deformed at 200 MPa (~2 kb), 250°C, and at a strain rate
of 10”

seel, will exhibit elongation.

Porphyroclasts

in the calcareous cataclastic rocks of the map are are not
elongate; the microscopic appearance of these rocks more
closely resembles that of the specimen deformed by Friedman
and Higgs at 200 MPa and room temperature.

INTERPRETATIONS
Interpretations will be focused on two topics:
1) the formation of the tectonite fabric, and 2) the
nature of the major low-angle fault of the map area.
The Formation of the Tectonite Fabric
Davis (1980b, 1981) and Lingrey (1982) have
recently proposed that the tectonite fabric on both side
of the Rincon Mountains originated in a southwest-dipping,
southwest-vergent zone of unidirectional simple shear.
This is in contrast to earlier theories which emphasized
the contribution of vertical flattening and pure shear to
the fabric and predicted divergent flow away from the pres
ent structural culmination of the Rincon range (Davis and
Coney 1979).

The current hypothesis is based on the recog

nition that 1) the tectonite fabric is developed in rocks
progressively lower in the stratigraphic column as one
proceeds to the southwest and 2) there is a consistent
southwest-vergent asymmetry in those folds which are con
tained in the foliation and exhibit near-similar geometries.
It must be emphasized that the interpretation of
fold vergence has not been entirely straightforward.

The

ambiguity which can arise from fold analysis in a small
111
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area is demonstrated by the limited set of measurements
from the map area (Figure 14):

the asymmetry of the folds,

according to the separation angle method of Hansen (1971)
seems to indicate a slip-line direction of S 37 E.

By

contrast, a slip line of 0-5°S 29 W was determined by
Lingrey.

A counterclockwise rotation of datum points,

implemented by Lingrey to correct for tilting of the
autochthon during Late Miocene (?) rotational faulting,
may also be valid for the map area.^

Such a rotation of

the fold axes measured in the map area fails, however, to
produce a configuration that can be interpreted in favor
of southwest-directed slip.

Slip in a southeast direction

was also deduced by Schloderer (1974) from folded marbles
in the Redington Pass area.
The incongruent results of the present fold analy
sis are not considered to detract from the conclusions of
Lingrey.

Nevertheless, because of the equivocal nature of

past fold analyses in the area, supplemental data from
petrofabric studies could be very helpful in confirming
the direction of simple shear.

1. The rotation would be valid if the present
scatter of orientations in the Go gravels can be attribut
ed to local disruption subsequent to the Late Miocene (?)
rotational event.
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Only one petrofabric analysis has been attempted
in the Santa Catalina-Rincon-Tortolita core complex, an
undergraduate study by Varga (1974).

The result of that

study, a slip-line direction of S6-14W, was inexplicable
at the time it was obtained, but now seems roughly com
patible with the slip line determined by Lingrey.

Any

rigid-body rotations experienced by the tectonite would,
of course, have to be taken into account in a petrofabric
study just as they would in an analysis of mesoscopic
structures.
Lingrey has hypothesized that the metasedimentary
"carapace" of the northeastern Rincon Mountains acted as
a decollement zone, according to the model of Kehle (1970).
In this model, the metasedimentary rocks would have formed
a zone of low viscosity that was affected by much greater
shear strains that the quartzofeldspathic basement below
it; as a result, any rocks overlying the decollement zone
would have been translated relative to the basement.

The

decollement model relies on viscosity contrasts in the
geologic column, and predicts that deformation will largely
be confined to incompetent lithologic layers.

The relative

lack of deformation in the metaigneous rocks of the area,
and the subhorizontal orientation of the slip line
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determined

by Lingrey are in agreement with these concepts.

However, the decollement model is unsuitable for the Rincon
range as a whole, if one regards, with Davis (1980b), the
mylonitic gneiss on the west side of the range and the
metamorphic carapace on the east side as elements of a
single structural zone which has cross-cut different
stratigraphic levels.
Tectonite formation in the autochthon is interpret
ed to have been synmetamorphic.

The development of the

tectonite fabric may thus have occurred in the period 50-45
m.y., if metamorphism in the eastern Rincon foothills is
indeed a result of Wilderness-age plutonism.
The Nature of the Major Low-Angle Fault
Kehle's model of decollement is entirely inapplica
ble to the major low-angle fault.

The physical character

istics of the fault indicate that it was a surface of
detachment; as such, it is better modeled by frictional
sliding along a plane rather than by viscous flow in an
intermediate layer.

The geometry of the tectonite fabric

was intact before the emplacement of the allochthon, and
has no first-order relationship with the kinematics of
low-angle faulting.
In the Saguaro National Monument area, Davis
(1980b) has referred to a "decollement zone" in the
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mylonitic gneisses beneath the Catalina fault. He uses
the term in a modified sense to describe a finite zone of
pervasive fracturing, brecciation, and alteration in
which the tectonite fabric is disrupted on all scales by
rotational faulting.

The "decollement zone" at Saguaro

National Monument is capped by a thin (1-2 m thick) ledge
of microbreccia in which a relict tectonite fabric cannot
be detected.

The calcareous cataclastic rocks of the

Gardner Mountain map area may represent an analogous struc
tural zone.

However, the zone formed by these rocks is

more variable in its development, generally much thinner,
and shows no clearly defined lower limit; rocks within the
zone are not conspicuously rotated.
Even with the re-defined "decollement zone" of
Davis, it is difficult to argue for strict kinematic coor
dination between the internal

structures

the low-angle fault surface above it.

of the zone and

Davis, Gardulski,

and Anderson (1981) have interpreted the "decollement zone"
at Saguaro National Monument as a "zone of coalescence of
gently to moderately dipping faults, some of which may be
the lower reaches of listric normal faults."

These faults

operated "at a time and a structural position such that no
upper-plate detachment strata became interleaved with
microbrecciated mylonitic tectonite . . . "

The Catalina

fault is thus seen to behead the structures of the
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"de col lenient zone"; it is not the net result of synchronous,
coordinated movements within the zone.
The kinematic indicators which are associated with
the major low-angle fault of the map area— the axes of
large-scale troughs in the surface of the fault, slickensides and orthogonal calcite veins--all suggest transport
along a trend ranging from E-W to N 70 E-S 70 W.

West-

directed movement along that trend is preferred for the
following reasons:
1.

Allochthonous strata are consistently tilted east
ward along west-dipping normal faults (Figure 22),
a movement pattern sympathetic to westward trans
lation along the detachment surface.

The eastward

tilt of the allochtonous strata survives a correc
tion for the later rotational faulting that affeced both the authochthon and the allochthon (Lingrey
1982).
2.

The allochthonous grandiorite is tentatively cor
related with the Johnny Lyon Granodiorite which
crops out to the east.

3.

The Paleozoic stratigraphy of the allochthon strong
ly resembles the stratigraphy of the northwest
corner of the Dragoon Quadrangle.

In particular,

the Abrigo, Martin, and Escabrosa Formations of
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the allochthon closely match descriptions of the
formations in the northwest corner of the Dragoon
Quadrangle.
It must be pointed out that the last two arguments are in
valid if the fault does not root out east of the Rincon
foothills but continues underneath the Johnny Lyon Hi11sKelsey Canyon area.

If this is the case, the resemblance

between lithologic units results from an original strati
graphic pattern that would have been maintained whether
the allochthon moved eastward or westward.
There is now little question

that the major low-

angle fault of the Gardner Mountain area and the San Pedro
fault, as mapped by Lingrey, once formed a single, continu
ous surface. Whether or not this surface was at one time
continuous with the Catalina fault on the other side of
the Rincon Mountains is debatable.

The movement direction

on the Catalina fault, S60-70W (Davis et al. 1981), is
somewhat more southwesterly than that on the San Pedro
fault.

Possibly the two faults were nested, in a fashion

similar to the imbricate listric normal faults mapped by
Anderson (1971, 1978) in the Lake Mead area of Nevada and
Arizona.

If the Catalina and San Pedro faults do repre

sent a continuous surface of detachment, it becomes a geo
metric necessity to extend that surface beneath the Johnny
Lyon Hills-Kelsey Canyon area:

the outcrop gap between
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the autochthonous Paleozoic rocks of the eastern Rincon
foothills and the nearest Paleozoic rocks to the east is
too small to have ever accommodated so large an allochthon.
Low-angle detachment faulting in the eastern Rincon
foothills appears to truncate dikes of porphyritic andesite,
dated at Mineta Ridge at 27 m.y. (Shafiqullah et al. 1978).
Low-angle faulting predates Basin and Range deformation,
which is thought to have begun 13-12 m.y. ago (Eberly and
Stanley 1978; Scarborough and Peirce 1978).

The low-angle

faulting predates as well the deposition of the Paige
Gravels of Lingrey which, if they are correlative with the
Big Dome Formation, occurred in the interval 20-14 m.y.
A time period of 27-14 m.y. is thus bracketed for the
emplacement of the allochthon.
The timing and the structural characteristics of
the San Pedro fault place it among a growing number of midMiocene low-angle detachment faults that have been recog
nized in the southern Basin and Range province, both in
the vicinity of metamorphic core complexes (Davis et al.
1979, 1980) and removed from them (Armstrong 1972;
Anderson 1971, 1978).

Although these faults often explic

itly involve mid-Tertiary units (the Lower and Middle Unit
I rocks of Eberly and Stanley) their significance has been
overshadowed by the long-standing tendency to refer all
low-angle structures to the Laramide deformation.

Now that
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a mid-Miocene episode of low-angle faulting has been
recognized, its effects seem widespread in southern Arizona
and evident even in the excavation of the area for porphyry
copper:

low-angle faults involving Tertiary gravels in

the upper plate are known in the Pima mining district
(Shafiqullah and Langlois 1978), the San Manuel district
(Lowell 1968), and the Sacaton district.

In the two latter

cases, Precambrian crystalline rocks are contained in the
upper plate, as they are along the Catalina and San Pedro
faults.

However, the San Pedro fault remains unique among

the mid-Miocene faults recognized thus far in southern
Arizona, in that it.has produced a stratigraphic duplica
tion:

unmetamorphosed Paleozoic rocks in the upper plate

overlie equivalent, metamorphosed rocks in the lower plate.
Such a duplication could have resulted from low-angle
normal faulting (or from faulting on a nearly horizontal
surface) only if the source area of the allochthon had
been uplifted relative to the autochthonous rocks prior to
faulting.
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