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ABSTRACT

The Catalina complex, like the other Cordilleran metamorphic core complexes,
experienced an episode of profound middle Tertiary extension that resulted in low-angle
mylonite zones and detachment faults. However, the northern and eastern parts of the
complex escaped significant middle Tertiary defonnation and preserved a record of the
complicated Mesowic and early Cenowic tectonic history that preceded middle Tertiary

extension. A detailed examination of the northeastern Santa Catalina Mountains and a
reconnaissance study of the rest of the Catalina complex reveal evidence for Cretaceousearliest Tertiary (Laramide) thrusting and an enigmatic episode of early Tertiary (Eocene?)

magmatic intrusion, metamorphism and ductile defonnation.
Laramide thrusting is represented by the Edgar and Youtcy thrusts. The Edgar
thrust, a southwest(?)-vergent bedding-subparallel fault that repeats 300-500 m of
section, is intruded by the 64 Ma Leatherwood Quartz Diorite. The northeast(?)-vergent
Yautey thrust repeats at least 1300 m of section and is intruded by the Eocene(?)

Wilderness Granite.
The early Teniary orogenic event is represented in the northeastern Santa Catalina
Mountains by the Eocene(?) Wilderness Granite, its metamorphic aureole, widespread
low~grade

metamorphism, bedding-subparallel foliations, east-trending lineations, and

several bedding-subparallel stretching(?) faults that omit strata. Numerous kinematic
indicators show that the ductile defonnation involved top-to-the-east shear. Cross-cutting
relationships between the foliation, the faults and the Wilderness Granite and coincident
gradients in strain magnitude. metamorphic grade, rock ductility, and fauIt offset
demonstrate that intrusion, metamorphism, ductile flow and faulting were all
contemporaneous and that the heat source for the metamorphism and ductile flow was the
Wilderness Granite.
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Evidence for the early Tertiary event extends into the rest of the Catalina complex
but lineation trends and shear directions vary considerably from region to region.
Furthermore. abundant steep east-striking foliations within the Wilderness Granite
batholith appear to have fmmed during this event
The tectonic significance of the early Tertiary orogenic episode is unclear. Three
hypotheses may explain the wide variety of early Tertiary structures: forceful diapiric

intrusion of the Wilderness Granite, late-stage Laramide thrusting imposed on a tilted

section, or early-stage austaI extension.

IS
CHAPTER 1
INTRODUCTION
Overview of tbe Catalina Complex
The northeastern Santa Catalina mountains make up the northeastern pan of the
Santa Catalina-Rincon metamorphic core complex I of southern Arizona (Figure I). Like

all metamorphic core complexes. the Catalina complex is characterized by one or more
major low-angle detachment faults that separate • ~rittl"'Y distend", hanging-wall block
(or "upper plate,,2) from a footwall block (or "lower plate',2) of ductilp,ly deformed
metamorphic tectonites and their protoliths (Figure 2) (Davis, 1977; Coney, 1980).
Two major detachment faults partially rim the Catalina complex, the Catalina and
San Pedro faults (Figure 3). Both faults dip away from the complex and display a gently
southwest- or northeast-plunging folded shape such that the angle of dip is consistently
shaIlow to moderate but the direction of dip varies systematicaIly. The two detachment

faults together define the corrugated and arched fonn characteristic of detachment faults
throughout the North American CordiIlera (Cameron and Frost, 1981; Spencer, 1984)
(Figure 3). In the Catalina complex, the mutually perpendicular arch and corrugations
interfere to form doubly-plunging northeast-trending synforms and anti forms (evident on
maps by Moore and others, 1949; Pashley, 1966; and Drewes, 1974, 1977).

1For the sake of brevity, the Santa Catalina-Rincon metamorphic core complex
will be referred to as the "Catalina complex" - as was first done by Rehrig and Reynolds
(1980) - for the remainder of this text.
2The terms "upper plate" and "lower plate" are somewhat ntisleading because they
imply tabular-shaped bodies whereas the hanging-wall and footwall blocks in these
complexes may not be tabular at all. However, these terms are widely used in the litera·

ture on metamorphic core complexes because they present a concise way to convey very
important information and because no one has proposed better substitutes. Thus they will
be used in this dissertation.

Figure 3. Generalized geologic map of tht~ Catalina complex. Compiled from Keith and
others (1980), Lingrey (1982), Naruk (1987) Dickinson (1988) and this study. Dashed
lines superimposed on southwestern half of complex indicate penetrative middle Teniary
mylonitic fabric with lineation generally parallel to dashes.
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Figure 1. Tectonic map of the western United States showing the location of the
Catalina complex in relation to the other Cordilleran metamorphic core complexes and

to some of the major structures of the region. Modified from Wust (1986).
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Figure 2. IdeaHzed cross-section of a metamorphic core complex. After Spencer (1984).
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Figure 3. Generalized geologic map of the Catalina complex. Compiled from Keith and
others (1980), Lingrey (1982), Naruk (1987) Dickinson (1988) and this study. Dashed
lines superimposed on southwestern half of complex indicate penetrative middle Tertiary
mylonitic fabric with lineation generally parallel to dashes.
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The northwest-trending arch fonns a single antiform with a 20-25 km half wavelength.
The northeast-trending corrugations form a number of antiforms and synforms with
characteristic wavelengths of 13-20 Ian.
The detachment faults crop out along the western, southern and eastern margins of
the complex (see Figure 3). The high central portions of the mountains are made up of
lower plate rocks whereas the surrounding foothills are composed primarily of upper plate
lithologies. The upper plate includes rocks from throughout the southeastern Arizona
geologic column, but it is dominated by Tertiary sedimentary rocks. Most upper plate
rocks have been brittlely fractured but none of them have been significantly affected by
Phanerozoic metamorphism. The detachment faults are brittle features marked by finegrained cataclasites and chloritic breccias. By contrast, the lower plate displays extensive
metamorphic terranes and spectacular mylonite zones but little sign of brittle fracturing
except for ubiquitous joints perpendicular to the mylonitic lineation. The central and
northwestern parts of the lower plate are composed of Precambrian and Tertiary granitic
plutons whereas the southwestern parts of the lower plate are composed of mylonites
derived from those plutons (see Figure 3). The northwest-trending contact between the
granites and the mylonites is gradational. The northeastern and eastern parts of the lower
plate consist of metamorphic tectonites derived from Precambrian through Cretaceous
sandstone, limestone, shale. conglomerate, diabase, granite and quartz-diorite (see
Figure 3). The unmetamorphosed unfoliated equivalents of these lithologies comprise
the northernmost portion of the lower plate.

Tectonic Models
The outstanding structures of the Catalina complex include major low-angle faults,
asynunetric recumbent mesoscopic folds, upright folds, and metamorphic tectonites with
subhorizontal foliations and lineations. These tantalizing features have captured the
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allention of generations of geologists who all recognized the primarily low-angle tectonic
movements demanded by the geometries of these structures but who disagreed on timing,
direction of movement. and tectonic significance. Proposed models for the structural
evolution of the complex emphasize four basic themes: I) thrusting, 2) regional extension, 3) vertical rising of gneiss domes, and 4) inlIUsion-related defonnation.
Thrust faulting was probably first proposed by C.F. Tolman who conducted a
very thorough study of the Tucson 30' Quadrangle (which encompasses most of the
Catalina complex) in 1910 and 1911. Although his 1914 manuscript was never published
and is presumed lost, an unlabeled map that is probably a copy of Tolman's map is filed
with Moore and others (1949) at the Arimna Geological Survey Library. This map
depicts a south-to-southwest-dipping thrust fault with a sinuous trace along the southwestern margins of the complex3.
Numerous later workers proposed thrusting in the Catalina complex as well.

Darton (1925) studied a sma!! area in the southwestern Rincon Mountains and called for
north-directed thrusting along severa1low·angle faults. Brennan (1957), Layton (1957)
and Kerns (1958) mapped adjacent areas and concurred with Darton's interpretation.

mapping additional faults and assigning a post-lower Miocene age to the thrusting.
Moore and others (1938) described imbricate thrusting north of Kellogg Mountain in the
central part of the Santa Catalina Mountains. Pashley (1966) conducted a detailed study
of the fault mapped by Tolman, named it the "Catalina fault", and suggested that it had
accommodated north-northwest-directed thrusting during Tertiary time. Drewes (1974,
1977, 1981), on the other hand, called for Laramide northeast-directed thrusting on the
Catalina fault as well as on numerous other low-angle faults in and around the Rincon

3nis fault is considered by most modern workers to be part of the detachment
fault system described in the ahove section entitled "Overview of the Catalina Complex."
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Mountains. Keith (1983) and Keith and Wilt (1985, 1986) proposed southwest-directed

Eocene distributed ductile thrustil:g involving the mylonites that are present throughout
the southwestern part of the Catalina complex. Bykerk-Kauffman and Ianecke (1987)

suggested that the east-directed shear they observed in metasedimentary and metaplutonic
rocks in the northeastern part of the complex was related to Laramide thrust faulting.
Smith and Gehrels (1987), Smith (1989) and Gehrels and Smith (1990, in review),like

Drewes, called for Laramide northeast-directed thrust motion on the Litde Rincons fault in
the eastern Rincon Mountains.

Not everyone has favored the idea of thrust motion involving the mylonites and
major low-angle faults. Davis (1980, 1983), Rehrig and Reynolds (1980), Davis and
others (1981), and Lingrey (1982) called for middle Tertiary regional extension. Rehrig

and Reynolds (1980) proposed that the mylonitic zones in all of the Arizona metamorphic
core complexes represented zones of ductile crustal necking by pure shear and that the

detachment faults served as transitions between ductile extension at depth and brittle
distension at shallow crustal levels. By contrast, Davis (1980, 1983). Davis and others
(1981) and Lingrey (1982) proposed that this extension was accommodated by

southwest-dlrected nonnal-slip ductile shearing, which fashioned the mylonites and
metamorphic tectonites in the complex, accompanied by southwest-directed normal offset
on the Catalina and San Pedro detachment faults. Similar models have recently been
proposed for most of the Cordilleran metamorphic core complexes (see, for example,
Figure 4, which was published by Reynolds and others, 1988). Bykerk-Kauffman

(1983b) invoked a conjugate shear zone related to this defonnation to explain evidence for
apparent normal-slip east-directed shear in the easternmost Santa Catalina Mountains.
Naruk (1987) interpreted northeast-directed shearing in the central Santa Catalina
Mountains in the same way.
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Figure 4. Three-stage model for the development of detachment faults, brittle upper
plate normal faults. and mylonite zones within a metamorphic core complex during
regional crustal extension (from Reynolds and others, 1988).
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A very different set of models calls for the Tertiary vertical rising of one or more
gneiss domes. In some of these models, the observed deformation is directly related to
the vertical motion of the dome (peirce. 1958; McCullough. 1963). McCullough. for

example, explained the antiforms and synforms defined by foliations in the granitic rocks
of the western Santa Catalina Mountains by invoking the passive rising of several lobes of
rock, with some adjacent lobes rising at unequal rates. In other models, the defonnation
is attributed to gravity-gliding of unstable layers off of the flanks of the rising domes
(McColly. 1961; Pilkington. 1962; Mayo. 1964; Waag. 1968; Arnold. 1971; Schloderer.
1974; Davis. 1975; and Frost. 1977).

Davis and others (1975) proposed a model similar to the gneiss dome model.
They called attention to the pervasive ENE-trending lineations throughout the complex

and called for profound northeast-southwest extension accompanying differential vertical
uplift to account for the foliations. lineations and folds observed in both the granites and
the country rock. Budden (1975) developed this idea further and called for the sttetching

of the roof of a diapirically upwelling granitic pluton.
C. F. Tolman (as told by Ransome. 1916) and Moore and others (1938) also

believed that much of the defonnation was generally syncluonous with intrusion. They
proposed that the mylonites on the southwest flank of the complex were formed by the
intrusion of a "great post·Carboniferous intrusive mass of siliceous muscovite granite"
(Ransome. 1916. p. 144). Creasey and others (1977) and Banks (1971.1980) came to

the identical conclusion based on their mapping and on a series of radiometric age dates.
They considered the age of the batholith involved to be approximately 25 Ma.

Most of the workers who proposed this diverse array of models attempted to relate
all of the observed structural features in the Catalina complex to a single episode of
defonnation. However, some have suggested that multiple events are needed to account
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for the complicated assemblage of structures displayed in the Catalina complex and have

proposed various combinations of the above four types of tectonic models. For example,
although Drewes (1974, 1977, 1981) felt that Laramide thrusting had made the greatest

impact on the geology of the complex, he also called for minor middle Tertiary
backsliding on some of the thrust faults. On the other hand, Lingrey (1982) and Krantz
(1983), who both stressed the importance of middle Tertiary extension, interpreted older-

over-younger faults within the upper plate of the detachment fault system as remnant

Laramide thrusts or reverse faults. Plot (1968), who worked in the eastern Rincon
Mountains, caIled for Late Cretaceous 10 middle Tertiary metamorphism and northward
reverse faulting together with fannatian of foliations and lineations; he further suggested
that the reverse faulting was followed by eastward gravity gliding of cover rocks off the
flanks of the Rincon Mountains. Trever (1983). who worked just north of Plut, related
all of the low· angle brittle faulting to middle Tertiary extension but considered the ductile
defonnation to be significantly older.
Although these authors allowed for two or more episodes of brittle defonnation,
they all called for only one episode of ductile defonnation. Keith and others (1980) went
a step further and proposed three distinct episodes of mylonitization and other ductile
defonnation between the late Cretaceous and the middle Tertiary, each episode following
the intrusion ofa suite of granitic plutons. Bykerk-Kauffman and lanccke (1987) refined
this model, proposing ilIat one of these episodes involved. east-directed Laramide ductile
thrusting whereas a second episode involved southwest-directed ductile nonnal faulting.
Guerin (1988) also proposed three distinct episodes of mylonitization: 1) Paleocene
westward shear synchronous with the emplacement of the Leatherwood Quartz Diorite
pluton. 2) Eocene northeastward shear synchronous with emplacement of the Wilderness
Granite, and 3) post-Eocene southwestward shear.
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The Evidence: Implications for the Models
Brittle Defonnarion

The slip direction, sense of motion, and kinematic significance of the detachment
fault system are quite well constrained by structural data. Numerous slickenside striae,

grooves, and mullion-like features on the surfaces of the detachment faults have estab-

lished a WSW-ENE slip direction for these faults. parallel to the map-scale corrugations
on the fault (Lingrey, 1982; DiTullio, 1983). Palinspastic reconstructions of the upper
plate in the eastern Rincon Mountains indicate that the detachment faults represent very

low-angle Donnal faults along which the upper plate slipped tens of kilometers to the
west-southwest relative to the lower plate (Davis, 1981; Davis and Hardy, 1981; Lingrey,
1982). In light of this evidence, much of the post-lower Miocene thrusting reported by
Darton (1925), Brennan (1957), Layton (1957) and Kerns (1958) in upper plate rocks in
the southwestern Rincon Mountains could be reinterpreted as southwest-directed low-

angle normal faulting associated with detachment faulting. Krantz (1983) did exactly that,
using the southwest dip of upper plate normal faults, the westward asymmetry of folds

and orientations of joints as evidence for a southwest transport direction. Virtually every
other detachment fault in the Cordilleran metamorphic core complexes has also been

interpreted as a low-angle Donnal fault (see, for example, Davis and others, 1980; Snoke,
1980; and Brown and Murphy, 1982), adding strength to this interpretation for the
detachment faults of the Catalina complex. In addition. the arched and the corrugated

shape of the detachment fault appears to be an inherent result of the detachment faulting
process in a number of metamorphic corc complexes including the Catalina complex
(Cameron and Frost, 1981; Spencer, 1984).
The timing of detachment faulting and upper plate brittle faulting is very well
constrained by regional relationships as well as by radiometric age dating. Stratigraphic
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and geochronologic evidence from syntectonic to post-tectonic sedimentary and volcanic
rocks reveal that regional extension began in late Oligocene time (24-301 Ma), was rnost
intense during part of early Miocene time (161-24 Ma). and waned during mid-Miocene
tirne (Dickinson and Shafiqullah, 1989). Fine-grained illitic clays frorn three samples of
fault gouge and extremely fine-grained feldspar/quartz aggregates frorn one sample of
cataclasite within the Catalina detachment fault zone have yielded K-Ar ages between 20.9
Ma and 21.4 Mat probably dating the latest active movement on the fault (ShafiqulIah and
others. 1988. 1989a. 1989b).
In summary, the detachment faults and much of the brittle deformation of the
upper plate accommodated unidirectional middle Tertiary southwest-directed normal
faulting, ruling out thrusting as the latest movement on the detachment faults.
We can also rule out the once-popular hypothesis of gravity-gliding off verticallyrising gneiss domes that correspond to modern topographic highs because the detachment
fault system is arched over the complex; the upper plate moved to the west-southwest on
all sides of the mountains, eveD on the eastern side where west-southwest is currently in
an "uphill" direction (Lingrey, 1982). Thus, the present-day mountains did not exist
during detachment faUlting. In fact, although much of the arching of the fault (and,
thereby, much of the uplift of lower plate rocks from depth to the near-surface) probably
took place during the late stages of detachment faulting as modeled by Spencer (1984)
(see Figure 4), the final uplift of the mountains did not happen until basin-and-range
extension. long after detachment faulting had ceased (Holt and others. 1986).
Thus the available evidence strongly suggests that much of the brittle defonnation
in the range is due to middle Tertiary extension accommodated by low-angle normal
faults. However, not quite all of the brittle defonnation in the complex is related to
middle Tertiary extension.

In fact, there are several brittle faults that can best be
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interpreted as thrusts. They include a number of un-named faults in the upper plate of the
detachment fault system, all of which place Precambrian rocks on Cretaceous or upper

Paleozoic sedimentary rocks. These faults are located in the eastern Rincon Mountains
(Lingrey. 1982), in the nonhwestern Rincon Mountains in Saguaro National Monument,
East (Drewes, 1977), and in the southwestern Rincon Mountains near Colossal Cave
(Krantz,1983). All of these faults are probably Laramide thrust faults that were cut by
the detachment faults and "went along for the ride" together with the rest of the upper

plate during detachment faulting.
Ductile Defonnation

Evidence for ductile defonnation in the Catalina complex is generally restricted to
the lower plate of the detachment fault system, with the exception of a few scattered fault
slices immediately above the detachment faults (Davis, 1980). The evidence for ductile
defonnation consists of subhorizontal structural fabrics and recumbent isoclinal folds. A
number of geologists have conducted detailed studies of these structures in scattered
locations throughout the complex, striving to detennine whether the ductile defonnation
involved a component of simple shear and, if so, what the sense of that shear was.
A substantial proportion of these studies have yielded a west-south west-directed
shear sense. Davis and others (1981) reinterpreted the results of Davis (1975) and
observed that the asymmetries of folds in upper plate rocks in the Rincon Mountains are
compatible with west- to southwest-directed shear, parallel to the pervasive 230°- to 250°trending lineation in the lower plate mylonitic gneisses. DiTullio (1983) and Martins
(1984) examined S-C foliations (Berthe and others, 1979) and other shear-sense
indicators (Simpson and Schmid, 1983) in mylonites within the lower plate in the western
Rincon Mountains. They found that the mylonites had undergone southwest-directed
shear in a veiy consistent 240°- to 250°-trending direction (locations 14 and 15 on
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Figure 5 and Table 1). Naruk (1987) applied the same techniques in the southwestern
Santa Catalina mountains and discovered two distinct shear zones: a major southwest-

directed zone cross-cut by a minor nonheast-directed zone Oocations 7, 8 and 9 on Figure
5 and Table I). Frost (1977> and Lingrey (1982) worked in the eastern Rincon

Mountains and applied the Hansen (1971) method to asymmetric recumbent folds in

metasedimentary rocks. They anived at movement directions of 297 0 and 209°,
respectively (locations 16 and 18 on Figure 5 and Table I). Although these directions are
almost 90° apart, they are both roughly compatible with west-south west-directed shear.
especially considering the large regions of overlap both authors had on their plots of z-

and s-folds. In order to supplement these detailed studies, I have done reconnaissance
work throughout the southwestern part of the Catalina complex, examining SoC foliations
and shear bands in granitic mylonites_ Every mylonite that I have examined there, outside
of the nonheast-directed zone identified by Naruk (1987), yielded either an indeterminate
shear sense or a southwest-directed shear sense (locations 5, 6, 13, and 19 on Figure 5
and Table 1; see Figure 6 for stereoplots of fabric elements at location 13).
All of these workers, except Lingrey (1982), found that the tectonite fabrics and
folds they studied affected the Eocene(?)4 Wilderness Suite granites (as defined by Keith
and others. 1980), suggesting a post-Eocene age for the southwest-directed shear
defonnation. In fact, some evidence extracted from the Tonolita complex, located just
northwest of the Catalina complex, strongly suggests that the mylonitic defonnation in
both complexes is post-Oligocene in age; Keith and others (1980) correlated the 27 Ma
Catalina Granite with a granite in the Tortolita Mountains that has a well-developed
mylonitic fabric. Unfoliated early Miocene (2(}'25 Ma) dikes crosscut tectonite fabrics

4See Chapter 2 for details on radiometric dating.
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Figure 5. Compilation of shear directions, as determined by previous workers.
throughout the lower plate of the Catalina complex. Details of each area shown are
given in Table 1. Dashed lines represent the zone of penetrative mylonitization of
granitic rocks.
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Table 1. Exact shear direction, types of shear-sense indicators used, and references for
each location plotted on Figure 5.
location #
1
2
3
4
5
6
7
8
9
10
11

12
13
14
15
16
17
18
19
20
21
22
33

Shear

Shear sense

Direction
0900

Indicators*
a, b, c, f, i,j
a, b, h
b, c

2(Jf'

0950
1200
2500
2400
2100
0440
2450
0230
0050
0200
2560
2400
2400
297 0
1400

a. e, g

a
a, d, k

0600

e
a
a, b, d, k,l

southwest

m

south

m
m

2090

245 0

northeast

References
lanecke (1986)
Guerin (1988)
Bykerk-Kauffman (1983a, b)
Schloderer (1974)
This study
This study
Naruk (1987)
Naruk (1987)
Naruk (1987)
This study
S. Naruk, pers. comm. (1989)
Bykerk-Kauffman (1983a), this study
This study
DiTullio (1983)
Martins (1984)
Frost (1977)
Trever (1983)
Lingrey (1982)
This study
Smith (1989)
Waag(1968)
Waag(1968)
Waag(1968)

*Shear Sense Indicator Codes
a = soc foliations in granitic my!onites
b = mesascopic shear zones
c = asyrruneoical calcite grain-shape fabric
d = asymmetrical quartz grain-shape fabric
e = Hansen (1971) plot of the axes of asymmetric intrafolial orsheath folds
f = offset markers
g = shear baods
h = crystallographic preferred orientation of quartz grains
i = soc-like phacoidal cleavage
j = sigmoidal chert nodules oriented oblique to the macroscopic foliation
k = dynamically recrystallized tails on porphyroclasts
I = asymmetrical pressure shadows
m = fold vergence
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N

mean lineation
(076',8')

* 191inealions on S'surfaces
N

+ 16 poles to C-suriaces

Figure 6. Equal-area stereographic projections of fabric elements in s-c mylonites
within Tanque Verde Canyon east of Tanque Verde Falls (location 13 in figure 5 and
location 22 in Figure 49), The relative orientations of the s- and c-surfaces indicate
southwest-directed shear. Stereographic projections generated using Allmendinger
(1988).
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throughout the complex, further constraining the timing of the ductile defonnation (Keith

and others, 1980).
Thus the timing and kinematics of the middle Tertiary southwest-directed ductile
shear deformation are, in general, compatible with the timing and kinematics of the
aforementioned middle Teniary southwest-directed brittle detachment faulting. In
addition, Naruk (1987) determined that the C(slip)-surfaces in the mylonites of the

southwest-directed shear zone, as well as the lower boundary of that zone, generally
parallel the nearby southwest-dipping Catalina detachment fault. An of this evidence
strongly suggests that the ductile southwest-directed shearing and the brittle southwestdirected detachment faulting are broadly synchronous and that they are part of a single
deformational regime as hypothesized by Davis (1983; see Keith and Wilt, 1985, 1986
for another viewpoint) and illustrated in Figure 4.

This conclusion applies to the ductile defonnation in the southwestern Catalina
complex but not, however, to the ductile features of the northern and eastern portions of
the complex. Several workers, studying the latter regions, have reported puzzling results
that do not fit neatly into Davis's (1983) model nor, often. into any o'her model. These
puzzling results consist of anomalous shear-sense directions and perplexing cross-cutting
relationships.
The northeast-directed shear zone in the southwestern Santa Catalina Mountains
described by Naruk (1987) has already been mentioned. Northeast-directed shear has
also been discovered in easternmost Redington Pass by Bykerk-Kauffman (1983a; this
smdy), based on asymmetric sheath folds and S-C mylonites (see location 12 on Figure 5
and Table 1). These two regions may represent parts of a single shear zone (see the
"Anomalous Structural Fabrics" section in Chapter 3). The Eocene(?) Wilderness Granite
is affected by the nonheast-directed shear defonnation in both of these areas. In fact,
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Naruk (1987) observed [hat the nonheast-directed shear in the central Santa Catalina

Mountains post-dates the southwest-directed shear which, as is shown above, probably
predates 27 Ma. Smith and Gehrels (1987) and Smith (1989) have also found evidence

for northeast-directed ductile shear in the Catalina complex. This northeast-directed
ductile shear took place within a thrust wne in the eastern Rincon Mountains (location 20
on Figure 5 and Table 1). Synkinematic pegmatite dikes within that thrust zone yield UPb ages of 66 ± 10 Ma (zircon) and 51 ± 2 Ma (monazite) (Gehrels and Smith, 1990, in
review). Therefore, the northeast-directed shear in the eastern Rincon Mountains is

clearly older than the northeast-directed shear in the Santa Catalina mountains and the two
regions of nonheast-directed shear cannot be related in any way.
There are additional regions of anomalous shear sense in the complex as well.
Waag (1968), who studied mesoscopic folds on the crest of the Santa Catalina
Mountains, reported three domains with three distinct shear directions: southwc:>t, south
and northeast (locations 21, 22 and 23 on Figure 5 and Table I). Schloderer (1974),
Bykerk-Kauffman (1983b), and Janecke (1986) found abundant evidence for east to east-

southeast-directed shear in the northeastern Santa Catalina mountains (locations I, 3. and
4 on Figure 5 and Table I). Bykerk-Kauffman (1983b) reported that this deformation

caused dramatic thinning of the geologic column both by penetrative shearing and ductile
faulting. Unfortunately, none of these authors could find any constraints on timing of the
east-directed shear defonnation other than to say that it post-dates the 64 MaS leatherwood Quartz Diorite.
Perplexing observations have also been made in the eastern Rincon Mountains.
Trever (1983), using ille Hansen (1971) method of fold analysis, found evidence for

5See Chapter 2 for details on radiometric dating.
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south-southeast-directed shear in the eastern Rincon Mountains (location 17 on Figure 5
and Table 1). Lingrey (1982), on the other hand, reported southwest·directed shear in a
large area immediately north of Trever's study area (location 18 on Figure 5 and Table 1).
This southwest-directed shear is associated with profound thinning of stratigraphic units;
thus Lingrey attributed the deformation to Davis's (1983) model of middle Tertiary

regional extension. However. the timing of deformation in the eastern Rincon Mountains
may not fit this model. Lingrey observed that the tectonite fabrics and ductile faults are

intruded by peraluminous pegmatites and other intrusions. These intrusions could
correlate with a nearby 24-26 Ma peraluminous granite (age dates from Gehrels and
Smith, 1990, in review) but they could also correlate with the Eocene(?) Wilderness
Granite. The latter would imply that the southwest-directed shear in the eastern Rincon
Mountains considerably predates the .....21 Ma detachment faults.
Guerin (1988), who studied tectonite fabrics near Mt. Lemmon on the crest of the
Santa Catalina Mountains, also observed some perplexing cross-cutting relationships. He
reported evidence for crystallization of metamorphic minerals before and after fonnation
of west-directed shear fabrics (location 2 on Figure 5 and Table 1). He attributed the
metamorphism to the intrusion of the 64 Ma Leatherwood Quartz Diorite and therefore
concluded that the shear fabrics formed during intrusion. This interpretation is supported
by Steve Reynolds's (personal communication 1990) observation that west-directed shear
fabrics in the area are intruded by pegmatites related to the Eocene(?) Wi1derness Granite.
Thus some of the west-directed shear fabrics in the Santa Catalina Mountains may
significantly predate middle Tertiary extension.
All of this confusing evidence does not rule out the possibility of middle Tertiary
extension accommodated by broadly synchronous southwest-directed nonnal-slip ductile
shear and detachment faulting (Davis. 1983). It does, however, suggest that this model,
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though elegant, is too simplistic and must be modified in order to account for the
complexities observed in the eastern and northern parts of the complex. Could there have
been conjugate ductile shear zones during middle Tertiary extension? Could some of the
tectonite fabrir:s, ductile faults and folds be inherited from earlier, pre-Tertiary episodes of
deformation? If so, did that pre-middle Tertiary deformation involve thrusting, gravitygliding, or intrusion-related deformation? Or did regional extension take place over a
long, protracted, period of time? The only way to answer these questions and resolve the
issue is to collect more data.

Purpose and Methods
Thus the primary purpose of this dissertation was to collect the pertinent data
needed to answer these questions. Although I have carried out reconnaissance work
throughout the Catalina complex, I have focused on the northeastern Santa Catalina
Mountains (see Figure 3) because earlier work by Schloderer (1974). Bykerk-Kauffman
(1983b) and lanecke (1986) had uncovered regions within the area that had undergone
east·directed shear (see locations 1.3 and 4 on Figure 5 and Table 1). My goals were to
determine the total regional extent of the east-directed shear deformation. to constrain the
timing of this deformation. to understand the kinematics of the deformation. to generally
detennine the P-T conditions of defonnation, and. finally, to uncover the relationship, if
any, between the east-directed shear zone and nearby southwest- and northeast-directed
shear zones.
In order to accomplish these goals, I remapped. much of the area, concentrating
especiaIly on the spatial distribution of tectonite fabrics and on the traces of low-angle
faults. I supplemented this mapping with a compilation of all previously produced maps.
I examined shear-sense indicators in order to determine the sense of shear. I studied
cross-cutting relationships among faults. intrusions and tectonite fabrics in order to
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bracket the timing of defonnation and to uncover any genetic relationships between these
features. I undertook a detailed study of the structural and metamorphic petrology of the
metamorphic tectonites in the area, using the electron microprobe to identify and analyze
mineral phases as needed. I then used this data to constrain the P-T conditions af
defonnation, the mechanisms of deformation and the relative timing of defannation and
metamorphism. I compared the microstructural characteristics of mylonites from the area
with those from the southwest-directed shear zone on the southwest flank of the complex.
Finally, I conducted a gravity survey of the area in order to constrain our knowledge of
the subsurface lateral extent of the Wilderness Granite.
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CHAPTER 2
LITHOLOGIC UNITS
The northeastern Santa Catalina Mountains are composed of the typical rock
sequence that characterizes much of southeastern Arizona: a Precambrian crystalline

basement overlain by a thin cratonic sequence of Precambrian through Cretaceous
sedimentary rocks. intruded by Mesozoic and Tertiary plutons. However, penetrative
deformation and metamorphism have profoundly transfonned most of these lithologies,

rendering many virtually unrecognizable. As a result, previous workers' have rarely
agreed on the placement of these transformed lithologies into the geologic column;
compare, for example. Creasey and Theodore (1975) with Wilson (1977) or Pilkington
(1962). Yet, correct identification of the rock units is essential because the low-angle
faults in the area are revealed primarily by the juxtaposition of units in anomalous
sequence or order.
This study represents yet another attempt at identifying these problematic rocks
and, naturally, the resulting map (Figure 7; see also Bykerk-Kauffman, 1990) is quite
different from most previously published maps of the area. Interestingly, C.F. Tolman,

who did the pioneering work on the range in 1910 and 1911. apparently produced a map
that bears a closer resemblance to the one from this study than any other>. In addition,
the system I used to assign fonnation names is compatible with one applied by Lingrey
(1982) to similar rocks in the eastern Rincon Mountains. Numerous reconnaissance visits
to

Lingrey's area have confirmed that our criteria for assigning rock unit names are

virtually identical. Thus the system of map units used in this study seems to be sound; it
is, at least, internally consistent.
&rhis map, which covers the Tucson 30' quadrangle, was never published. A
possible copy of C. F. Tolman's map is flied with the map accompanying Moore and

others (1949) and Moore and others (1938) in the Arizona Geological Survey library.

Figure 7. Generalized geologic map of the northeastern Santa Catalina Mountains.
Original mapping by the author supplemented with mapping by Waag (1968), Schloderer
(1974), Creasey and Theodore (1975), Banks (1976) Thorman and Drewes (1981),
Warner (1982), Jlinecke (1986) and Dickinson (1988). Scale 1:125,000. See BykerkKauffman (1983b, 1983c, 1990) for detailed maps of the area.
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This system is described below, with strong emphasis on the unique characteristics that allow each unit to be identified. For more detailed discussions of the local
geologic column. see Bryant (1955). Cooper and Silver (1964) and Creasey (1967). In
most areas, fonnations were lumped in order to expedite mapping. This was done in
such a way as to take advantage of especially obvious contacts.

General Framework
The northeastern Santa Catalina Mountains can be viewed as a core terrane topped
by three generally northeast-dipping plates (Figures 7. 8 and 9). Although this stacking
has been disrupted by igneous intrusion, ductile shearing. low-angle faulting and

high~

angle nonnal faulting, it is discernible throughout the study area (Figure 9). Each plate is
floored by a major low-angle fault. Thus, for convenience, the plates have been named
after the faults which floor them. The plates are, from lowest to highest, the Edgar plate,
the Youtcy plate and the San Pedro plate (Figure 9). The core terrane. the Edgar plate and
the Youtcy plate lie structurally below any known detachment faults; they are thus part of
the "lower plate" with respect to detachment faults as defined in Chapter 1. The San
Pedro plate is, of course, structurally above the San Pedro detachment fault; it is therefore
part of the "upper plate" discussed in Chapter 1. The faulting events that brought the core
terrane and the three plates together are complex, involving multiple episodes of
defonnation and discussion of them will be deferred until Chapter 4.

Precambrian Basement
£iML~

The Precambrian Pinal Schist is the oldest lithology to crop out in the northeastern
Santa Catalina Mountains. Within the study area it is resoicted to a thin, intennittent zone
at the base of the Edgar plate; this zone is too thin to be shown on Figure 7 except in the

Figure 8. Detailed geologic cross-sections of the northeastern Santa Catalina Mountains.
Locations of cross-sections shown on Figure 7. Scale 1:30,000.
Key to Symbols (see Chapter 2 for detailed descriptions of rock units):
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southeastern comer of the area. The Pinal Schist is also present in the San Pedro plate
just southeast of the study area (Lin grey. 1982). Previous workers mapped much of the

Pinal Schist in the study area as Upper Precambrian Apache Group. However, the basal
member of the Apache Group, the Scanlan Conglomerate, is in depositional contact above
these rocks, forcing the reinterpretation made here.
The Pinal Schist is a dark grey to dark brown pelitic schist with several quartzite
interlayers and a distinctive 1 m thick breccia layer composed of angular white quanzite

fragments in a dark grey matrix. Pelitic horizons of the Pinal Schist located near the

Wilderness Granite contain abundant andalusite porphyroblasts.
The Pinal Schist was frrst metamorphosed in the Precambrian during or prior to
the intrusions of 1.6 and 1.4 Ga granitic batholiths throughout southern Arizona (Cooper

and Silver, 1964; Lingrey, 1982). Two additional episodes of metamorphism affected the
Pinal Schist in the Edgar plate, but not in the San Pedro plate, during late Cretaceous to
early Tertiary time. These events, which will be discussed in more detail in Chapter 3,
locally increased the metamorphic grade in the Pinal Schist and produced a penetrative
foliation and/or a crenulation cleavage parallel to similar features in the younger rocks
around it. Thus any older Precambrian fabric has been largely obliterated.
lohny Lyon Granodiorite
The Precambrian lohny Lyon granodiorite is restricted to the San Pedro plate.
This unit is not shown separately from the other "upper plate"lithologies in Figure 7; see
Dickinson and Olivares (1987) for a detailed map of the "upper plate" in and near the
study area. The lohny Lyon granodiorite is a light pink very coarse-grained porphyritic
quartz monzonitic (adamellitic) to granodioritic rock (Lingrey, 1982). It is dominantly
quanzofeldspathic, with mafic minerals, primarily biotite and hornblende, only rarely in

notable abundance (Lingrey, 1982).
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Oracle Granite
A second coarse~grained Precambrian granitoid, characterized by large K-feldsr:rr
phenocrysts, crops out extensively in the core terrane and makes up most of the Youtey
plate (Figures 7 and 9). In addition, a few isolated plugs (too small to show in Figure 7)

of the granite are embedded in Pinal Schist in the southeastern parts of the Edgar plate.
Identical granitic rocks have been designated as "ContineIital Granodiorite" by Drewes
(1974, 1977), Lingrey (1982), and other workers in the Rincon Mountains and as "Oracle
Granite" by Moore and oth"rs (1938, 1949), Creasey and Theodore (1975), Banks

(1976), and other workers in the Santa Catalina Mountains. All of these workers, except
Moore and others who did not have access to radiometric age dating techniques, cite an
age of 1.40-1.45 Ga. Since the name "Oracle Granite" has historical precedent, I have

adopted this name for these granitoids in the northeastern Santa Catalina Mountains.
The Oracle Granite is generally darker than both the Johny Lyon Granodiorite and
the Wilderness Granite (described below), especially when transfonned into a mylonite.
It is strongly quartzofeldspathic, with 80-90% of the rock composed of quartz and

feldspar. Quartz, K-feldspar, and oligoclase are generally present in roughly equal
proportions (BaneIjee, 1957; Lingrey, 1982), although the quartz content can get as high
as 40% (Warner, 1982). The large (up to 3 em long) phenocrysts are predominantly

microcline, although a few of them are oligoclase (Lingrey, 1982). The K-feJdspars are
commonly pink in color. The primary mafic mineral is biotite. Muscovite is present only
in mylonitic portions of the Oracle Granite and appears to be a secondary phase that
fonned during mylonitization.
The Oracle Granite exposed in the Youtcy plate displays a strong mylonitic fabric
immediately adjacent to the Youtcy Fault (see Chapter 4) but it is generally undefonned.
Most exposures of the Oracle Granite in the core terrane have a very weak mylonitic fabric
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or none at aU. However, there are numerous discrete zones of intense shear throughout
the granite in the core terrane. These zones are marked by well-developed mylonitic

fabrics (Figure 10) and, uncommonly, by ultramylonites. The shear zones are typically a
few meters thick

Figure 10. Mylonite derived from Precambrian Oracle Granite. view toward the south.
Shear band foliations indicate a top-to-the-east sense of shear. Local asymmetric folding

of the mylonitic foliation also suggests top-to-the-east shear. Location: Bullock Canyon.
NW 1/4, Section 25, T 12 S, R 17 E.

Not all of the region mapped as Oracle Granite fits the above description,
however. There is an enigmatic body ofleucocratic granitic mylonite exposed in the core

terrane at the southeast end of the anticline shown in Figure 7; this exposure is in an area
of low relief just south of Buehman Canyon and west of Bullock Canyon (see Bykerk-

--_._--

_.-

'-'
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Kauffman. 1990, for exact location). The mylonite exposed in this area is composed
primarily of quartz, sericite and muscovite and has a strong, almost schistose. foliation.
It was previously mapped as "Quartz Monzonite of Samaniego Ridge" by Creasey and
Theodore (1975) and as "Catalina Granite" by Tolman (1914). I have generally remapped

both of these units as Eocene(?) Wilderness Granite in the study area. However, this
granitic mylonite is very unlike the Wilderness granite; it contains no garnet and very little
feldspar. In addition, it must be Precambrian in age because the basal conglomerate of the

Apache Group, the Scanlan Conglomerate, appears to be in depositional contact with it.
Therefore. having no better alternative, I have lumped this leucocratic mylonite with the
Oracle Granite.

Sedimentary and Metasedimentary Units
Precambrian
Apache Group

The Precambrian Apache Group was deposited on all three of the aforementioned
crystalline basement units. The Apache Group crops out in the core terrane and in the
Edgar plate. The two lower fonnations of the group, the Pioneer Shale and the Dripping
Springs Quartzite, are well represented in the area. Waag (1968) interpreted some
phyllitic layers at Mt. Bigelow as Mescal Limestone. the fonnation which overlies the
Dripping Springs. However, I found no evidence for the Mescal Limestone anywhere
else in the area. Thus I have lumped the exposure of Mescal Limestone(?) at Mt Bigelow
with the Dripping Springs Quartzite.

Pioneer Shale. The Pioneer Shale is the basal fonnation of the Apache Group. It
is a fine-grained leucocratic pelitic schist with uncommon quartzite layers and a basal
conglomerate, the Scanlan conglomerate. The composition of the Scanlan conglomerate
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is strongly dependent on the rock type that underlies it. In the core terrane, where the

Scanlan Conglomerate is deposited on the Oracle Granite. the pebbles are generally grusy
in composition and granule~sized (with the exception of a few large quartzite cobbles), In
the Edgar plate, where the Scanlan Conglomerate is deposited on the Pinal Schist, the
conglomerate consists of deformed 1-2 em-diameter quartzite and schist pebbles in a

mica-rich matrix. The Pioneer Shale is quite variable in thickness and is locally absent,
probably due to paleotopography on the basal unconformity as well as to later ductile
faulting and shearing.
Dripping Springs Quartzite. The Dripping Springs Quartzite rests depositionally

on the Pioneer Shale. The Dripping Springs Quartzite consists of three members; a basal
quartzite-pebble conglomerate called the Barnes Conglomerate, a middle member of grey
medium-grained well-sorted finely-laminated feldspathic quartzite, and an upper member
of reddish thinly interbedded quartzite and argillite (Creasey, 1967). The upper member
of the Dripping Springs Quartzite is commonly schistose, with a well-developed foliation
and a moderately well-developed lineation. The middle member is generally unfoliated
but it is com.'1lonly cut by discrete shear zones up to 2 m wide (see Janecke, 1986, p.
106, for a beautiful example of one of these zones). The Barnes Conglomerate is
generally unfoliated and the pebbles are undefonned. even where surrounding lithologies
are quite sheared. However, pebbles in the Barnes Conglomerate are strongly elongated
and somewhat flattened near the range crest and in the southeast corner of the area (Figure
11), two locations where this conglomerate crops out directly adjacent to the Wilderness
Granite. The Barnes Conglomerate and the middle member of the Dripping Springs
Quartzite vary considerably in thickness. They are especially thick within the Edgar plate
in the northwestern part of the study area.
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Figure 11. Defonned Precambrian Bames Conglomerate (basal member of the Dripping
Sprints Quartzite) near Youtcy Ranch, southeastern corner of the study area. Exact
location: NE 1/4, section 8, T 13 S, R 18 E.

Diabase Sills
Late Precambrian diabase sills intrude the Apache Group, the Oracle Granite and
the Pinal Schist Similar diabase intrusions are common in Precambrian rocks throughout
Arizona and have been dated at 1.1-1.2 Ga (Damon and others, 1962; Silver, 1978). In
the Santa Catalina Mountains, they are especially common in the Apache Group. In order
to expedite mapping, these sills have not been broken out as separate units on Figures 7
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and 8 but, rather, they have been lumped with the lithologies that they intrude. The
diabase sills are locally foliated and lineated and typically contain discrete shear zones that

average 1-2 em in width, especially in the eastern parts of the study area (Figure 12).

Figure 12. Discrete shear zone in Precambrian diabase sill. The contrast in fabric
intensity in this rock is primarily due to the inherently heterogeneous distribution of strain
in a rotational strain environment (i.e. an environment in which there is a component of
simple shear). This photograph was taken looking north. Slightly oblique and sigmoidal

foliation within the shear zone indicates top-to-the-east shear. Location: south-central
part of study area in unnamed branch of Edgar Canyon 3 km northeast of Green
Mountain.
Lower Paleozoic

Cambrian Bolsa Quartzite
The Middle Cambrian Bolsa Quartzite rests in depositional contact on the Apache
Group. It crops out only in the northern and western pans of the study area as it is cut
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out by major low-angle faults everywhere else. It consists of a thick-bedded, coarsegrained, gray to purplish gray cliff·forming quartzite (Drewes, 1981; Cooper and Silver,
1964). It is over 90% quartz (Creasey, 1967) and rarely displays a foliation.

Cambrian Abrigo Fonnation
The Middle to Upper Cambrian Ahrigo Fonnation rests conformably on the Balsa

Quartzite. It is widely distributed throughout the study area, cropping out extensively in

both the core terrane and the northern part of the Edgar plate. There are marked
differences in the Abrigo Formation between the Edgar plate and the core terrane.
however. These differences primarily reflect the contact metamorphic effects of the
Leatherwood quartz diorite porphyry sills. The Ahrigo Formation in the core terrane is

extensively intruded by these sills. In contrast, there are no Leatherwood sills in the
vicinity of the Ahrigo Fonnation in the Edgar plate (Figure 7).
Abrigo Fonnation in the Core Terrane. In the core terrane, the Abrigo Fonnation
typically consists of finely interlayered white recrystallized carbonate layers. and light tan
to light green epidote-rich siliceous layers 7. Thick massive quartzite layers are also
common. These rocks were mapped by Creasey and Theodore (1975) as Proterozoic
Apache Group. However. they were locally mapped as Abrigo Fonnation by Tolman
(1914), Peirce (1958), Pilkington (1962), and Waag (1968). I have concurred with the
latter group because these rocks bear no resemblance to the Mescal Limestone. the only
fonnation in the Apache Group that contains carbonate layers. ]n addition, the "gnarly
bedding" (hummocky cross-stratification) so characteristic of the Abrigo Formation

7The most easily accessible place to view the Abrigo Fonnation of the core terrane
is in road cuts along the Mt. Lemmon highway just east of the ski hill and along the road
to the observatory on Mt Lemmon.
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(Bryant, 1955) is present in these rocks. On a weathered surface this gnarly bedding is

commonly expressed as anastomosing siliceous layers with irregular elongate cavities that
correspond to weathered·out carbonate pods (Figute 13a).

Figure 13. Various outcrop expressions of the Cambrian Ahrigo Fonnation.
a. Outcrop of Cambrian Ahrigo Formation in the core terrane. Irregular cavities are the
result of the preferential weathering of carbonate lenses within the primarily siliceous
layers. Location: SW 1/4, S 23, Til S, R 17 E.

------------
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b. Enigmatic conglomerate layer within the Cambrian Abrigo Formation in the core
terrane. Rounded cobbles are quartzite; matrix includes plastically defonned
carbonate cobbles. Location: SW 1/4, S 27, T 11 S, R 16 E.

c. Outcrop of subvertical Cambrian Abrigo Formation in the Edgar plate. Sedimentary
structures are well preserved. Location: SW 1/4, S 4, T 12 S, R 18 E.

~~~~-~--

-
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There is one prominent feature of the Ahrigo Formation as mapped in the core

terrane that is not readily reconciled with descriptions of the Ahrigo Fonnation elsewhere
in southern Arizona. This feature is an enigmatic conglomerate layer composed of

quanzite and carbonate cobbles (Figure 13b). It looks disturbingly like the Glance
Conglomerate, the basal member of the Cretaceous Bisbee Group (see description
below), especially where it is deformed. This conglomerate crops out from place to place
along the entire length of the exposure of Ahrigo Fonnatian in the core terrane. Such a
conglomerate has not previously been reported in the Abrigo Formation.
The Ahrigo FonnariaD in the core terrane displays a well-developed foliation and,

rarely. a lineation. Foliation is parallel to lithologic layering; thus it is very difficult to
distinguish true foliation from remnant bedding. The extreme anisotropy of the Abrigo
Formation, caused by the fine interlayering of competent siliceous beds and incompetent
carbonate beds, results in a marked abundance of disharmonic folds.
Ahrigo Formation in the Edgar Plate. In the Edgar plate, the Abrigo Formation is
primarily red-brown in color and closely resembles the section described by Creasey
(1967) in Nugget Canyon in the northern Santa Catalina Mountain.;:;

~edimentaTy

structures are well preserved (Figure l3c). The three members described by Creasey
(1967), the Three C, the Southern Belle, and the Peppersauce, are readily identifiable.
The Abriga Fonnation in the Edgar plate is generally unfaliated but, like the Abrigo
Formation in the core terrane, it is commonly spectacularly folded on a mesascopic scale.
Such folds are especially well exposed in Edgar Canyon, just upstream from Davis
Spring (see Bykerk-Kauffman, 1990, for exact location).
Devon:an Martin Fonnation
The Devonian Martin Formation rests disconfonnably on the Abrigo Formation.
Like the Cambrian Bolsa Quartzite, the Martin Formation crops out only in the nonhern
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parts of the area because it is cut out by low-angle faults in the central and southern pans

of the area. The Martin Formation consists of unfoliated to weakly foliated thinly bedded
dolomite and sandstone and mixtures of the two (Creasey, 1967). Some of tile dolomites
have a very distinctive orange-tan color. In places, an orthoquartzite bed caps the forma-

tion but this layer is genenilly absent. The Martin Fenn.tion is difficult to differentiate
from the Ahrigo Fonnation where the two ronnalians have undergone any significant

degree of ductile deformation andlor metamorphism. Therefore, the Abrigo and Martin
fonnarions have not been differentiated throughout much of the map area.
Upper Paleozoic
Mississippian Escabrosa Limestone
The contact between the Maron Formation and the Escabrosa Limestone is one of
the most easily identifiable lithologic contacts in the area. A distinctive ±30 m thick

massive cliff-fonning coarse-grained dark-grey thick-bedded dolomite unit at the base of
the Escabrosa Limestone is very prominent in the field as well as in aerial photographs.
The Escabrosa Limestone, which crops out extensively throughout the Edgar

plate, is made up of thick· bedded limestone and dolomite layen with rare chert lenses and
virtually no argillaceous interbeds. Dolomite dominates the lowermost part of the formation (Creasey. 1967) whereas limestone dominates the remainder of the fonnation.
Where strongly metamorphosed near Tertiary intrusions. the Escabrosa Limestone
typically fonns a very pure. very coarse-grained white marble. Foliation is not as well
developed in the Escabrosa Limestone as it is in the overlying Naco GrouP. probably
because of the extremely low clay content of the Escabrosa Limestone. However. where

ductile deformation bas been intense, calcite·rich beds typically show a good foliation and
rarely a lineation (Figure 14.). Dolomite·rich beds are nowhere foliated; rather, they are
commonly brecciated and laced with carbonate veins (Figure 14a).

Figure 14. Examples of local variations in structural fabric intensity caused by
competency contrasts.

a. Interbedded fractured dolomite and mylonitic limestone beds within the Mississippian
Escabrosa Limestone. This contrast in fabric intensity is primarily due to a
competency contrast between the dolomite-rich bed (below) and the calcite-rich bed
(above). At the temperature at which this defonnation occurred, calcite was ductile
but dolomite was brittle. Location: SE 1/4, S 8, T 12 S, R 18 E.
b. Defonned Lower Cretaceous Glance Conglomerate. Limestone cobbles are highly
strained, fonning a ductile matrix to relatively un strained chert and sandstone
cobbles. Location: NE 1/4, S 29, T 11 S, R 17 E.
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Pennsylvanian-Pennian Naco Group

Like the Escahrosa Limestone, the Naco Group crops out extensively throughout
the Edgar plate. The two lower formations of this group, the Pennsylvanian Horquilla

Limestone and the Pennsylvanian-Permian Earp Formation are represented. Both
formations typically display a very well-developed foliation and a prominent lineation
throughout all of the study area except in the nonheasternrnost regions. The Horquilla
Limestone consists of thin-bedded blue-gray limestones interbedded with red argillites
and argillaceous limestones (Cooper and Silver, 1964). The Earp Fonnation is much
more lithologically varied; it is composed of interbedded limestone, dolomite, shale, and

sandstone beds (Cooper and Silver, 1964). The distinctive "jelly bean" conglomerate
member of the Earp Formation is locally preserved in the area and is discussed in detail by
Annin (1986).

Cretaceous Bishee Group
The Lower Cretaceous Bisbee Group rests disconformably on the Naco Group,
locally on the Earp Fonnation and locally on the Horquilla Limestone. The Bisbee Group
crops out extensively in the Edgar plate (Figure 7). It also crops out in the San Pedro
plate just south of the study area. The Bisbee Group is unmetamorphosed and free of a
structural fabric throughout the San Pedro plate and in the northernmost part of the Edgar
plate. In these areas the Bisbee Group consists of a basal limestone-chert-cobble
conglomerate overlain by a sequence of interbedded maroon and green siltstones,
calcareous sandstones. quanzarenites, and conglomerates. Calcareous nodules are
common in the siltstones. These lithologies are very similar to Bisbee Group rocks
described by Mark (1985) and Goodlin (1985) in the nearby Galluw Moumains.

In contrast to the unmetamorphosed, unfoliated state of the Bisbee Group in the
San Pedro plate and the northern Edgar plate, the Bisbee Group exposed in the bulk of the
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Edgar plate is well foliated and weakly metamorphosed; it consists of a basal carbonaterich stretched-pebble tectonite (Figure 14b) overlain by purple and green phyllites and
white quartzites. Where intensely deformed and significantly metamorphosed. the Bisbee
Group strongly resembles the Cambrian Abrigo Fonnation, making differentiation of the
two units very difficult.
Tertiary
Mineta Fonnation
One of the most distinctive units in the study area is the Tertiary Mineta
Fonnation. The Mineta Formation is confined to the San Pedro plate and is comprised of
unmetamorphosed Oligocene-lower Miocene conglomeratic alluvial fan deposits with
intercalated sandy successions and lacustrine shales, limestones and evaporites deposited
on the Precambrian Johny Lyon Granodiorite (Chew, 1952; Clay, 1970; Dickinson and
Shafiqullah, 1989). The Mineta Fonnation is typically tilted with bedding dipping
between 40° and 70° east (Dickinson and Olivares, 1987; Dickinson, 1988). This unit is
not shown separately from the other "upper plate"lithologies in Figure 7; see Dickinson
and Olivares (1987) for a detailed map of the "upper plate" in and near the study area.
Quiburis Fonnation
The youngest rock unit in the study area, other tha.'! the Quarternary alluvium, is
the upper Miocene and younger Quiburis Formation. The Quiburis Formation is a
primarily flat-lying, largely undeformed, poorly consolidated valley-fill deposit that
unconformably overlies all older rock units (Dickinson and Shafiqullah, 1989).

]t

is

made up of alluvial fan conglomerates, fluvial sandstones and varicolored lacustrine
shales.
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Phanerozoic Intrusions
A number of Phanerozoic plutons intrude the crystalline basement and the
stratified units described above. They range in size from meter-scale dikes to composite
batholiths measuring hundreds of cubic kilometers in volume.
Leatherwood Suite
The oldest Phanerozoic plutons within the study area belong to the Leatherwood
Suite as defined by Keith and others (1980). This plutonic suite includes three distinct
plutons in the Santa Catalina Mountains and one pluton in the nearby Tortolita Mountains.
Two of these plutons, the Leatherwood Quartz Diorite and the Leatherwood Quartz
Diorite Porphyry, crop out in the study area (Figure 7). By combining the radiometric,
stratigraphic and mineralization data from all four Leatherwood Suite plutons, Keith and
others (1980) argued for a 75-64 Ma age for this suite. Guerin (1988) obtained a 64.2 ±
1.9 Ma U-Pb age from a mylonitic sample of the Leatherwood Quartz Diorite, generally
supporting the interpretations of Keith and others (1980) as to the age of the Leatherwood
suite.
Leatherwood Quartz Diorite
The Leatherwood Quartz Diorite forms a single major pluton that crops out over
approximately 20 km 2 on the north flank and crest of the Santa Catalina Mountain range
(Figure 7). The eastern edge of the pluton crops out in the westernmost part of the study
area (Figures 7). This pluton is a medium to dark gray and green, equigranular, medium·
grained quartz diorite that is composed of (in order of abundance) plagioclase
(oligoclase), quartz, biotite. epidote, microcline and hornblende. with traces of apatite.
calcite, chlorite, fluorite, opaques. sericite, sphene and zircon (Wood. 1963; Hanson,
1966). This pluton is generally isotropic and unfoliated but it is cut by numerous ductile
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shear zones that range from a few em's to lO's of meters in thickness (Hanson, 1966;

Janecke, 1986).
Leatherwood Quanz Diorite Porphyry
The Leatherwood Quartz Diorite Porphyry crops out exclusively within the study
area It fanns a swarm of interlacing bedding-parallel sills that invade the core terrane and
the structurally lowest portions of the Edgar plate (Figures 7. 8 and 9). The sills are
shown very schematically on Figures 7 and 8. Truly accurate maps and cross-sections

are impossible to construct on any but the largest scale because of the intricately
anastomosing and lenticular geometry of both the sills and the intervening country rock.

Thus the reader is urged to view the map patterns of the sills on Figure 7 with caution.
Regions that are mapped as "Leatherwood Quartz Diorite Porphyry" on Figure 7 are
underlain predominantly by the sills; adjacent regions mapped as country rock commonly
contain abundant sills but these sills are generally not the predominant lithology.
However, the sills do not extend for significant distances beyond the areas where they are
schematically shown on Figures 7; i.e. the upper portions of the Edgar plate and all parts
of the structurally higher plates are completely free of the Leatherwood Sills.
The Leatherwood Quartz Diorite Porphyry sills are very similar in composition to
the main Leatherwood pluton. Mineralogically, the sills are composed of (in order of
abundance) plagioclase (An20_2S), orthoclase. quartz. biotite. epidote. muscovite, and
microcline. with trace amount£: of apatite. zircon. sphene. and magnetite (Pilkington,
1962). The texture, however, is quite different from that of the main Leatherwood
pluton; the sills consist of an aphanitic groundmass dotted with 3·4 mm-diameter feldspar
and quanz phenocrysts (Moore and others, 1938; Pilkington, 1962). The porphyry sills
commonly display a strong foliation, giving them a schistose texture.

64

Mafic Intrusions

Other intrusions in the area also display a foliation. A few scattered mafic plugs
intrude the eastem part of the study area; these plugs are generally foliated to a degree

compatible with the surrounding country rock. One relatively large example of these
plugs intrudes Lower Cretaceous Bisbee Group rocks seveml Ian upstream from the

mouth of Edgar Canyon at the nonhern end of the "thumb" of bedrock in the northeastern
pan of the study area (Figure 7) (Moore and others. 1938). Similar intrusions have been
reported by Janecke (1986) just north of the study area and by Creasey (1967) further
north in Ihe Mammoth Quadrangle. Both of these authors tentatively concluded thallhese

intrusions are Cretaceous in age. Although there are no isotopic data to support this idea,
the aforementioned cross-cutting relationships with the Lower Cretaceous Bisbee Group
and the presence of foliation within these intrusions argue for a Cretaceous age of

emplacement.
Wilderness Granite
About 65% of the rocks exposed at the surfaoe in Ihe Calalina Complex are

peraluminous two-mica gamet.bearing granites that are part of the Wilderness Granite
Suile as defined by Keilh and olhers (1980) (Figure 3). Gravity data colleCled from the
Catalina Complex indicate thai these granites fonn a large balholilh thai eXlends 10 depths
as greal as 7-12 Ian below the surface (Holt and others. 1986).
A growing body of isotopic data consttains the age of this batholilh but also

implies that the constituent plutons were intruded over a long period of time, perhaps as
long as 42 million years (Table 2). Keith and others (1980) combined the resullS of a
number of K-Ar. Rb-Sr. and U·Pb studies to interpret a 50·44 Ma age of emplaoemenl
for the Wilderness Suite. Guerin (1988) obtained a 49.0 ± 2.6 Ma U-Pb age on zircons

Table 2. Compilation of U-Pb and K-Ar (coarse muscovite) age dates on leucocratic 2-mica garnet-bearing plutons within the
Catalina Complex. All of these plutons are part of the Wilderness Suite of Keith and others (1980).

Large Plutons
Method
Age
Location
Redington Pass (32' 17'30" N, 110' 3S'OO"W)
K-Ar (muscovite) 4S.8 ± 1.6 Ma
Hitchcock Campground (32' 22.00', llO' 4S.OO'?) U-Pb (monazite) 44.6 ± I.S Ma
U-Pb (zircon)
-SO Ma
Windy Point (32' 22.1' N, 110' 43.0'W)
U-Pb (zircon)
49 ± 2.6 Ma
Molino Basin (32' 20.3'N, 110' 41.4'W)
Little Rincon Mts. (1 1O'2S'36"W, 32'06'09"N)
U-Pb (zircon)
24 ± 12 Ma
Little Rincon Mts. (lIO'2S'36"W, 32'06'09"N)
U-Pb (monazite) 26 ± 6 Ma

Reference
Marvin and others (1978)
Shakel and others (1977)
Catanzaro and Kulp (1964)
Guerin (1988)
Gehrels and Smith (1990, in review)
Gehrels and Smith (1990, in review)

Pegmatite, Within Country Rock
Location

Method

Mt. Lemmon (32' 26.83' N, 110' 4S.5'W)
Little Rincon Mts. (1 1O'26'02"W, 32'06'IS"N)
Little Rincon Mts. (I 1O'26·02"W, 32'06'IS"N)

K-Ar (muscovite) 47.9 ± 2.2 Ma
U-Pb (zircon)
U-Pb (monazite)

Age
66± IOMa
SI ±2Ma

Reference

Mauger and others (1968)
Gehrels and Smith (1990)
Gehrels and Smith (1990)

~
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from a sample of mylonitic Wilderness Granite collected in the fore-range of the Santa
Catalina Mountains. supponing the interpretations of Keith and others (1980). However,

Gehrels and Smith (1990, in review) dated a pegmatite dike and a large pluton in the

eastern Rincon Mountains and found that, although both intrusions had the typical
Wilderness Suite mineralogy. the pegmatite yielded U-Ph ages of 66 ± 10 Ma (zircon)

and 51 ± 2 Ma (monazite) while the large pluton yielded U-Pb ages of 24 ± 12 M.
(zircon) and 26 ± 6 Ma (monazite). These results suggest that the peraluminous 2-mica

garnet-bearing plutons in the Catalina complex range in age from 24 Ma (or younger) to
66 Ma (or older) and that age correlations of these plutons cannot be made on the basis of
mineralogy alar-e.

A continuous exposure of Wilderness Suite peraluminous granite, probably
comprised of several individual plutons, crops out in the southwestern part of the study
area (Figures 3 and 7). AIl available radiometric age dates from this granite exposure that
are likely to be emplacement ages rather than cooling ages point toward an age of 44-50
Ma (Table 2). Therefore, despite the results of Gehrels and Smith (1990. in review), I
will assume that all peraluminous plutons and dikes in the study area are Eocene in age
and I will refer to the entire granite exposure as the "Wilderness Granite."
The Wildemes Granite is typically very leucocratic; in fact. it is commonly almost
white (Figure 15a). The dominant mineral phases in the granite are quartz. plagioclase

(An7_30), K-feldspar, biotite, muscovite and red garnet (Keith and others, 1980; Young,
1988). The Wilderness Granite typically contains roughly equal modal abundances of
quanz and potassium feldspar. both of which are slightly less abundant than plagioclase
(Young, 1988). The extremely light color and the garnet content of this granite make it
quite easy to identify. In addition. the Wilderness Granite typically has a slightly lower
quanz content than both the OracIe Granite and the lohny Lyon Granodiorite.

Figure 15. Examples of two typical sets of textural characteristics for the Wilderness
Granite.
a. Banded texture - banding defined by variations in grain size (from aplite-size to
pegmatite-size) as well as by variations in the proportions of quartz. feldspar. mica.
and, especially, garnet. Location: SE 1/4, S 7, T 12 S, R 17 E.
b. Older biotite-rich (dark) phase interlaced with dikes. pegmatites and veins of the
younger garnet-rich (light) phase. Shear zones such as the one shown here are not
uncommon. Location: Alamo Canyon. west of study area.
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a.

b.
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Another characteristic that sets the Wilderness Granite apart from other granitic
rocks in the area is its distinctive set of textural characteristics. It is locally spectacularly
layered; layers are 3 to 10 em thick and are defined by variations in grain size (from apli tesize to pegmatite-size) as well as by variations in the proportions of quartz. feldspar,
ntica, and, especially, garnet (young, 1988) (Figure 15a), Where this layering is absent,

the Wilderness Granite typically consists of two distinct phases: an older massive

medium- to coarse-grained granitic phase that is laced with ern- to m-scale dikes, aplites,
pegmatites, and quartz-rich veins of a younger phase (Figure ISb). The older phase
consistently contains more biotite and less garnet than the younger phase. It is quite
possible that there is a notable age difference between the "older" and "younger" phases
of the Wilderness Granite but the available isotopic data are insufficient to test this
hypothesis.
The Wilderness Granite does not have sharp easily mappable margins; they are
gradational and hard to place. This is because a large number of dikes and sills emanate
from the main body of the Wilderness Granite, commonly fonning a dense, interlocking
network of granitic intrusions that separate lenses of country rock. Figure 16 is an aerial
photograph that shows a dense network of Wilderness Granite sills invading Precambrian
Oracle Granite. The ratio of the volume of granite to the volume of country rock
gradually decreases away from the contact.
Although the country rock is laced with small Wilderness Granite intrusions, the
granite itself contains very few fragments of country rock. In fact, the Wilderness
Granite contains vinuaJIy no inclusions. There are some isolated outcrops of country
rock near the margins of the granite, but these outcrops are not true inclusions because
none of them are significantly rotated; i.e., foliation and bedding within the inclusions
have the same orientation as foliation and bedding in nearby exposures of country rock.
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Thus the magma was probably sequentially intruded into a network of fractures
surrounding each inclusion and the inclusion was never in a free.floating state within a

body of mobile magma (See Young, 1988, for more discussion of this issue).

Figure 16. Aerial photograph showing a dense network of Wilderness Granite sills
invading Precambrian Oracle Granite in eastern Redington Pass. Location: S 17, T 13
S, R 18 E. Scale -1:14,000.
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Rhyolite Dikes
A swann of northeast-trending rhyolite dikes intrudes both the core terrane and the
Edgar plate in the central pan of the study area just south and west of the intersection of
the Evans and Cottonwood faults (Figure 7). These dikes are typicaI1y 1-5 m thick and
spaced at an interval of 120 to 400 m. The entire swann has an outcrop width of 1 krn
and a length of 2 km.

These chalky white dikes weather to a light beige color. They are composed of
phenocrysts of quartz and oligoclase (An18_22) in a fine-grained groundmass of potash
feldspar(?), plagioclase (extensively sericitized), and quartz with minor apatite and zircon
(Pilkington, 1962). The rhyolite dikes are locally foliated.

Although the rhyolite dikes have not been radiomenically dated, there are some
constr.tints on their age. They are younger than 64 Ma because they intrude the 64 Ma
Leatherwood Quartz Diorite Porphyry. Ianecke (1986) reponed that a similar rhyolite

dike swann is intruded by a lamprophyre dike; these lamprophyre dikes are regionally 25~
27 Ma (reference). Thus the rhyolite dikes are probably between 64 and 25 Ma in age.

Turkey Track Andesite Dikes
The Turkey Track Andesite also falls within this age range. Although none of the
dikes within the study area has been dated, the Turkey Track Andesite has been dated
nearby as 26-27 Ma by Damon (1970). It consists of a reddish aphanitic matrix dotted

with grey 0.5-1

cm~diame[er plagioclase

phenocrysts. There are only a few isolated plugs

of Turkey Track Andesite in the southeastemmost pan study area, all of which are too
small to map. It is interesting to note, however, that this rock type is found in both the
upper plate and the lower plate of the San Pedro Detachment Fault. Where exposed in the
lower plate, the Turkey Track Andesite is unfoliated except within the southeastemmost
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corner of the study area where it is commonly cut by spaced mesascopic shear zones
(Warner, 1982).

fntennediate-to--Mafic Dikes
There is one intrusive rock type in the area that is nowhere foliated. It consists of
sparse dark intennediate-to-mafic dikes, plugs and sills, most of which are too small to

map and all of which are too small to show on Figure 7. These intrusions are more
common in the eastern third of the area. Shafiqullah (personal communication, 1986)

employed K-Ar isotopic dating techniques on hornblende

to

determine an age of

26.5 ± 0.6 Ma for one of these dikes, located just east of Youtcy Ranch and south of
Redington Road (within upper Paleozoic rocks just southeast of the label "Yautcy Thrust"
on Figure 7 - See Bykerk-Kauffman (1990) forexaet location),
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CHAPTER 3
STRUCTURAL FABRIC
Metamorphism and ductile shearing in the nonheastern Santa Catalina Mountains

have transfonned Proterozoic through early Tertiary sedimentary and plutonic rocks into a
layered sequence of foliated and lineated tectonites. Metamorphic grade varies from ultralow grade through the pyroxene-hornfels facies of Turner (1981). The structural fabric is
expressed by a wide variety of features. Aligned and segregated phyllosiIicates, pressure

shadows, flattened mineral grains, new mineral growths. pressure solution seams, and
defonned pebbles mark the foliation. Mineral growths, elongate and aligned mineral

grains. bedding-foliation intersections. defonned pebbles, and fold axes define the
lineation. Granitic rocks locally display mylonitic foliations and lineations.

Orientations of Structural Fabric Elements
In general, foliations in the northeastern Santa Catalina Mountains dip shallowly
northeast, subparallel to bedding, and lineations trend east. However, there are some
spatial variations in the orientations of these features as can be seen in Figures 17, 18 and
19. I have divided the study area into six domains on the basis of these variations.
Bedding can be measured with confidence only in domains I, III and fv (Figure
17). In the other domains, most bedding planes have been too thoroughly transposed to
be distinguishable from foliation surfaces. Bedding dips Shallowly northeast in domains
I, III and IV, but with a more westerly strike in domain I (Figure 17).
Foliation is gently folded, especially in domains II and IV where map· scale

upright folds can be discerned (Figures 7 and 18). The axes of these folds. as detennined
stereographically from the orientations of poles to foliation, trend northwest. There is no
apparent folding of foliation in Domain VI.

Figure 17: Equal-area stereographic projections of poles to bedding in domains It III and N. Mean vector orientations for
bedding poles shown by black squares; great circles represent mean bedding orientations. Contouring by the method of Kamb
(1959); contour intervals (c.L) and values of a unifonn distribution (u.d.) are as follows: Domain I - c.i. u.d. 4.5 0';
Domains III and IV - c.L = u.d. = 10 0'. Data for domains II, V and VI are not shown because the high strain intensities
experienced by these rocks transposed most bedding and precluded systematic measurements of bedding orientations.
Stereoplots generated using the Stereonen program by Allmendinger (1988).
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Figure 18: Equal-area stereographic projections of poles to foliation in six different domains within the northeastern Santa
Catalina Mountains reveal gentle folding along northwest-trending axes in domains I through V. Best-fit great circles and
calculated possible fold axes (black square .. ) are shown for each domain. Contouring by the method of Kamb (1959); contour
intervals and values of a unifonn distribution are as follows:
Va1ueof
Contour

Uniform

OQ!!Hlin

In~rvD.I

Di~J.ribution

I

5.5 "

5"

II

3"
6"

III
IV
V
VI

3"

5"
3"

5"
5"
3"

N/A

N/A

Stereoplots generated using the Stereonet program by Allmendinger (1988).
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Figure 19: Equal-area stereographic projections of lineations in six different domains within the nonheastern Santa Catalina
Mountains reveal tight c1usterings of lineation orientations within domains I and IV but relatively wide variations in lineation
orientations for the other four domains. See text for discussion of the significance of this observation. Contouring by the
method of Kamb (1959); cont(;ur intervals for domains I and IV are 6 cr; values of unifonn distribution are also 6 0'. Stereoplots
generated using the Stereonett program by Allmendinger (1988).
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Lineations within the northeastern Santa Catalina Mountains show more variation
in orientation than either foliation or bedding. Lineations. which are typically intersection
lineations in metasedimentary rocks and stretching lineations in plutonic rocks. trend east
in domains I and IV where they are most abundant and most strongly developed (Figure

19). In domain III, where strain intensity is relatively low, lineations are very weak to
absent. As the structural fabric dies out northward, lineation trends swing progressively
from east through northeast to north (Bykerk-Kauffman. 1983b); thus lineation trends
within this domain are fairly evenly distributed throughout the northeast quadrant (Figure
19). This swing in lineation trends is probably related to changes in the orientation of the

intersection of bedding and foliation as strain decreases and dies out northward. A very
different cause appears likely for the north-northeast trend to the lineations in domain VI;
these lineations probably reflect a younger structural fabric superimposed on the more
pervasive fabric of the northeastern Santa Catalina Mountains (see "Anomalous Structural
Fabrics" section below). Lineations in domains II and V ,like those in domains I and IV,
generally trend east but there's a fair amount of scatter, probably due to the limited
presence of the superimposed fabric that pervades domain VI.
Rotations
Bedding, foliation and lineation in the northeastern Santa Catalina Mountains did
not assume their current orientations until after the cessation of motion on the Miocene
San Pedro detachment fault. This fault, which crops out in the southeastern comer of the
study area, now has an average orientation of 350°, 20° E. It dipped west when it was
active (Lingrey, 1982) but it rotated eastward during isostatically-driven arching of the
detachment fault system during the later stages of middle Tertiary regional extension
(Spencer, 1984). Additional rotation may have resulted from motion on younger
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detachment faults at depth and/or late Tertiary Basin-aDd-Range high-angle normal faults.
Any rotation of the San Pedro detachment fault must also have affected much, if not all.

of the northeastern Santa Catalina Mountains.
The precise orientation of the rotation axis and the exact angle of rotation are
impossible to determine because the original orientation of the San Pedro fault is poorly

constrained. However, one can reasonably assume that the fault originally had a dip of at
least 10° and a strike of approximately 3300 • perpendicular to the lI'ansport direction of the
upper plate. A c10ckwise rotation 0[30° about an axis oriented ItH°, 2° restores the San

Pedro fault back to this assumed original orientation of 330°, 10° W (Figure 20a). The
same rotation brings the foliations in domains V and VI (the two domains most likely

10

be affected by tilting of the San Pedro Fault) into shallowly west-north west-dipping
orientations (Figure 20c). This restored shallow west-northwest dip should also apply to
most of the rest of the study area, at least for the time immediately preceding middle
Tertiary regional extension. Thus the map in Figure 7 can be viewed as a somewhat
skewed cross-section.

Variations in Intensity of Structural Fabric
The intensity of the souctural fabric in the northeastern Santa Catalina Mountains
varies considerably. This variation is due to a number of factors including variations in
the competency of the various rock types (Figure 14), the inherent heterogeneity of strain
distribution in a rotational strain environment (Figure 12) and, most importantly. a
northeast-ta-southwest gradient of increasing metamorphic grade. strain magnitude, and
rock ductility. That is, within any particular rock type, the intensity of the souctural
fabric increases systematically toward the south-southwest (Bykerk-Kauffman, 1983b;
Bykerk-Kauffman and Ianecke. 1987; this study) (Figures 21. 22 and 23).
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Figure 20. Restored orientations of various structures and fabrics in the northeastern
Santa Catalina Mountains, assuming an original orientation for the San Pedro detachment

fault of 330°, 10° W (i.e. the San Pedro fault has rotated 30° eastward around an axis
oriented 164°, 2°).
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Figure 20 (continued)

Metamorphic Assemblages: Carbonates and Marls
Figure 213. Map of the
northeastern Santa Caralina Mounlains showing
Ihe distribution of mineral

assemblages in carbonates and marls. Mineral
assemblages and reaction
isogmds are listed in Table
3. Conodont color alteration index value from
Wardlaw and others
(1983) and Wardlaw and
Harris (1984).
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northeastern Santa Catalina Mountains showing

the distribution of mineral
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Mineral assemblages and
reaction Isograds are
listed in Table 3.
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Table 3. Metamorphic assemblages (letters) and reactions (numbers) referred to in
Figure 21.

CARBONATES AND MARLS
a. quartz-calcite (±opaques. ± dolomite. ± clay minerals)

1. chlorAte and muscovite in
h. quartz-calcite-(chlorite and/or muscovite, ±opaques)
2. epidote/clinoloicite in
c. quartz-calcite-epidote/clinozoicire. (:!:muscovite. ±chlorite)
3. 3 dolomite + 4 quartz + 1 H20 = 1 talc + 3 calcite + 3 C02
+ 5 talc + 6 calcite + 4 quartz 3 tremolite + 6 C02 + 2 H20
5 dolomite + 8 quartz + H20 tremolite + 3 calcite + 7 C02
d. quartz-calcite-dolomite-tremolite (±chlorite, ±epidote/clinozoicite. ±Opaques)
- in reaction zone
e. calcite-tremolite (±epidote/clinoloicite, ±muscovite. ± quartz or dolomite, but not
both)
f. quartz·epidote·tremolite (±chlorite)
4. tremolite + 3 calcite + 2 quartz :;: 5 diopside + 3 C02 + H20
g. quartz-calcite-tremolite-diopside (on reaction line)
h. quartz-epidote-tremolite-diopside
i. quartz-calcite-diopside-plagioclase-graphite (+ muscovite that's not in equilibrium
with the quartz)
5. 2 clinozoicite + 5 calcite + 3 quartz = 3 grossularite + 5 C02 + H20
j. quartz-epidote-garnet (± sphene?, ±feldspar?, ±kyanite?, ±opaques?)
k. quartz-epidote-garnet-amphibole-apatite(?)
1. quartz-gr..met-diopside (±epidote, ±Vesuvianite?, ±rutile or sphene)
6. calcite + quartz = wollastonite + C02
m. quartz-calcite-garnet-wollaslonite-diopside (on reaction line)
n. quartz-garnet-wollastonite (±diopside, ±muscovite, ±vesuvianite)

=

=
=

PELITES
o. quanz-muscovite (±opaques. ±chlorite)

7. "Biotite in"
p. quartz-muscovite-biotite (± opaques, ±chlorite, ±plagioclase as detrital grains)
q. quartz-chlorite-biotite-epidote

8. pyrophyllite = andalusite + quartz
r. quartz-muscovite-(either biotite or chlorite)-andalusite-chloritoid-opaques
Almandine in"
s. quartz-muscovite-biotite-andalusite-gamet
10. chlorite + muscovite = staurolite + biotite + quartz + H20
t. quartz-muscovite-chlorite-biotite-staurolite-sillimanite-kyanite(?) (on reaction line)
u. quartz-chlorite-biotite-epidote(?)-staurolite-opaques
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Figure 22. Map of the northeastern Santa Catalina Mountains showing the spatial distribution of rocks deformed by

various different defonnation mechanisms as revealed by microstructures. Line 1 delineates the northern limit of the
ductile flow of calcite. Line 2 represents the northern limit of the ductile flow of quanz.
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Figure 23. Map of the northeastern Santa Catalina Mountains showing the results of finite strain calculations and the locations
where the measurements were taken. In all cases, limestone cobbles within conglomerate beds of the Lower Cretaceous Bisbee
Group serwred as strain markers. Grey cubes represent the unstrained state; white boxes illustrate the orientations and lengths of

the three stretch axes. All boxes are viewed looking north, 30' from the horizontal. Table 4 lists the exact orientations of the
strain axes, the stretch ratios and the k-values for each site. The Flinn diagram in Figure 24 shows the location of each site in the
flattening and constriction fields.
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Table 4. Strain Ellipsoids Calculated from Aspect Ratios of Limestone Cobbles
Qrie.nliUiQnS Qf Slrilin A~5

SiIIU!

Wu:

~

ShJla

~
&;!lDSlanl vQlym!:;) ~

u!:isllmiQ~

I"

351',2'

086',58'

259°,31°

1.2/1.0 / 0.8

2"

294',10'

027°,18°

178',68'

1.83/0.85 / 0.64

3.51

3"

000°,2°

090°,1°

200°.88°

2.0 /1.6 / 0.3

0.058

4"

0.80

102',76'

1.94/1.94/0.26

0.00

5t

262',6'

182',3'

065',84'

2.39/2.18/0.19

0.009

6t

093°, '}20

187',10'

302',65'

5.74/1.6010.11

0.19

in 192',14'Wplane

"'Strain axis orientations and stretch values were determined by combining sectional data
from three arbitrary planes using the technique oudined by De Paor (in press). Sectional
data were collected using standard Rf I~ techniques on three different outcrop faces.
tStrain axis orientations were derived directly from foliation and lineation orientations.
Stretch values given are based on the geometric mean of the strain ratios measured on 30
defonned cobbles on each of two outcrop faces. Dunnet (1969) and Lisle (1977) have
shown that the geometric mean gives a fairly close approximation to the ellipticity R of
the finite strain ellipse on the surface: R = nVrl TZ T3 '" Tn' Standard Rf 1$
techniques were not employed because the high strain intensities experienced by these
rocks aligned the long axes of the cobbles to such 3. degree that f angles were negligible.
The two outcrop faces used in each case approximated the SlwS3 and S2wS3 principle
planes of the strain ellipsoid: both outcrop faces were nearly perpendicular to foliation;
one was nearly parallel and the other nearly perpendicular to lineation. Outlines of
individual cobbles were impossible to discern on outcrop faces oriented parallel to
foliation.
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Figure 24. Flinn diagram of limestone cobble strain data. Sites 1 and 2 show negligible
amounts of strain. Sites 3, 4 and 5 show almost pure oblate strain (Ie =0). Site 6 is also
in the flattening field but it deviates significantly from the line of purely oblate strain.

Unmetamorphosed Rocks

The northeastern part of the study area is composed of defenned but unmetamor·
phosed sedimentary rocks (Figure 21). Although these rocks display no metamorphic

minerals. they have experienced elevated temperatures as evidenced by a conodont coior
alteration index (CAl value) of 5.5 obtained from a sample in the area (Figure 21a)
(Wardlaw and others, 1983; Wardlaw and Harris, 1984). Lineation is absent or very

weakly developed. Foliation is absent in sandstones but is expressed as a dissolution
cleavage in shales, limestones, and limestone-cobble conglomerates (Figure 22) although

some ductile flow of calcite in the limestones and limestone-cobble conglomerates must

87
also have taken place in order to allow extension as well as flattening in the limestone
cobble conglomerates (see below). Evidence for dissolution includes truncated fossils

and mineral grains (See Bykerk-Kauffman. 1983b, for an illustration of truncated
fossils); anastomosing seams of opaques. organics. and/or phyllosilicates; pressure
shadows around competent grains; and abundant quartz and calcite veins Donnal to the
cleavage. Throughout the unmetamorphosed terrane, both bedding and cleavage dip east
but bedding consistently exhibits steeper dips than cleavage does (Bykerk-Kauffman,
1983b).
Cleavage intensity increases systematically southward. Phyllosilicate-rich units

display a spaced pencil cleavage - formed by the intersection of cleavage and bedding - in
the north and a penetrative slaty cleavage at the transition to subgreenschist-facies
metamorphic rocks in the south. Limestones are completely free of cleavage surfaces in
the north but aJ.-e penetratively cleaved in the south.
An increase in strain magnitude accompanies the southward increase in cleavage
intensity. Deformed limestone cobbles in the Glance Conglomerate, the basal formation
of the Lower Cretaceous Bisbee Group, express this increase in strain magnitude
especially well (see Bykerk-Kauffman, 1983b, for a series of photographs that illustrate
this conglomerate). Strain analyses were done at five separate field stations within the
unmetamorphosed rocks (Figure 23), At each location, two to four outcrop faces were
chosen with relative orientations as close to perpendicular as possible. Axial ratios and
orientations of long axes were measured on 30 to 50 limestone cobbles on each outcrop
face. Strain ratios for each outcrop face were detennined by plotting the data on the Rr/$
orientation net designed for this purpose by De PaOT (1988). The strain ellipsoid for each
field station was derived using an Apple Macintosh computer program written by Declan
De Paor that utilizes the method described by De Paor (In Press), These analyses reveal
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three-dimensional stretch values ranging from 1.2/1.0/0.8 in the nonh to 1.94/1.94/0.26
in the south at the transition to subgreenschist facies rocks (Figure 23 and Table 4), The

strain ellipsoids are purely oblate for all stations with rocks that record significant
amounts of strain (Figure 24).

Although the precise strain ratios derived from the

limestone pebbles cannot be extrapolated to surrounding rock types, the relative increase

in strain magnitude toward the south and the oblate shapes of the strain ellipsoids can be

applied to the other unmetamorphosed rocks in the area.
Subgreenschist Facies Rocks

The first appearances of recrystallized chlorite, muscovite and calcite mark the

transition from the unmetamorphosed rocks southward to low· grade subgreenschistfacies rocks. This transition generally coincides with a change in dominant calcite
defom1ation mechanism (Figure 22). The subgreenschist facies marbles rarely display
dissolution surfaces; rather, compositional banding and aligned elongate calcite grains
define the foliation (Figures 14b and 25). These characteristics suggest crystal-plastic
flow as the dominant defonnation mechanism for the calcite (Schedl and van der Pluijm,
1988).
Although the deformation mechanisms for minerals other than calcite do not
change significantly with the onset of low-grade metamorphism, deformation becomes
more intense. Pressure solution of quartz remains the dominant deformation mechanism
in argillites (Figure 22) as demonstrated by the straight truncated margins of quartz grains
parallel to foliation. Slaty cleavage pervades these phyllites and schists and crenulation
cleavage is locally developed. Impure sandstones display a weak cleavage defined by
aligned muscovite grains. partially dissolved quartz grains, and pressure shadows.
Qua..rt?:arenites remain largely undefonned, probably because they lack the phyllosilicates
that encourage pressure solution. Dolomites display abundant fractures and veins but no
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foliation (Figure 14a). Foliation is variably developed in quartz diorite porphyry sills but
in all cases the fine-grained mica-rich matrix takes up the bulk of the strain. leaving the

rounded quartz and feldspar phenocrysts intact. Discrete ductile shear zones, marked by
serpentine, locally transect diabase intrusions (Figure 12). Granites are undefonned to
strongly foliated; feldspar is fracrured and altered to phyllosilicates in the most intensely

foliated granites (Janecke and Evans. 1988). In all of these lithologies, metamorphic

minerals generally parallel foliation.

lrnm
I-------l

Figure 25. Photomicrograph of defonned Cretaceous Glance Conglomerate collected
near the outcrop shown in Figure 14b. View looking north. Quartz-rich strip along top

of photograph is sandstone matrix. Calcite-rich region is part of a deformed limestone
pebble. Elongate calcite grains within the limestone pebble are evidence of crystal-plastic

flow. Asymmetry of the elongation direction of the calcite grains with respect to the
pebble margin indicates a component of top-to-the·east simple shear
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The subgreenschisl-facies rocks, especially the calcite-rich unils, Iypically display

well-developed lineations in marked contrast to the unmetamorphosed rocks which are
weakly Iinealed al best The appearance of well-developed lineations corresponds wilh a
change in lhe shape of the strain ellipsoid as revealed by strain analyses of defonned
calcile-rich cobbles of the Lower Cretaceous Glance Conglomerate (Figures 23 and 24).

At the transition between metamorphosed and unmetarnorphosed rocks, the strain
magnitude increases and the shape of the strain ellipsoid changes from purely oblate to
oblate with a component of extension (Figures 23 and 24).

Strain ellipsoids for limestone cobbles south of the transition from unmetamorphased to subgreenschist-facies rocks are impossible to detennine because the strain has
become so intense that individual cobbles can no longer be distinguished. However.
most rock units become progressively thinner toward the south or southeast (Figure 26).
This progressive thinning indicates that the pattern of increasing strain southward. seen in
the unmetamorphosed rocks, continues in the subgreenschist-facies rocks.
Higher Gmde Metamomhic Rocks

Belts of higher grade metamorphic rocks, 1-2 km wide, rim the Wilderness
Granite, the Leatherwood Quartz Diorite. and the Leatherwood Quartz Diorite Porphyry
sills (Figure 21). A metamorphic study of these rocks is still in progress and detailed

reaction isogracls cannot. as yet, be drawn. However, a preliminary investigation reveals
that metamorphic grade increases systematically toward the plutons (Figure 21 and
Table 3). Diopside-grossularite-wollastonite-quartz assemblages immediately adjacent to
the Wilderness Granite and quartz-staurolite-biotite-sillimanite assemblages adjacent to the
Leatherwood Quartz Diorite demonstrate that metamorphic grade reaches as high as the
pyroxene-hornfels facies of Turner (1981).

These observations suggesl that the

metamorphic belts are contact aureoles associated with the plutons.

Figure 26. Diagram showing along-strike changes in thicknesses of rock units due to southeast-ward increases in strain intensity
and accompanying increases in offsc\ on the Cottonwood and Mesquite faults. True thicknesses were calculated from map
thicknesses and average dips of bedding along the six transects shown in inset. Vertical exaggeration 4 x. Symbols for rock
units as follows:
Pattern

Units

dark shading

LeatherwCKXi Quartz Diorite porphyry

mottled shading

Lower Cretaceous Bisbee Group

bricks

Mississippian through Pennian strata
Cambrian through Devonian strata
Precambrian strata
Precambrian Oracle Granite

dashed lines
wavy lines

dark shading
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Metamorphic minerals within the aureoles of the Leatherwood Quartz Diorite and
associated porphyry sills are commonly aligned with the foliation except within two
samples collected immediately adjacent to the Edgar fault in the northwestern part of the
study area (Figure 27) (see also the section on the Edgar fault in Chapter 4). In fact, the

Leatherwood plutons themselves are locally foliated. Metamorphic minerals in the outer
portions of the Wilderness Granite aureole are also commonly aligned with the foliation
(Figure 28a). By contrast, metamorphic minerals commonly grow across the foliation
within the innennost parts of the Wilderness Granite aureole and defannation textures are
commonly annealed (young, 1988; this study) (Figure 28b). As a result, foliation is

generally less prominent within the inner Wilderness Granite aureole than it is within the
low· grade subgreenschist-facies terrane.

O.lmm
1------1

Figure 27: Photomicrograph of cleaved Cambrian Abrigo Fonnation collected directly
adjacent to both the Edgar Fault and the 64 Ma Leatherwood Quartz Diorite porphyry
(exact location = NE 1/4, S 34, T II S, R 16 E). The growth of staurolite (round grain

in center) across the cleavage reveals that the cleavage predates intrusion of the
Leatherwood Quartz Diorite and, thus, the cleavage is probably related to the Edgar Fault.
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O.5mm

I-------l

Figure 28a. Photomicrographs showing tremolite (yellow phase) paralleling foliation in
the outer ponico of the Wilderness Granite aureole (NE 1/4, S 25, T 12 S, R 17 E).

O.5mm

I-------l

Figure 28b. Photomicrograph showing annealing textures in quartzite immediately
adjacent to the Wilderness Granite; note the aligned muscovite grains within large quartz
grains. Location: NW 1/4 S 21, T 12 S, R 17 E.
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Ductile flow played a primary role in the deformation of the higher-grade
metamorphic rocks that make up the Wilderness Granite aureole. Dislocation creep was

the dominant defonnation mechanism in feldspar and quartz as well as in calcite
(Figure 22). This is especially evident in the Precambrian Oracle Granite. which is

generally unfoliated and resembles the type Oracle Granite near Oracle Arizona
(Figures 29a and 29b), locally displays a spectacular mylonitic fabric (Figures 10,29c
and 29d),
Summary and Implications
The structural fabric in the northeastern Santa Catalina Mountains is expressed in
a variety of ways, depending upon the defonnation mechanisms that were active in the
rock during fabric development. Fabric intensity. strain magnitude, metamorphic grade
and ductility of the rocks during deformation all increase systematically southward,
toward the Wilderness Granite.

The overall increase in ductility with increasing

metamorphic grade suggests that the ductility of the rocks during defonnation was
influenced by temperature and that defonnation and metamorphism were synchronous.
The increase in strain magnitude with increasing rock ductility and metamorphic grade
could be due to the slower rate of mass transfer processes relative to crystal-plastic flow
(John Ramsay, personal communication, 1988) or to a southward increase in stress
intensity andlor stress duration.

Kinematic Interpretation of Structural Fabric
Despite the variety of ways in which the structural fabric is expressed and the
variety of temperature conditions under which it formed, the structural fabric throughout
the northeastern Santa Catalina Mountains appears to be the result of a single major
episode of subvertical flattening and subhorizontaI ductile shear. Sixty four individual
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a.

b.
Figure 29. Photographs and photomicrographs of the Precambrian Oracle Granite and
mylonites derived from it. Hand sample (a) and photomicrograph (b) of undefonned

Oracle Granite collected near the town of Oracle, nonh of the Santa Catalina Mountains.
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I
I

c.

d.
Figure 29 (Continued). Boulder (c) and photomicrograph (d) of mylonitic Oracle Granite
from Wilderness Granite metamorphic aureole in the northeastern Santa Catalina Mountains; collected from NW 1/4, Section 25, T 12 S, R 17 E (Location B on Figure 36,).
The upper half of (d) is dontinated by quartz; the lower half is dontinated by feldspar.

Feldspar and quartz take up approximately equivalent amounts of strain, especially where
the fabric is most intense. Note also the relatively large sizes of recrystallized grains;
histograms of recrystallized grain sizes are shown in Figure 36b, Sample B.

~--------

- - - - - -_.
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e.

f.
Figure 29 (Continued). Polished slab (e) and photomicrograph (I) of mylonitic Oracle

Granite from the western Rincon Mountains within the middle Tertiary shear zone;
collected near the loop road in Saguaro National Monument, East (location E on

Figure 36a). Note that quartz takes up a much greater proportion of the strain than
feJdspar does. Note also the relatively small recrystallized grain sizes; histograms of
recrystallized grain sizes are shown in Figure 36c, Sample E.

~--

----------~
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kinematic indicators consistently suggest that the shear deformation was east-directed.
along the east-trending lineationS (Figures 30 and 31). Only· two of the many kinematic
indicators observed suggest west-directed shear. one in the far nonhwest comer of the

area and one within tbe Wilderness Granite (Figure 30).
In the unmetamorphosed rocks, large asymmetric folds indicate east-directed shear

and cleavages consistently dip less steeply than bedding (Bykerk-K.uffmall, 1983b), a
geometry that is compatible with bedding-parallel eastward shear. This eastward shear
strain must. however, be subordinate to subvertical flattening strain. Since simple shear
should result in plane strain, the oblate strain ellipsoids implied by the dimensions of

deformed limestone cobbles (sites 3, 4 and 5 in Figures 23 and 24 and Table 4) are
incompatible with large amounts of simple shear.

The orientations of the shear planes and strain ellipsoids implied by the above data
must be adjusted somewhat because the unmetarnorphosed terrane has almost certainly
been rotated in the middle to late Tertiary (see above). Restoration of pre-detachment
orientations results in westward dips for both cleavage and bedding with cleavage dipping

more steeply than bedding (Figure 20b).
In the subgreenschist-facies rocks, a wide varietj" of asymmetric kinematic
indicators show that the deformation in these rocks also involved a component of top-tothe-east simple shear. These indicators include offset markers, local curvature of foliation

marginal to discrete shear zones (Ramsay and Graham, 1970) in quanzites and diabase
intrusions (Figure 12), asymmetric intrafolial folds (Schloderer, 1974) in carbonates and

SA second less-extensive episode of top-to-the-northeast ductile shear appears to
have overprinted the structural fabric in southeastern comer of the area as is discussed
below in the" Anomalous Structural Fabrics" section.
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Figure 30. Map showing shear directions derived from all shear-sense indicators observed within the study area, differentiated as to type. Numbers adjacent to arrows denote multiple observations of shear-sense indicators within a small area.
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phyllites, and elongate dynamically recrystallized calcite grains oriented oblique to the
macroscopic foliation (Simpson and Schmid, 1983) in calc-mylonites (Figure 25),

Although east-directed shear was clearly involved in the formation afthe structural
fabric in the sUbgreenschist-facies terrane, the importance of the shear component relative
to the flattening component of strain is unknown. The partitioning of rotational and
irrotational components of strain is very difficult to detennine in the area; the shallowlydipping, bedding-subparallel foliation and the tectonic thinning of lithologic units within
the subgreenschist-facies terrane are compatible with both flattening and subhorizontal

shearing. However, the strain data from deformed cobbles in the subgreenschist-facies
terrane (site #6 on Figures 23 and 24 and on Table 4) reveal that flattening must have been
imponant because the strain ellipsoid falls within the flattening field; simple shear
defonnation alone would have resulted in plane strain.
Kinematic indicators in the Wilderness Granite metamorphic aureole are generally
more complicated and, therefore, more difficult to interpret than those in the subgreenschist-facies rocks. Metamorphic minerals commonly grow across the foliation and
deformation textures are commonly annealed, masking any microscopic kinematic
indicators. In addition, the foliation is typically folded. displaying complex fold patterns
at various scales (see, for ex.ample, Waag, 1968).

However, one lithology, the

Precambrian Oracle Granite, locally develops a mylonitic fabric and displays spectacular
s-c foliations and shear bands(?) (Figures 29c and 29d) which consistently indicate eastdirected shear (Figure 30). Thus the rocks in the Wilderness Granite metamorphic
aureole, like the lower grade rocks, experienced eastward shear during a major episode of
metamorphism and ductile defonnation that affected much of the nonheastem Santa
Catalina Mountains. The timing of this event is discussed in the next section.
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Age of Structural Fabric
The age of the structural fabric is well constrained by crosscutting relationships

with the detachment fault and with various plutonic rocks. Defannation must postdate 64
Ma because the 64 Ma Leatherwood suite plutons display the structural fabric (BykerkKauffman and Ianecke, 1987). The structural fabric is truncated by the middle Tertiary
San Pedro detachment fault (Figure 7); thus, the defonnation that produced the structural
fabric predates detachment faulting.

The relationship between the structural fabric and the Eocene(?) Wilderness
Granite further brackets the age of the metamorphism and ductile defonnation. The main

body of the Wilderness Granite is undefonned and in most places the pluton intrudes

across the fabric. Small dikes emanating from the main pluton are locally defanned,
however. These dikes are offset in a top-to-the-east sense along discrete shear zones
within the surrounding mylonites (Figure 32). Moreover. the dikes locally display an
incipient mylonitic foliation parallel to the foliation in the deformed country rock (Figure
32). These cross-cutting relationships suggest that the Wilderness Granite intruded
during defonnation.
However, microstructures within the Wilderness Granite metamorphic aureole
appear to contradict this interpretation. The local growth of metamorphic minerals across
the foliation and the annealed deformational textures within the Wilderness Granite
aureole (Figure 28b) suggest that intrusion followed defonnation. Barton and Hanson
(1989) suggest, however, that such textures can develop entirely during pluton emplacement. Earlier phases of a large pluton can heat the country !''Y.:k tt' aHo'.II dlJctlle
defonnation and fabric development; a later phase can then briefly elevate the temperature,
causing the growth of metamorphic minerals and the annealing of deformational textures.
This shon heating event could also stiffen the rocks by driving off volatiles, inhibiting the

Figure 32. Dikes of nonmylonitic Eocene(?) Wilderness Granite (light) intruding
mylonitic Precambrian Oracle Granite (dark). Example of the cross-cutting relationships
between the Wilderness Granite and the sttuctural fabric that indicate that fabric fonnation
and intrusion overlapped in time. a) photograph taken looking north. Wilderness
Granite dikes are offset in a top-to-the-east sense, concordant with the sense of shear
recorded by the mylonitic fabric in the Oracle Granite. b) polished slab taken from
outcrop shown in a); shear sense is sinistral. Note the incipient mylonitic fabric in the
Wilderness Granite dike. Note also that the c(slip)-surfaces in the mylonitic Oracle
Gmnito appear to penetrate the dike. Location: NW 1/4, S 25, T 12 S, R 17 E.
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a.

b.
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funher accumulation of significant strain (Barton and Hanson, 1989). Thus I have
concluded that the Wilderness Granite intruded during deformation. This conclusion

implies that defonnation and metamorphism occurred in early Tertiary time, beginning
after 64 Ma and continuing at least until the Eocene.
Heat Source for the Metamorphism and Ductile Deformation
Wilderness Granite

The evidence discussed above, which suggests that the Eocene(?) Wilderness
Granite intruded during deformation and metamorphism. also implies that the Wilderness

Granite was the heat source for the widespread low-grade metamorphism in the

northeastern Santa Catalina Mountains as well as for the higher-grade metamorphism
within its contact aureole. The timing evidence also suggests that heat from the
Wilderness Granite caused the enhanced rock ductility that allowed the ductile
deformation observed throughout the northeastern Santa Catalina Mountains. These ideas
are supported by the systematic southward increase in metamorphic grade toward the
Wilderness pluton (Figure 21) and by the systematic southward increase of rock ductility
during deformation as implied by the microstructural characteristics of the rocks (Figure
22). In addition, early Tertiary metamorphism and ductile deformation have not been
reported elsewhere in southeastern Arizona except within the vicinity of similar early

Tertiary plutons (see, for example, Haxel and others, 1984).
This compelling evidence for widespread heating of the country rock by the
Wilderness Granite, affecting rocks as many as 8 km beyond the boundaries of the
pluton, appears to contradict the findings of numerous metamorphic petrologists who
have studied contact aureoles around the world; these workers have found that such
aureoles are rarely more than 2 or 3 kID wide (Turner, 1981), even around very large
intrusions (see, for example, Rice, 1977). One possible way to resolve this conflict is to
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hypothesize that the nonhern margin of the Wilderness Granite has a profoundly shallow
dip and that the Wilderness Granite extends northward just beneath the surface for several
kilometers beyond the exposed margin. In other words, the rocks observed in the
northeastern Santa Catalina Mountains could actually be a very thin but extensive roof
pendant to the Wilderness Granite.
Gravity Survey
I tested this hypothesis by conducting a gravity survey of much of t~e study area
(Figure 33 and Appendix A). Near-station terrain corrections were done by hand for all
92 stations by using a standard terrain chart of zones B through H together with a 7 1/2'
topographic map to detennine average elevations; Hammer (1939) terrain corrections
were then calculated using the TERCOR program at the University of Arizona geophysics
lab. Outer zone terrain corrections were done by computer from a digitized topographic
data base using the TERAN program. The XGRAV program was used to correct for
instrument drift, latitude and earth tides and to calculate the complete Bouguer anomaly
values. Finally, the residual Bouguer anomaly values were calculated using the RESID
plOg,cam whkii .subtracts the isostatic effects of a two-hannonic Fourier trend surface of
topography in and near Arizona from the complete Bouguer gravity anomaly values; this
method is described by Aiken (1976), Lysonski (1980) and Lysonski and others (1980).
The results of this gravity survey were then combined with pre-existing data to produce
the maps shown in Figure 33.
The Wilderness Granite corresponds to a marked gravity low as do basin-fill
sediments (Holt and others, 1986). Figure 33 shows that the gravity low from the
Wilderness Granite may extend northward for some distance beyond the pluton margin in
the central part of the Santa Catalina Mountains but that, in general, the surface outcrops
of metasedimentary rocks in the range correspond to ~ well-defined gravity high.

Figure 33. Contoured residual Bouguer anomaly maps of the north-central portion of the Catalina complex.
a. Gravity contours superimposed on a generalized geologic map. Note the strong correlation between low gravity values and
outcrops of the Wilderness Granite.
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Therefore. the Wilderness Granite does not extend significantly northward beyond its
mapped margin, at least not at shallow levels of the subsurface. Thus the hypothesis
proposed above to account for the widespread heat effects of the Wilderness Granite is
incorrect and an alternative hypothesis is called for.

Discussion of Numerical Simulations

Numerical simulations by Barton and Hanson (1989) and Hanson and Barton
(1989) reveal that the time-integrated effect of shallow magmatism can cause low-pressure

metamorphism and that alternative mechanisms such as deep heat sources, rapid uplift,
and high-volume fluid flow are unlikely causes of low-pressure metamorphism. Their
simulations also show that the thenna! aureole of a pluton extends out from the pluton
approximately the width of that pluton; however, easily recognizable metamorphic
changes will likely be mOTe restricted (Banon and Hanson, 1989). Figure 34 shows their
graph of the disoibution of maximllm temperatures predicted by their model around a 10
km-wide granodiorite intrusion emplaced in a linear 25°C km-l geothennal gradient with

the top of the pluton at a depth of 7.5 kIn and the base of the pluton at a depth of 24.5 km.
I have added the 270° C isothenn to this graph by interpolating between the 100° C and
the 300° C isothenns.
The parameters chosen for this panicular model approximately fit the Wilderness
Granite; the Wilderness Granite is roughly 10 km wide and 7-12 km high (Holt and
others, 1986) and the depth of emplacement is constrained to less than 15 km by the
presence of andalusite in the metamorphic aureole (Table 3 and Figure 21). Note the
gradual decrease in maximum temperatures predicted in Figure 34 outside of the "region
of distinctive textures" (or, in other words. the classic contact metamorphic aureole). The
central characteristic of the widespread region of low-grade metamorphism and ductile
shearing in the northeastern Santa Catalina Mountains is the well-developed structural
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Figure 34. Maximum temperatures predicted by Barton and Hanson (1989) and Hanson
and Barton (1989) around a slab-shaped 10 lan-wide granodiorite intrusion emplaced in a
linear 2S'C km- i geothermal gradient with the top of the pluton at a depth of 7.5 Ian and
the base of the pluton at a depth of 24.5 kID. These characteristics approximate those of
the Wilderness Granite. According to this graph, rocks as far as 5 km from the margin of
the pluton, at the level of the top of the pluton, reach a temperature of 270 0 C, the

minimum temperature needed to allow the crystal-plastic flow of calcite (Groshong and
others, 1984). Dotted lines represent aluminosilicate phase boundaries: P = pyrophyllite,
A = andalusite. K = kyanite, a!1d S = sillimanite.
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fabric, produced by crystal-plastic defonnation mechanisms. in limestones. Groshong
and others (1984) found that crystal-plastic flow initiates and becomes the dominant

defonnation mechanism for calcite at a vitrinite reflectance value of 3.5% (approximately
270 0 C), significantly below the greenschist grade of metamorphism. According to

Figure 34, a temperature of 270 0 is reached around 5 km away from the pluton margin at
the level of the top of the pluton (the approximate level of the rocks currently exposed in
the northeastern Santa Catalina Mountains).

In the northeastern Santa Catalina

Mountains, crystal-plastic flow becomes the dominant defonnation mechanism for calcite
between 6 and 8 km from the northern margin of the Wilderness Granite. This
observation is in good agreement with the predictions of Figure 34, especially considering
that the map distance to the pluton margin is a maximum estimate of the actual distance.
The actual distance must be less than the map distance because the Wilderness Granite
margin has an average orientation of 310°, 26° NE near the surface as revealed by
structure contouring (Figure 35); this orientation may be maintained for some distance
northward in the subsurface.
Therefore, the heating effects observed in the northeastern Santa Catalina
Mountains are compatible with Barton and Hanson's predictions of maximum
temperatures attained at various distances from a pluton margin. The wide region of lowgrade metamorphism and ductile shearing outside of the Wilderness contact aureole is
obvious in the northeastern Santa Catalina Mountains because of the prominent structural
fabric developed in the calcite-rich rocks of the region. If not for the defonnation that
accompanied intrusion and metamorphism, this structural fabric would not have
developed and the evidence for elevated temperatures in the low-grade region would have
been very difficult to detect. In summary. the heating effects of the Wilderness Granite
are actually quite typical for a pluton its size; it is the structural fabric developed in calcite-
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rich rocks at relatively low temperatures that makes the heating effects appear unusually
widespread.

N

mean contact orientation

(312',26' NE)

+
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Figure 35: Equal area stereographic projection of poles to the northeastern margin of the
Wilderness Granite as calculated from structure contour lines at nine separate locations
along the contact. Vector mean for poles (white square) and the resulting mean contact
orientation (great circle) also plotted Generated using the Stereonet program by

Allmendinger (1988).
A Special Word About the Mylonites
Comparison with Middle Tertiary Mylonites

The early Tertiary s-c mylonites within the Wilderness Granite metamorphic
aureole. which are derived from the Precambrian Oracle Granite, look very much like
middle Tertiary detachment-related mylonites. derived from the same granite, that
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characterize the southwestern flank of the Catalina complex (Figures 3, 29c and 2ge),

However, microscopic examination of these two groups of mylonites reveal some
important differences (Figures 29d and 29f). The middle Tertiary mylonites, collected

from locations D and E as shown on Figure 36a, show well-preserved defonnation
textures including abundant tiny dynamically recrystallized quartz and feldspar grains

(Figures 29f and 36c). By contrast. the early TeniaI}' mylonites, collected from locations

A, B, and C as shown on Figure 36a, appear annealed; they display a much larger
recrystallized grain size for both quartz and feldspar (Figures 29d and 36b),
In addition, the ductility contrast between quartz and feldspar and. therefore, the
relative partitioning of strain between the two phases are very different in the two
generations of mylonites. Quartz takes up the bulk of the strain in the middle Tertiary
detachment-related mylonites; this is because quartz was much more ductile than feldspar
during defonnation. The original igneous quartz grains have been transformed into
ribbons composed of mosaics of elongate recrystallized grains (Figure 2ge and 290. In
contrast, original igneous feldspar grains remain largely intact as porphyroclasts with very
thin rims of recrystallized grains around the edges (Figures 2ge and 290. The early
Tertiary mylonites display a very different set of microstructural characteristics (Figures
29c and 29d). Quartz and feldspar took up roughly equivalent proportions of the total
rock strain because the ductility contrast between them was negligible. In addition, for a
given bulk strain magnitude, the feldspar grains are just as extensively recrystallized as
the quartz grains are; in fact, relict quartz and feldspar porphyroclasts are equally
common.
Implications
All of these major differences between the two generations of mylonites imply that
strain raWs were lower or temperatures higher during early Tertiary mylonitization within
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Figure 36. Graphs showing frequency distributions (with mean values highlighted) of

recrystallized grain sizes in various mylonites from the Catalina complex. Thirty
grains of quartz and 30 grains of feldspar were measured in each sample using ocular
micrometer on petrographic microscope. Mylonites derived from the Precambrian

Oracle Granite unless otherwise noted.
a. Sample locations.

114
Sample A

Quartz
50

li.
LL

50

0.080

0

0.1

0.169

0.1

0.2

0.2

0.3

0.4

0.3

0.4

0.3

0.4

I Recrystallized Grain Size (mm) I

Sample B

Quartz

e'dspar

50

0.100

50

0.190

o
0.1

SampleC

0.1

0.2

t(
eldspar

50

0.2

I Recrystallized Grain Size (mm) I

0.061

Quartz
50

o
0.1

0.2

0.1

0.2

I Recrystallized Grain Size (mm) I

Figure 36 (continued).

h. Early Tertiary mylonites from the WUderness Granite metamorphic aureole in the
northeastern Santa Catalina Mountains.
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Figure 36 (continued)
c. Middle Tertiary delachmenl-related mylonites from the sou1hwestern flank of the

Catalina complex.

116

SampleF

Quartz
0.051

50

0.2

0.1

I Recrystallized Grain Size (mm) I

0.2

0.3

0.4

Figure 36 (continued)
d. Mylonite derived from the Wilderness Granite. coIlected from a discrete top-Ia-thenortheast shear zone in Redington Pass.
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e. Mylonite from the top-to-the-southeast shear zone, Gavin Ranch area, eastern

Rincon Mountains.
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the Wilderness Granite metamorphic aureole in the northeastern Santa Catalina Mountains
than they were during middle Teniary detachment-related mylonitization on the southwest
flank of the Catalina complex. According to Gapais (1989), the transition from textures
like those of the middle Tertiary mylonites to textures like those of the early Tertiary
mylonites takes place at about SOGae. The larger recrystallized grain size of the early
Tertiary mylonites may imply lower differential stress levels during deformation (Figure

37); alternatively, the larger recrystallized grain size may imply a period of hightemperature annealing after defannation ceased. Whatever the exact causes of the
contrasting textural characteristics of two generations of mylonites. they can be used to
help distinguish the early Tertiary mylonites from the middle Tertiary ones (BykerkKauffman, 1987).

Anomalous Structural Fabrics
Descnprion
Many of the rocks in the southeastern corner of the study area (Domain VI of
Figure 19) display an anomalous structural fabric with north-northeast-trending lineations
and northeastward shear sense indicators (Figures 19. 30 and 38). These shear sense
indicators include asymmetric mesoscopic sheath folds in the Cambrian Abrigo Fonnation
(Figure 39) and s-c foliations in the Precambrian Oracle Granite and the 49 Ma
Wilderness Granite. The mylonites within this region are within the Wilderness Granite
metamorphic aureole and, thus, they commonly display the annealed-looking microscopic
textures typical of the early Tertiary mylonites in the northeastern Santa Catalina
Mountains. However. many of the rocks with the anomalous structural fabric also
display a superimposed incipient to well-developed unannealed defonnational texture like
that typical of the middle Tertiary detachment-related shear zone (Figure 40), suggesting
that a middle Tertiary mylonitic fabric has overprinted the early Tertiary fabric. This

5

Differential Flow Stress
log (° 1 - (3) (MPa)

(Modified from Ord and Christie. t 984)

middle Tertiary detachment-

related mylonites (37 - 130 MPa) ~
early Tertiary mylonites,
northeastern
Santa Catalina Mountains
(16-37MPa)

~

oI
Figure 37. Differential flow stresses
indicated by the mean sizes (in micrometers) of recl)'stallized quartz grains in the

middle Tertiary detachment-related mylonites and in the early Tertiary mylonites
within the Wilderness Granite metamorphic
aureole in the northeastern Santa Catalina

Mountains.
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Figure 38. Equal-area stereographic projections of small-scale structures and fabric
elements in Domain VI. the region displaying anomalous lineation trends (location of
Domain VI shown in Figures 17. 18. and 19). a. Poles to axial planes of asymmetric
mesoscopic sheath folds within the Cambrian Abrigo Fonnation. b. Axes of the sheath
folds plotted according to the method of Ransen (1971). c. Poles to foliation. Note the
similar orientations of the mean axial plane of the sheath folds and the mean foliation. d.

Lineations. Note the similarity between the trend of the mean lineation and the separation
angle for the sheath fold axes. Stereoplots generated using the Stereonett program by
Allmendinger (1988).
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Figure 39.

near Youtcy

the

southeastern corner of the study area (exact location: SW 1/4, S 8, T 13 S, R 18 E.). A
Hansen (l971) plot of these folds (Figure 38b) indicates top-to-the-nonheast shear.

Figure
mylonitic quartz-rich
within the Wilderness
Granite aureole
near the outcrop shown in Figure 39. Garnet (black) grains
are fractured and extended by the foliation. Quartz texture is unannealed with strong
undulatory extinction and incipient core-and-mantIe structure.
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suggestion is supported by the fact that metamorphic minerals in this region are

commonly deformed. even within high grade metasedimentary rocks immediately adjacent
to the Wilderness Granite (Figure 40). The ductile shear zones in the 26-27 Ma Turkey
Track Andesite, reported by Warner (1982) just southeast of the study area, further
support the interpretation that the NNE-trending lineations and the northeast-directed
shear sense indicators are middle Tertiary in age.

Regional Correlations
Regional correlations provide additional evidence for the middle Tertiary age of
the anomalous structural fabric in the southeast comeT of the study area. The northeasttrending lineations and northeast-directed shear-sense indicators are confined to a 4-km
wide zone that lies along trend with a similar 4-km wide northeast-directed, northeastdipping shear zone in the central Santa Catalina Mountains (see Figure 49 in Chapter 5).
This shear zone, identified by Naruk (1986, 1987), Reynolds and Lister (1987, 1989)
and Guerin (1988), is superimposed on the more widespread middle Tertiary detachmentrelated southwest-directed shear zone.
The intervening region between the two anomalous northeast -di.rected shear zones
is dominated by a mass of Eocene(?) Wilderness Granite that displays well-preserved
primary igneous textures (Figures 4la and 41b) and few mylonite zones. However,
wherever a mylonitic fabric is developed in these rocks. lineation trends north-northeast
and the sense of shear is top-to-the-northeast (Figures 41c and 41d). The recrystallized
grain sizes of quanz and feldspar, as measured in a sample collected at site F on Figure
36a, are near those of the middle Tertiary southwest-directed detachment-related
mylonites (compare Figures 41d and 36d with Figures 29f and 36c), suggesting that the
mylonites in Redington Pass are also middle Tertiary in age. Thus the rocks in much of
Redington Pass lack the penetrative mylonitic fabric characteristic of the middle Tertiary
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a.

b.
Figure 41. Photographs and photomicrographs of the Eocene(?) Wilderness Granite and
mylonite derived from it. Polished slab (a) and photomicrograph (b) of undeformed

Wilderness Granite; collected at General Hitchcock campground along the Mt. Lemmon
Highway.
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c.

d.
Figure 41 (continued). Polished slab (c) and photomicrograph (d) of mylonitic
Wilderness Granite from a top-to-the-northeast shear zone in Redington Pass; collected

from SE 1/4, S 34, T 12 S, R 17 E (location F on Figure 36a). Shear sense is sinistral in
(c) and dextral in (d). Note that the recrystallized grain sizes are very close to those of the

middle Tertiary mylonite shown in Figure 29f Oocation D on Figure 36a). Histograms of
recrystallized grain sizes are shown in Figure 36d.

124
southwest-directed shear deformation that dominated the southwestern Santa Catalina

Mountains; these rocks also lack the penetrative structural fabric characteristic of the early
Tertiary event that dominated the northeastern Santa Catalina Mountains. The only
deformational event that seems to have affected these rocks was a diffuse episode of

northeastward shear. Therefore, the two anomalous northeast-directed shear zones (one
in the central Santa Catalina Mountains and one in eastern Redington Pass) appear to be

portions of a single larger shear zone that displays a penetrative fabric only where it is
superimposed on previously-deformed rocks (see Figure 49 in Chapter 5). This shear
zone displays widely spaced discrete mylonite zones where it is superimposed on
previously-undeformed rocks.
Tectonic Significance
The tectonic significance of this northeast-directed shear zone is uncertain and
beyond the scope of this dissertation - see Naruk (1986, 1987), Reynolds and Lister
(1987,1989) and Guerin (1988) for three different interpretations. Suffice it to say that
this shear zone appears to be middle Tertiary or younger and, thus, it is unrelated to the
early Tertiary event that was responsible for the bulk of the ductile deformation observed

in the northeastern Santa Catalina Mountains.
Summary
An early Tertiary episode of ductile flattening and eastward shearing, granitic
intrusion, and metamorphism has transformed Precambrian through Cretaceous rocks in
the northeastern Santa Catalina Mountains into a layered sequence of foliated and lineated
tectonites varying in metamorphic grade from unmetamorphosed through pyroxenehornfels-facies.

Metamorphic grade, strain magnitude and rock ductility during

deformation increase systematically southwestward toward the Eocene(?) Wilderness

-------~
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Granite. This granite was the heat source for the ductile deformation and the
metamorphism - with the exception of the metamorphic belts surrounding the

Leatherwood Quanz Diorite suite plutons.
The tectonic significance of this early Tertiary event cannot be ascenained from the

structural fabric alone. Additional information is needed on the relationship between the
early Tertiary fabric and the macroscopic structures in the northeastern Santa Catalina

Mountains.

--------------------_....
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CHAPTER 4
STRUCTURES
Low-Angle Faults
Seven major low-angle faults disrupt the strata in the nonheastern Santa Catalina
Mountains (Figures 7 and 8). These faults can be divided into three sets on the basis of

orientation and stratigraphic separation. The first set is comprised of the Edgar and
Yautey faults, which repeat strata by placing older rocks on younger rocks and dip
shallowly northeast, subparallel to bedding. The Cottonwood, Mesquite, and Srnallhouse
faults, which make up the second sel. share the shallow northeast dip of the Edgar and

Yautey faults but they omit strata by placing younger rocks on older rocks. The
Geesaman and Evans faults make up the third set. They. too, place younger rocks on
older rocks but they dip shallowly to the south and are discordant 10 bedding.

As is the case for bedding and foliation (see Chapter 3). the low·angle faults
described here did not assume their current orientations until after the cessation of motion
on the Miocene San Pedro detachment fault. Figure 20d shows the restored orientations
afthe portions of the Edgar, Youtcy and Mesquite faults that crop out adjacent to the San
Pedro detachment fault. According to the restoration shown in this figure. all three faults
originally dipped shallowly west. at least during the time immediately preceding middle
Teniary regional extension,
Set 1: Nonheast·Dipping Older·on-Younger Faults
Youtcy Fault
The Youtcy fault crops out in the southeastern comer of the study area (Figure 7).
Its outcrop trace is only 2,5 km long because it is buried under flat· lying PlioceneMiocene sedimentary rocks to the north and intruded by the Wilderness Granite to the
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south. In addition, only a 10-20 m-thick slice of the upper plate of the Youtey fault is

preserved; the bulk of the original upper plate has been removed and displaced
southwestward by the San Pedro detachment fault (Figures 7 and 8e). Structure
contouring reveals that the Youtey fault strikes N-S and dips about 10° E. Removal of

middle 10 lale Tertiary tilling reveals a restored orientation of 159', 23' W (Figure 2Od).
The Yauley fault is slightly discordant to lithologic layering in the lower plate,
cutting up section toward the north (Figure 7). The fault places 1.4 Ga Oracle Granite
and a sliver of unidentified Precambrian(?) pebbly quartzite on the Lower Cretaceous

Bisbee Group and the Pennsylvanian-Pennian Naco Group. This placement of older
rocks on younger rocks suggests that the Yauley fault is a thrust.

The thrust fault interpretation is supported by the age relations of the Youtcy fault
which suggest that displacement occurred during a time of regional compression. The
Youtcy fault cuts the lower Cretaceous Bisbee Group and is intruded by the Eocene(?)
Wilderness Granite. Thus the Youtcy fault probably fonned during the Cretaceous-early
Teniary Laramide orogeny.
In fact, the Youtcy fault is probably a major, regionally significant, Laramide
structure as evidenced by its large apparent throw; stratigraphic separation on the Youtey
fauit is at least 1300 m This 1300 m is a minimum estimate because the original depth of
the upper plate Precambrian basement below its sedimentary cover is unknown.
The transport direction on the Youtcy fault is unclear. The limited exposure of the
fault hinders accurate determination of transport direction by precluding a detailed
reconstruction of the geometry of the fault in relation to the strata that it cuts. Nevertheless, because thrusts generally cut up section in the direction of transport (Dahlstrom,
1970), the fact that the Youtcy fault cuts up section toward the north suggests northward,
northeastward or northwestward vergence. This conclusion is supported by the rather
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thick· at least 300 m (Bykerk-Kauffman. 1983b) - sequence of Lower Cretaceous Bisbee
Group exposed in a position structurally below the Yautey fault 11 km north of the
surface exposure of the fault (Figure 7); the Youtcy fault clearly does not cut down
section toward the nonh over that 11 km distance.

FoHations and lineations near the Yauley fault may be unreliable indicators of
transport direction because they appear to be part of the regional structural fabric and,

therefore, do not necessarily reflect the kinematics of the Yauley fault. The structural
fabric near the fault conforms to the orientation patterns of the more widespread regional

fabric: foliation near the fault dips shallowly east, slightly steeper than the fault, and
lineation trends E-W (Figure 42; compare with Figures 18 and 19). The fabric near the
fault also displays many of the microstructural characteristics displayed by the regional
fabric (see Chapter 3). Nevertheless, east-northeast vergence is suggested by the
lineation trend and by the angular relationship between the fault and the foliation; this
vergence is compatible with the transport direction suggested by the observation,
discussed in the last paragraph, that the Youtcy Fault appears to cut up section to the

nonh.
The Youtcy fault and the regional structural fabric share a Laramide age,
suggesting that the fault and the fabric may be contemporaneous and kinematically
coordinated. The Youtcy fault is Cretaceous to early Tertiary in age and the structural
f::a.hric is e:uly Tertiary in age (see Chapter 3). Additional evidence that the regional fabric
and the fault may have fonned simultaneously includes a strong spatial correlation
between the fault and the fabric within the upper plate of the fault. The dominant upper
plate unit, the Precambrian Oracle Granite, is unfoliated except within a 1-5 rn thick zone
immediately adjacent to the fault where the granite displays a strong foliation and a weak
east-trending lineation.
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lineations
N

Poles to Foliation
Figure 42. Equal-are. stereographic projections of lineations and poles to foliation near
the Youtcy fault. Note the excellent agreement with data shown in Figures 18 and 19 for
the northeastern Santa Catalina Mountains as a whole. Stereoplots generated using the
Stereonet program by Allmendinger (1988).
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In addition to the above evidence that the Yautey fault and the regional fabric may
he contemporaneous. other evidence suggests instead that the fault may actually predate

the fabric. Upper plate quartzites and lower plate marbles and phyllites display no
discernible increase in fabric intensity toward the Yautey fault. The restriction of the
Foliation to within a few meters of the fault in the upper plate granite can be attributed to
strain softening during faulting. If the ductile shearing that fanned the regional fabric
postdated faulting, then strain in the upper plate granite would have concentrated in the
previously strain-softened zone immediately adjacent to the Yautey fault. Thus foliation
in the granite would have been restricted to the narrow pre·existing fault zone, just as is
observed. The higher ductilities of the marbles, phyllites and quartzites, on the other
hand. would have allowed them to fonn a strong foliation whether or nat they had
previously been deformed. Thus these lithologies would not show a marked strain
gradient toward the pre-existing Youtcy fault; this prediction fits the actual observations
very well.
In conclusion, the data available on the Voutcy fault are insufficient to allow the
determination of either the transport direction or the ex.act age of the fault. However, a
clue to the relative ages of the Youtcy fault and the souctural fabric may be provided by
the age relations of a second bedding-subparallel older-over-younger fault, the Edgar
fault.

Edgar Fault
The Edgar fault, unlike the Youtcy fault. has a clear, unambiguous cross-cutting
relationship with the regional souctural fabric. The Edgar fault is intruded by the 64 Ma
Leatherwood Quartz Diorite and associated quartz diorite porphyry sills (Figure 7). These
inU1lsives display the regional fabric. Therefore, the Edgar fault must predate the fabric.
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The stratigraphic separation across the Edgar fault is relatively small: 300-500 m.
Nevertheless, the Edgar fault. like the Youtcy fault, must be a major structure because it

has a relatively long trace, cropping out discontinuously for over 25 km from the north
flank of Mt. Bigelow to eastern Redington Pass (Figure 7). The Edgar Fault is the only

major structure in the northeastern Santa Catalina Mountains that is evident from
viewpoints on the range crest such as San Pedro Vista on the Mt. Lemmon Highway
(Figure 43). Structure contouring reveals that,like most geologic features in the area, the
Edgar fault trends NW-SE (N400 W to E-W) and dips 18°_30° to the northeast; its restored
pre-detachment orientation, at least in the southeastern corner of the area, is 193°, 18° W

(Figure 20d) The Edgar fault is subparallel to bedding and foliation and it places various
Proterozoic units on the Cambrian Abrigo Fonnation (Figures 7 and 8). This consistent
older-over-younger juxtaposition of units and the bedding-subparallel orientation of the
Edgar fault strongly suggest that it is a thrust.
The transport direction on the Edgar fault is uncertain because the fault does not
cut systematically up or down section along its known map trace (Figure 7). In addition,
the fault is poorly exposed; I was able to find only one exposure of the actual fault along
its entire trace (Figure 44). Lineation within the fault zone at this location is oriented
082°,15°, suggesting ei?stward or westward transport on the Edgar fault. Interestingly.
rocks near the entire 1ength of the Edgar fault generally display an east-trending tectonic
lineation. However, this lineation generally has the same orientation and physical
expression as the structural fabric that pervades all of the northeastern Santa Catalina
Mountains, suggesting that the east-trending lineations are part of the regional fabric and
not endemic to the Edgar fault. Since the regional fabric postdates morion on the Edgar
fault (see above), these east-trending lineations cannot yield any information on the
transport direction of the Edgar fault. Nevertheless, thin section examination of two

Figure 43. Part of the northeasrem flank of the Santa Catalina Mountains as seen from San Pedro Vista along the Mt. Lemmon
Highway. Thrust fault symbols denote the trace of the Edgar fault. Rock units are as follows: Xp = Precambrian X Pinal
Schist; Yb =Precambrian Y Bames Conglomerate (the basal member of the Dripping Springs Quartzite); Cb = Cambrian Bolsa
Quartzite; Ca = Cambrian Abrigo Fonnation.
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Figure 44: Photograph of the only exposure I could find of the Edgar Fault. Lineation
at this location is oriented 082'. 15'. Location: SE 1/4. S 28. T 11 S. R 16 E.

samples from the northwestern part of the study area reveal that the f;\bric t", these
samples predates the metamorphism caused by the Leatherwood Quartz Diorite (Figure
27); thus the lineations in these two samples must be related to motion on the Edgar fault.
Lineation orientations for these samples are 35°,060° and 6°, 266°, suggesting east-

northeast or west-southwest vergence on the Edgar fault.
Addltional indirect evidence asIa suggests that displacement on the Edgar fault
was along a northeast-southwest direction. This displacement direction is inferred from
the northwest-southeast trend of the fault trace (Figure 7); since the fault does not cut

systematically up or down section for over 25 km along this northwest-southeast trend. it
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seems likely that the transport direcrion on the fault is nonnaito this trend, i.e. southwest
or northeast. These directions are, in fact. the typical transport directions for Laramide

thrust faults throughout southeastern Arizona (Davis, 1979; Drewes, 1981).
Further indirect evidence suggests that the Edgar fault accommodated southwestward. rather than northeastward thrusting. in marked contrast to the apparent nonhcrly

transpon direction for the Youtcy fault (see above). The late Tertiary steeply westdipping Buehman normal fault exposes a 2-3 km-wide strip of bedrock in the northeastern
pan of the area that repeats some of the geology exposed to the west where the Edgar fault
crops out (Figure 7). The bedrock strip displays a relatively undisturbed exposure of the
complete geologic column from Proterozoic schistose basement through Lower

Cretaceous clastics; there is no thrust fault exposed at the surface. Attempts to reconcile
the geology on either side of the Buehman Fault (Figure 8d) demand that this exposure of

the complete geologic column be the upper plate of the Edgar fault. Therefore, the Edgar
fault must be buried at depth and must cut its upper plate within the Proterozoic basement.
West of the "bedrock strip." the Edgar fault cuts the upper plate near the basement·cover
contact. just below this contact in some places and just above it in others (Figure 8).
Therefore. the fault clearly does not cut up-section to the northeast between the outcrop of
basement in the bedrock strip and the nearest exposure of the fault 3 km to the southwest
(figure 7). In fact. the Edgar fault must cut slightly up section to the southwest. It could
cut considerahly up sr:ction to the southwest. Since thrust faults typically cut up section
in the direction of transpon (Dahlstrom. 1970). it is geomettically simpler to conclude that
the Edgar fault is a southwest-directed thrust than it would be to conclude that it is a

northeast-directed thruSL
The age relations on the Edgar fault suggest that, like the Youtcy fault, it is
Laramide in age. The youngest rock unit cut by the Edgar fault is the middle Cambrian

- - - - - - - - - - - - - - - - - - - - - - ---
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Abrigo Fonnation. However, regional studies (Dickinson, 1981) have shown that no
significant Phanerozoic defonnation. other than Jurassic-early Cretaceous block-faulting,
took place before the Cretaceous/early Tertiary Laramide Orogeny. Therefore, the Edgar

fault is probably Cretaceous or younger. An upper age limit is provided by dikes and sills
that intrude the Edgar fault: a swann of undated weakly-fOliated rhyolite dikes (Figures 7
and 43) and the 64 Ma Leatherwood Quartz Diorite (Figure 7) (see above). In summary,

the Edgar fault is probabJy a Cretaceous to earliest Tertiary Laramide thrust.

Discussion
Both the Edgar fault and the Youtcy fauIt are Laramide thrusts. However, it is
unclear whether or not they are contemporaneous and it appears that they verge in
different directions. The Edgar fault predates 64 Ma and probably verges southwest. h
clearly predates the regional east-directed shear fabric. The You ICY fault. on the other
hand. may be contemporaneous with the east-directed shear fabric; if so. the Youtcy fault
would postdate 64 Ma and probably verge east. Furthennore. independent evidence from
the geometry of the Youtcy fault in relation to the strata that it cuts suggests northwesterly
or northeasterly transport.
It is not unreasonable to suggest two discrete thrusting events with two different
vergences in the northeastern Santa Catalina Mountains. Regional studies have shown
that the Laramide event in southeastern Ariwna included both northeastward and southwestward thrusting (Davis. 1979; Keith and Wilt, 1985). possibly in two discrete pulses
(Drewes. 1981). Thus the evidence for timing and vergence for one thrust in an area need
not necessarily apply to a second thrust in that area I tentatively conclude that the Youtcy
fault verges northeast and the Edgar fault verges southwest; they mayor may not have
fonned during the same pulse of Laramide compression.
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Set 2: Northeast-Dipping Younger-an-Older Faults

The Yolltey and Edgar faults. described above. can be unambiguously interpreted

as Laramide thrusts; they are subparallel to bedding and they place older rocks on younger
rocks. However, the same unambiguous interpretation does not hold for a number of
additional northeast-dipping, bedding-subparallel faults in the northeastern Santa Catalina

Mountains. These faults, the Cottonwood, Mesquite and Smallhouse faults, place
younger rocks on older rocks, thereby thinning the section by omitting strata and hinting
at nonnal rather than thrust displacement (Figures 7, 8 and 26).
The magnitudes of offset on the Cottonwood. Mesquite and Smallhouse faults
vary considerably along strike. All three faults die out toward the northwest and generally
increase in offset toward the southeast (Figure 26). Maximum stratigraphic separations
are 1100 rn for the Cottonwood fault, 240 m for the Mesquite fault and 200 rn for the
Smallhouse fault. All three faults are truncated to the south by younger faults. The
Cottonwood and Mesquite faults are truncated by the middle Tertiary San Pedro
detachment fault and the Smallhouse fault is truncated by an unnamed east-trending

steeply-dipping fault (Figure 7).
The largest of the three faults, the Cottonwood fault, displays a curious geometry
in the area of Cottonwood Cove, about 1 km south of the intersection of the Evans and
Cottonwood faults (Figure 7). The Cottonwood fault appears at various levels in the
geologic column, jumping from level to level across a number of nonheast-trending lateral
ramps or accommodation faults. Total stratigraphic separation appears to be nearly
constant across all fault segments in the area but the identities of the missing units vary
between segments. This interesting geometry is limited to a 2 kIn segment of the
Cottonwood fault; its cause is unclear.
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Age relations
The timing of mation on the Cottonwood fault is tightly constrained (see Figure 7
for crosscutting relationships). The Cottonwood fault cross-cuts the Edgar fault. It also

crosscuts the rhyolite dikes, discussed above, that intrude the Edgar fault (Creasey and

Theodore, 1975). In addition, the Cottonwood fault apparently cross-cuts the 64 Ma
Leatherwood Quartz Diorite porphyry sills. These sills are ubiquitous southwest of the
fault but they do not crop out anywhere northeast of it. Finally, the Cottonwood fault is
intruded by the Eocene(?) Wilderness Granite. These cross-cutting relationships suggest

that the Cottonwood fault was active between 64 Ma and Eocene time.
Equally tight timing constraints are lacking for the Mesquite and Small house
faults. However, the limited timing evidence that exists for these faults is compatible with
that for the Cottonwood fault. For example, the Mesquite fault, like the Cottonwood
fault, is intruded by the Eocene(?) Wilderness Granite. This evidence, as well as the
geometric similarities among the three faults, suggest that the Cottonwood, Mesquite, and
Smallhouse faults are contemporaneous.
Relationship to the Regional Fabric
The 64Ma - Eocene age limits on the Cottonwood, Mesquite, and Smallhouse
faults are essentially identical to those for the regional structural fabric. Both the faults
and the fabric crosscut the 64 Ma Leatherwood plutons and both are generally intruded by
the Eocene(?) Wilderness Granite, although a few Wilderness Granite dikes are folded
and sheared, indicating that the ductile shearing that fonned the fabric at least panially
overlapped with the intrusion of the granite (see Chapter 3). There is no similar evidence
that the faulting also overlapped with intrusion, but, overall, the cross-cutting
relationships suggest that the faults and the fabric are different expressions of a single
early Tertiary defonnational event
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This inteIpretation is supported by similarities in the physical and geometrical
characteristics of the faults and the fabric. Although there is no discemible increase in
fabric intensity toward the faults, neither is the fabric disrupted by the faults. The Cottonwood, Mesquite, and Sma11house faults paraJJel the structural fabric and lack brittle fault
rocks such as gouge and breccia (Figure 45a). The only exception to this generalization
is the Smallhouse fault, which displays a silicified hematite-stained breccia zone near its

northern lateral tip. At this location, howeverI the Smallhouse fault cuts unfoliated
dolomite beds within tho Mississippian Escabrosa Limestone (Bykerk·Kauffman,
1983b). The breccia is probably a reflection of the extremely low ductility of dolomite as
compared to the calcite marbles, phyllosilicat..rich quartzites and phyllites that typify the
local geologic column. At every other location. the Cottonwood. Mesquite and
Sma11house faults are,like the regional structural fabric, ductile features. 9
The kinematics of fault motion along the Cottonwood, Mesquite, and Smallhouse

faults are remarkably compatible with the kinematics of the ductile shearing that produced
the structural fabric. The faulting and shearing both acted to thin the section (Figure 26).
In addition, both the faults and the structural fabric die out along strike toward the north

(Figures 7 and 26). Conversely, the offset on the faults, the intensity of the structural
fabric. and the magnitude of penetrative thinning of the stratigraphic units all increase

gradationally toward the south.
Sense of Motion

All of the above evidence points toward a link between the structural fabric and the
Cottonwood, Mesquite, and SmaJlhouse faults. If, indeed, this link is real, then the sense

9nese faults are not, strictly speaking, "ductile faults" because the continuity of
units is broken across them.
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Figure 45b: Photograph of Precambrian diabase a few meters below the Cottonwood
Fault, looking south. Foliation in the diabase dips more steeply to the east than a
number of fractures that parallel the Cottonwood Fault, suggesting top-to-the-west
transport on the fault. Location: NW 1/4, S 4, T 12 S, R 17 E.
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of motion on the faults should be compatible with the eastward ductile shear recorded by
the structural fabric. That is, the upper plates of the Cottonwood, Mesquite and Smallhouse faults must have moved to the east relative to the lower plates. There is, however,

one piece of evidence to the contrary: at one location a few meters below the Cottonwood
fault. the foliation clearly dips more steeply to the east than a series of fractures that
apparently parallel the fault (Figure 45b). This relationship suggests a westward transport

direction. Nevertheless, this angular relationship between foliation and the faults is not
typical; foliation generally parallels the faults (Figure 45a). Thus I tentatively conclude
that the Cottonwood. Mesquite and Srnallhouse faults are east-vergent.

Summary and Discussion
The Cottonwood, Mesquite, and Small house faults, together with the Wilderness
Granite and the regional structural fabric, record a 64 Ma -Eocene event that involved
magmatic intrusion, metamorphism, and ductile thinning of the geologic column. The
thinning was accommodated by flattening, bedding-subparallel east-directed distributed
shear and ductile faulting. The faults do not appear to be major features in and of
themselves; rather, they seem to represent discontinuities within a thick zone of
penetratively defonned rocks. In other words, they appear to be examples of stretching
faults as defined by Means (1989). Stretching faults are entirely embedded in flowing
rock masses while they are active. The ductile flow in the rock masses surrounding the
faults is not induced by the fault movements; rather the flow is an independent process
driven by the same remote loads that are causing Slip on the faults.
This 64 Ma -Eocene event, which profoundly affected the northeastern Santa
Catalina Mountains, cannot be conveniently correlated with any previously defined
regional tectonic episode. The 64 Ma -Eocene timing of this event places it in the late
Laramide. during what should be the waning stages of regional compression (Dickinson,
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1981; Krantz, 1989). However, the tectonic thinning of stratigraphic units observed in
the northeastern Santa Catalina Mountains appears to be incompatible with regional
compression. Further discussion of this dilemma and some possible resolutions are
presented in Chapter 6, following descriptions of a third major set of low-angle faults in

the area, folds and DOnnal faults in the area, and possible 64 Ma -Eocene structural fabrics
located elsewhere in the Catalina Complex.
Set 3: South-Dipping Younger-on-olderFaults

In addition to the Cottonwood, Mesquite and Smallhouse faults, a second set of
low-angle younger-an-older faults appears to have accommodated eastward motion of

their upper plates during 64 Ma - Eocene ductile shearing in the northeastern Santa
Catalina Mountains. These faults, which include the Geesaman and Evans faults (Figure
7), trend east-west and dip shallowly to moderately to the south, cutting bedding at a
moderate to high angle. Both faults display right-lateral separation.
Geesaman Fault
Ianecke (1986, 1987) analyzed the Geesaman fault and surrounding area. She
discovered that the regional foliation intensifies near the Geesaman fault and abandons its
usual northeast-dipping bedding-subparallel orientation, curving into parallelism with the
south-dipping Geesaman fault (Figures 7 and 8). The foliation near the fault shares the
east-trending lineations and top-to-the-east shear indicators typical of the regional
structural fabric that pervades the northeastern Santa Cata1ina Mountains. suggesting that
the Geesaman fault accommodated left-lateral strike slip motion.

However. this

interpretation is difficult to reconcile with the right-lateral stratigraphic separation across
the fault.
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Janecke (1986. 1987) accounted for this apparent contradiction by invoking two

episodes of faulting. She noted that, although the lower Cretaceous Bisbee Group crops
out immediately south of the Geesaman fault. there are no known Bisbee Group outcrops

anywhere north of the Geesaman fault. Thus she proposed that the lust episode of

faulting in the Geesaman fault area involved down-to-the-south Donnal faulting during the
rifting of the Bisbee Basin. She further suggested that, during the second episode of
faulting, the Geesaman fault was a left-lateral tear fault related to an hypothetical Laramide
east-vergent thrust. This thrust. if present, must be buried under late Tertiary strata in the
San Pedro Basin east of the Santa Catalina Mount3ins. The second episode of faulting on

the Geesaman fault is synchronous with the deformation that formed the regional
structural fabric. Thus the second episode of faulting, like the ductile shearing that
fonned the fabric, must have taken place between 64 Ma and Eocene time.
Evans Fault
The Evans fault resembles the Geesaman fault in its southward dip and ils
apparent right later..!.l separation. It also resembles the Geesaman fault in its tear-fault-like
geometry (Figure 7).

Both faults maintain a constant magnitude of stratigraphic

separation along strike but they cut up section toward the east.
The Evans fault differs from the Geesaman fault, however, in that the typical
northeast-clipping foliation orientation continues undisturbed across the Evans fault.
suggesting that the Evans fault did not undergo major displacement during ductile
shearing. Additional evidence to suppon this conclusion is the truncation of the Evans
fault by the Cottonwood fault (Figure 7), demonstrating that the Evans fau1t is older than
the Cottonwood fault. In summary, the Evans fault appears to be a tear fault that fonned
before the 64 Ma -Eocene ductile shearing event, either during Laramide thrusting or
during Jurassic-early Cretaceous rifting of the Bisbee Basin.
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Additional Structures

Faults are the dominant map-scale structures in the northeastern Santa Catalina
Mountains. However, folds are locally significant near the contact between the
Wilderness Granite and its counny rock (Domain II in Figure 18). A few broad. open

northwest·trending anticlines and synclines warp lithologic layering, foliation and,
apparently. the Cottonwood. Edgar and Youtcy faults (Figures 7. 8 and 46d). Thus these
folds postdate all of the major low·angle faults in the area. Since the low· angle faults all

appear to predate the Wilderness granite or fonn during Wilderness granite intrusion, the
folds probably postdate the intrusion of the Wilderness Granite as well. Additional subtle

northwest-trending folds apparently affect all of the northeastern Santa Catalina
Mountains. showing up as elongate patterns in contoured stereoplots of poles to foliation

(Figure 18). A northwest-trending map-scale syncline affects foliation in the northeastern
ponion of the study area (Figure 7 and 46b. Domain IV in Figure 18).

Folding is locally developed on mesascopic and microscopic scales as well.
Upright northwest·trending mesoscopic folds. like the map·scale folds. are especially

conunon near the Wilderness Granite contact. These folds are also common in the
easternmost part of the study area (Schloderer. 1974) (Figure 46c) where they are

accompanied by a nonhwest-trending, steeply northeast-dipping crenulation cleavage
(Figure 46a). The mesoscopic folds and the crenulation cleavage, like the map-scale
folds. are superimposed on the 64 Ma - Eocene structural fabric.

The tectonic significance of these folds and crenulation cleavages is unknown.
Their relatively young age suggests that they may, in some way, be related to middle
Tertiary extension but more detailed study is needed.

Figure 46. Equal-area stereographic projections of (a) crenulation cleavages; (b and d)
foliations within map-scale folds and the corresponding calculated fold axes; and (c) axial
planes and axes of upright mesoscopic folds. Contouring in (b) and (d) by the Kamb
(1959) method using contour intervals of 3 0'; values of a unifonn distribution are also 3
cr. Contour intervals in (c) are 0-5-10-15% per 1% area for the axial planes and 0-1020% per 1% area for the fold axes. Data displayed in (c) are from Schloderer (1974).
Figures (a), (b), and (d) were generated using Allmendinger (1988).
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Poles to Foliation
Within Large Antidine
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Middle to Late Tertiary Normal Faults
The youngest structures in the northeastern Santa Catalina Mountains are middle

to late Tertiary Donnal faults. The shallowly east-dipping middle Tertiary San Pedro
detachment fault crops out in the southeastern comer of the area. Intersection angles
between the San Pedro fault and upper plate Oligocene-Miocene strata and the sense of

offset on upper plate nonnal faults suggest that the San Pedro detachment fault
accommodated westward normal-slip offset (Lingrey. 1982). Thus the San Pedro fault

must have originaJIy dipped west; the exact angle of dip is unknown but was probably
quite small as detachment faults are typically shallowly dipping structures.
Several north-sulking, steeply-dipping nonnal faults disrupt the eastern ponion of

the study area (Figure 7) (Bykerk-Kauffman. 1983b). Most of these faults dip west and

several of them offset the San Pedro detachment fault. The most prominent of the
steeply-dipping normal faults is the west-dipping Buehman fault which bounds the
western edge of the narrow strip of bedrock in the northeastern part of the area (Figure 7).
Offset on this fault increases northward; thus the eastern block (Domains III, IV and V in
Figures 17, 18 and 19) has moved away from the western block (Domains I and II) by a

scissors motion along the B uehman Fault. This scissors motion may. in pan, account for

the pattern of variations in the attitudes of structures in the area; bedding planes,
foliations, lineations and fold axes in domains III, IV and V appear to have rotated
clockwise about a subvertical axis relative to those in domains I and II (Table 5).
Although the angles of rotation are not very consistent, the senses of rotation are
consistent. Furthennore. the structures appear to have undergone less rotation in domain
V than in domains ill and IV; this would be expected if the angles of rotation decrease as
offset on the Buehman fault decreases.
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Table 5. Possible rotations of bedding planes, foliations and lineations in Domains III,

IV and V due to scissors-like nonnal-slip offset on the Buehman Fault.
Mean Orientations of Structures and Fabric Elements
QC[[Jllin
I
II
III
IV
V

B~ddiD~

294°, 22° NE
345°, 28'E
345', 28'E

FQlil,ujQn
284', 17°NE
273°.5°N
321',20° NE
OOS',20'E
31O',24°NE

Lin~aliQIJ

089',9'
090°,2°
Ux)O,

13°

093',19'

FQldAxcs
297°,3'
294°,1°
338°,3'
160°,5°
139°,17°

Approximate Rotations Necessary to Achieve Current Orientation
(assuming the original orientations are those of Domain I and that the rotation axis is
vertical; positive values are clockwise; negative values are counterclockwise).

Domain
II
III
IV
V

Bedding

51°
51'

Foliation

Lineation

N/A (too folded)

l'

37'
84°
26'

11'
4"

Fold Axes
-3'
41°
43'

22'

The Buehman fault cuts the upper Miocene and younger Quiburis Fonnarion.
Thus these steeply-dipping normal fauIts probably fonned during late Tertiary basin-andrange extension.

Summary Of Structural History
The structores and structural fabrics in the northeastern Santa Catalina Mountains
resulted from a complex sequence of Phanerozoic orogenic events (Figures 47 and 48).
Jurassic-early Cretaceous normal offset on the south-dipping Geesaman fault helped fonn
the basin in which hundreds of meters of Bisbee Group sediments were deposited.
Cretaceous to earliest Tertiary southwestward(?) thrusting along the Edgar fault repeated
and, thereby, thickened the section. The northeast(?) vergent Youtcy thrust may also
have formed at this time. The kinematics and timing of this thrusting event are compatible
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with regional Laramide compression. Intrusion of the 64 Ma Leatherwood Quanz Diorite

and associated quartz diorite porphyry sills further inflated the section and
metamorphosed strata immediately adjacent to the plutons. Subsequent intrusion of the
Eocene(?) Wilderness Granite was accompanied by contact metamorphism within a few

km of the pluton, by widespread sub-greenschist facies metamorphism and by ductile

defonnation throughout the northeastern Santa Catalina Mountains. This ductile
deformation caused extension and thinning of the section by younger-an-older eastvergent faulting along the low-angle Cononwood, Mesquite and Srnallhollse 'faults and by
pervasive subvenical flattening and eastward subhorizontal shearing throughout the area.
The Geesaman fault accommodated left-lateral strike-slip motion during this event and the
northeast(?) vergent Youtcy thrust may also have fanned at this time (instead of during
the Cretaceous to Lower Tertiary event as discussed above). Following the enigmatic
early Tertiary event, the foliation, lithologic layering, and low-angle faults were locally
folded into northwest-trending upright folds and/or overprinted by a northwest-striking
steeply east-dipping crenulation cleavage. These folds and the crenulation cleavage may
be related to middle Tertiary extensional defonnation. Ductile shearing within a middle
Tertiary northeast-directed extensional shear zone produced mylonitic fabrics

~nd

sheath

folds in the southeastern corner of the area. The middle Tertiary San Pedro detachment
fault cut through the southeastern comer of the area, truncating most major structures and
strUctural fabrics. Finally, a series of north-trending steeply-dipping middle- to lateTertiary nonnal faults disrupted the eastern portions of the area during the Basin-andRange event.

a. end of the Paleozoic

b. early Cretaceous

J\I

'/

i;:~~~l~

~;ua;t

I. .

fJ

c. late Cretaceous I earliest Tertiary
Figure 48. Series of block diagrams depicting the tectonic history of the nonheastern Santa Catalina Mountains.
P'lItems representing the different rock units match those of Figure 7.
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Figure 48 (Continued)
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CHAPTER 5
REGIONAL CORRELATIONS
Of all the Phanerozoic events to affect the northeastern Santa Catalina Mountains,
the most puzzling and difficult to correlate is the early Tertiary 64 Ma - Eocene episode of
magmatic intrusion, metamorphism. ductile flattening and shearing. and low-angle
faulting. No evidence has surfaced for this event in southeastern Arizona outside of the

Catalina complex. Interestingly, the 64 Ma - Eocene event proves to be even more
complicated and enigmatic when the entire Catalina complex is considered than it is if the
northeastern Santa Catalina Mountains are considered alone.

Santa Catalina Mountains
The characteristic metamorphic rocks, structural fabrics and low~angle faults that

formed during the 64 Ma - Eocene event extend beyond the nonheastern Santa Catalina

Mountains into other parts of the Catalina complex (Figure 49). The structural fabric
continues west of the study area to the crest of the range where subhorizontal foliations
and east-trending lineations are common. Waag (1968) studied mesoscopic recumbent
folds in metasedimentary rocks in this region and, based on vergence directions, reported
three domains with three distinct shear directions: southwest, south and northeast
(locations 21, 22, and 23 on Figure 5). He identified three different generations of folds,
representatives of which are apparently found in all three domains, and interpreted the
west-northwest-trending F2 generation as older than or contemporaneous with the
Wilderness Granite (Waag, 1989). The exact implications of Waag's work and its
relation to this study are unclear but his work suggests the possibility of early Tertiary
defonnation with a vergence other than top-to-the-east, the vergence direction that
characterizes the northeastern Sama Catalina Mountains.
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10 km

I

Middle Tertiary
(younger'
......, Middle Tertiary
(older)
Late CretaceousEarly Tertiary

Figure 49. Compilation of shear directions, as detennined by myself and by previous
workers, throughout the lower plate of the Catalina complex; subdivided by age as
interpreted in this study. Details of each area shown are given in Table 6.
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Table 6. Exact shear direction, types of shear-sense indicators used, and references for
each location ploned on Figure 49.
Late Cretaceous - Early Tertiary Fabrics
Shear
Shear sense
Direction Indicators'"
!W"m!=
2IJJ'
a, b, h
Guerin (1988)
lanecke (1986)
2
090'
a, b, c, f, i, j
090"
a, b, c, f, g, i
3
this study
4
095'
b, c
Bykerk-Kauffman (1983a, b)
120°
e
Schloderer (1974)
5
6
171'
a, f
this study
7
210'
G. Gehrels, pers. comm. (1987), this study
8
140'
e
Trever (1983)
a, b, d, k, I
Smith (1989)
9
060'

Locarion#

--1--

Middle Tertiary Fabrics, Southwest-Directed
Shear
Shear sense
Direction Indicators'"
References
210'
a
Naruk (1987)
11
250'
this study
12
240'
this study
245'
Naruk (1987)
13
14
256'
this study
15
240'
DiTullio (1983)
a
240'
16
a, d, k
Martins (1984)
17
245'
this study
265'
18
G. Gehrels, pers. comm. (1987), this study
Frost (1977)
19
297'

Location #
10

Middle Tertiary Fabrics, Northeast-Directed
Shear
Shear sense
Direction Indicators*
References
this study
023'
a
Naruk (1987), this study
044'
S. Naruk, pers. comm. (1989)
005'
a
Bykerk-K.uffman (1983.), this study
020'
a, e, g

Location #
20
21
22
23

*Shear Sense Indicator Codes
a - s-c foliations in granitic mylonites
b = meso scopic shear zones
c = asymmeoical calcite grain-shape fabric
d=
e=
f=
g=
h=
i=

asymmetrical quartz grain-shape fabric
Hansen (1971) plot of the axes of asymmetric inn-afolial or sheath folds

offset markers
shear bands
crystallographic preferred orientation of quam grains
s-c-like phacoidal cleavage
j = sigmoidal chert nodules oriented oblique to the macroscopic foliation

k

=

dynamically recrystallized tails on porphyroclasts

1 = asymmetrical pressure shadows
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In fact, Guerin (1988), who also worked at the range crest, reported evidence for

west-directed shear (location 1 in Figure 49 and Table 6). Guerin (1988) interpreted the
age of the westward shear defonnation as contemporaneous with the intrusion of the 64

Ma Leatherwood Quartz Diorite based on the growth of metamorphic minerals both before
and after fannalion of the foliation. However, such relationships between the foliation

and the metamorphic minerals could also be interpreted as indicating that foliation fonned
after or during intrusion of the 64 Ma Leatherwood Quanz Diorite but before or during

intrusion of the nearby Eocene(?) Wilderness Granite or the 27 Ma Catalina Granite

because the metamorphic aureoles of these three plutons overlap considerably at the crest
of the range (Figure 7). However. Steve Reynolds (personal communication. 1990) has
observed that some west-directed shear fabrics in the area are intruded by pegmatites with
the same mineralogy as the Eocene(?) Wilderness Granite. Thus the westward shear
defoffilation at the range crest could be contemporaneous with the intrusion of the
Leatherwood Quartz Diorite. as Guerin suggested. or it could be contemporaneous with
the 64 Ma - Eocene east-directed ductile defOImation that characterizes the northeastern
Santa Catalina Mountains,

Rincon Mountains
North of the study area. metamorphic grade decreases northward as both the
structural fabric and the younger-on-older faults die out northward. South of the study
area. however, the metamorphic rocks. structural fabrics and low-angle faults continue
southward into the eastern Rincon Mountains (Figure 3). Within the lower plate of the
San Pedro detachment fault. the eastern Rincon Mountains are comprised of foliated and
lineated metasedimentary and metaplutonic rocks that are cut by a series of low-angle
bedding- and foliation-subparallel younger-on-older ductile faults remarkably similar to
the Cottonwood. Mesquite. and Smallhouse faults (Drewes. 1974; Thonnan and Drewes.
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1981; Lingrey, 1982; and TreVeTt 1983). However, it is not possible to trace any specific

faults from the northeastern Santa Catalina Mountains into the eastern Rincon Mountains

because the San Pedro detachment fault cuts across the metaSedimentary rocks into the

Precambrian basement in the intervening region, truncating all lower-plate faults
(Figures 3 and 7).
Nevertheless, the low-angle ductile faults and the structural fabric in the eastern
Rincon Mountains seem to have fanned during the same enigmatic episode of granitic
intrusion, metamorphism and ductile shearing that took place in the nonheastern Santa
Catalina mountains between 64 Ma and the Eocene (see Lingrey, 1982, for a different
interpretation). Crosscutting relationships between the ductile faults, the structural fabric,
and peraluminous Wilderness-like plutons are the same in the two areas: pegmatites and
other dikes are folded and sheared yet show no penetrative structural fabric and large
granite plutons intrude the ductile faults (Lingrey, 1982). In addition, metamorphic grade
in the eastern Rincon Mountains increases toward a large peraluminous Wildernesssuite(?) granite pluton (Lingrey, 1982) just as it does in the northeastern Santa Catalina
Mountains. Finally, mylonites derived from the Precambrian Oracle Granite share the
microstructural characteristks of the early Tertiary granitic mylonites in the northeastern
Santa Catalina Mountains: defonnational fabrics are partially annealed, recrystallized
grains are relatively large and strain is evenly partitioned between quartz and feldspar
(Figures 36e and 50).
Despite the compelling evidence for the interpretation that the structural fabrics and
ductile low-angle faults in the eastern Rincon Mountains are contemporaneous with those
in the northeastern Santa Catalina Mountains, other explanations are possible. The
aforementioned interpretation hinges on the notion that the peraluminous plutons in the
eastern Rincon Mountains are generally the same age as those in the northeastern Santa
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Catalina Mountains. Recent U-Pb age dating by Gehrels and Smith (1990, in review)
throw a fair amount of doubt onto this notion; they dated two different peraluminous
Wilderness·like intrusions and found that one appears to have an age of around 66 Ma
and the other an age of around 24 Ma (see Chapter 2 for more details). Thus they are

over 40 million years apart in age and, furthennore, neither appears to be a contemporary
of the 44-50 Ma Wilderness Granite. In other words, peraluminous 2-mica garnetbearing intrusions in the Catalina complex have a known age range of 24 Ma to 66 Ma

and it is very dangerous correlate these plutons on the basis of mineralogy.

Figure 50. Photomicrograph of mylonitic Precambrian Oracle Granite from the Gavin

Ranch area (NE 1/4, S 7, T 14 S, R 19 E; location G on Figure 36a). Upper part of
Note that the

photo is dominated by quartz; lower third dominated by feldspar.

recrystallized grain sizes are very close to those of the early Ternary mylonite shown in
Figure 29d. Histograms of recrystallized grain sizes are shown in Figure 36e.
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Additional evidence that could complicate the interpretation that the structural

fabrics and ductile low-angle faults in the eastern Rincon Mountains are contemporaneous
with those in the northeastern Santa Catalina Mountains involves the structural fabric.
The trends of lineations and the senses of shear suggested by kinematic indicators in the
eastern Rincon Mountains are quite different from the east-trending lineations and eastdirected shear sense typical of the northeastern Santa Catalina Mountains. Lineations are

sparse in the strongly foliated metasedimentary rocks of the eastern Rincon Mountains but
the weakly mylonitic Precambrian Oracle Granite displays a south-southeast-trending
lineation in the Gavin Ranch area (location 6 in Figure 49 and Table 6). A map of this
area is shown in Figure 51. S-c foliations in mylonites derived from the Oracle Granite
consistently indicate a shear sense of top-to-the-southeast, parallel to the south-southeasttrending lineation (Figures 51 and 52). Trever (1983) also found evidence for southeastdirected shear in her application of the Hansen (1971) method to asymmetric folds in
metasedimentary rocks just south of the Gavin Ranch area (location 8 in Figure 49 and
Table 6). In contrast, Lingrey (1982) applied the Hansen (1971) method to asymmetric
folds throughout the eastern Rincon Mountains and concluded that the folds had fonned
during southwest-directed shear toward 209 0 (location 18 in Figure 5 and Table 1).
Lingrey's plot has a large region of overlap, however, and he may have inadvenently
combined early Teniary southeast-vergent folds with middle Tertiary west·southwestvergent folds. In any case, the movement picture in the eastern Rincon Mountains is
complicated but, clearly, the sense and direction of shear are quite different from those in
the nonheastem Santa Catalina Mountains.
The west-central part of the eastern Rincon Mountains displays two distinct
structural fabrics with two different lineation trends (locations 17 and 18 in Figure 49 and
Table 6).

The younger fabric affects the Precambrian Y Oracle Granite and a

Figure 51. Generalized geologic map of the Gavin Ranch area, eastern Rincon Mountains Oocation 6 in Figure 49). Fault traces
and. rock type identifications from Lingrey (1982). Foliation orientations, lineation orientations and shear-sense determinations
from this study. Senses of shear detennined from angular relationships between s- and c-surfaces.
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Figure 52. Equal area stereographic projection of poles to 26 foliation readings (stars)
and 18 lineation readings from outcrops where the sense of shear could be determined
(dots) in the Gavin Ranch area (see Figure 51). Generated using the Stereonet program
by Allmendinger (1988). Shear sense is top-to-the-south at all locations and all
measurements were made in Precambrian Oracle Granite or Pinal Schist. Mean pole to
foliation (black square), mean foliation (great circle) and mean lineation (white square)
also shown.

peraluminous Wilderness-like granite. Lineation trends east-west and s-c foliations
indicate westward shear (location 18 in Figure 49 and Table 6). Microscopic examination

shows an unanoealed deformational fabric identical to that in the middle Tertiary
detachment-related mylonites on the southwest flank of the Catalina complex. The
younger fabric is restricted to a narrow zone immediately north of the San Pedro
detachment fault (Gehrels, personal communication, 1987). Thus the younger fabric
probably fonned during middle Tertiary extension and detachment faulting. The older
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fabric in the

west~central

pan of the eastern Rincon Mountains primarily affects the

Precambrian Oracle granite, although the peraluminous Wilderness-like granite is mildly
affected. Lineation trends south-southwest and s-c foliations indicate southwest-directed
shear

(location 18 in Figure 49 and Table 6) (this study; Gehrels, personal

communication, 1987). Microscopic examination of the older fabric reveals annealed

fabrics and roughly equal partitioning of strain between quartz and feldspar; these
characteristics are typical of the 64 Ma - Eocene structural fabric of the northeastern Santa
Catalina Mountains. Thus the older fabric in the west-central pan of the eastern Rincon
Mountains. characterized by south-south west-trending lineations and southwest-directed
shear sense indicators. may have formed during the same 64 Ma - Eocene event that
affected the northeastern Santa Catalina Mountains.
The southeastern Rincon Mountains display an intriguing structural fabric that
probably slightly predates the 64 Ma - Eocene event in the Santa Catalina Mountains but
that cculd be pa..rt of the sa!T!e general orogenic episode (location 9 in Figure 49 and Table
6). Smith and Gehrels (1987), Smith (1989) and Gehrels and Smith (1990, in review)
describe an annealed mylonitic fabric within a mass of Precambrian granite that fonus the
upper plate of the Little Rincon thrust. Top-to-the northeast shear sense indicators and
well-dated 66 Ma synkinematic pegmatite dikes show that this mylonitic fabric fanned
during northeast-ward Laramide thrusting.

Wilderness Granite
Many rocks adjacent to the Wilderness Granite and other peraluminous plutons in
the Catalina complex show evidence for contemporaneous defonnation and intrusion.
The Wilderness Granite itself also displays abundant evidence for defonnation during
intrusion. At its northeastern margin, the Wilderness Granite locally displays a
moderately-dipping foliation that is generally concordant with the foliation in the country
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rock (Young, 1988; this study). A more widespread generally east-striking, steeply-

dipping, locally-folded foliation pervades much of the interior of the Wilderness Granite
and its inclusions (Pashley. 1963; McCullough. 1963; Keith and others. 1980; Naruk.
1987; Reynolds and others. 1988; this study) (Figure 53), An east to northeast-trending
lineation is locally developed in the foliation plane.

In a reconnaissance study of structural fabrics in Tanque Verde Canyon upstream
from Tanque Verde Falls (near location 14 on Figure 49), I observed that the steeplydipping foliation and accompanying lineation are overprinted by the middle Tertiary
detachment-related mylonitic fabric. In fact, near the margins of the middle Tertiary shear

zone, the steeply-dipping fabric is locally crenulated by the shallowly-dipping middle
Tertiary mylonitic fabric (Figure 53c). Thus the older foliations and lineations in the
Wilderness Granite are best observed outside of the middle Tertiary mylonite zone
although they are locally preserved in isolated pods within the mylonite zone.
The steeply-dipping fabric is nonrnylonitic; there is no evidence for grain size
reduction (Figure 53b). In places, the fabric is defined solely by the parallel alignment of
mica grains and it appears to be a primary igneous flow foliation. Granitic country rock
and inclusions that display the fabric are typically more strongly foliated than the
Wilderness Granite itself. Similarly, older phases of the Wilderness granite typically
display a stronger fabric than the younger phases that intrude them; the youngest dikes
typically lack the fabric altogether, commonly cross-cutting it (Figure 53a). The complete
annealing of the fabric and the varying degrees of fabric development strongly suggest
that the fabric formed during intrusion. Thus the similarities in timing constraints
between the steeply-dipping fabric within the Wilderness Granite and the more shallowlydipping early Tertiary mylonitic fabrics in the rocks surrounding this granite suggest that
the two types of fabrics formed simultaneously or nearly so.
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a.

b.

Figure 53. The early Tertiary subvertieal fabric in the Wilderness Granite.
a. Outcrop in Tanque Verde Canyon (a few Ian east of location 14 on figure 41). Note
the younger phases (dikes) cross·cutting the fabtic in the older phase.
b. Photomicrograph from Alamo Canyon, western Santa Catalina Mountains (several Ian
north of location lIon Figure 411. Foliation parallels the biotite grttin; note the lack
of grain-size reduction and other deformation microstructures in the surrounding
quartz and feldspar grains.
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c.
Figure

c. Outcrop of the fabric in a Precambrian Oracle Granite(?) inclusion within the
Wilderness Granite. The subvertical early Tertiary foliation is crenulated by a
subhorizontal middle Tertiary foliation. Location: Tanque Verde Canyon (a few km
east oflocation 14 on figure 41).
Summary
In summary, a bewildering variety of structural fabrics and faults fonned in the
Catalina complex within a relatively short time between 64 Ma and the Eocene. Ductile

subvertical flattening and ductile shearing in various directions characterize most of the
defonnation in the primarily metasedimentary rocks on the eastern side of the complex.
Ductile displacement on the Little Rincons thrust provides an exception to the general
pattern of subvertical flattening.

Horizontal north-south compression characterizes the

deformation within and around the Wilderness Granite in the central and northwestern
parts of the complex. The relatively tight timing constraints on all of this deformation
suggest that it occurred during a single event. The tremendous variety in orientations and
kinematics of these structures defies a simple explanation. Three hypotheses that could
explain the 64 Ma - Eocene structures are presented in the next chapter.
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CHAPTER 6
DISCUSSION AND CONCLUSION
Unlike the Cretaceous-earliest Tertiary thrusts and the middle Tertiary mylonites
and detachment faults. the enigmatic early Tertiary structures in the Catalina complex,

described above, do not fit neatly into any of the regional tectonic syntheses put forth to
date (see, for example, Dickinson, 1981. and Drewes. 1981). Evidence for the early
Tertiary event is lacking in the other ranges of southeastern Arizona. Moreover, the
characteristics of this event. as displayed in the Catalina complex, do not comprise a
straight-forward, easily interpreted pattern. Therefore, three very different hypotheses are

presented below that may explain the early Tertiary event Much more work needs to be
done before a satisfactory tectonic model emerges. The following hypotheses provide a
starting point and a possible guide for future research effons.
Three Hypotheses
The Forceful Intrusion Hypothesis

The process of granitic intrusion, especially of a large batholith-size pluton such
as the Wilderness Granite, inherently presents a "room problem": a large volume of
country rock must be displaced (Marsh, 1982, Shea and others, 1988). This room
problem can be resolved by 1) passive sloping of the country rock, incorporating much of
it into the magma, 2) passive filling of tectonically-created fractures with magma, or 3)
forcefully pushing aside the country rock as the pluton rises diapirically and balloons
outward The third solution should cause defonnation of the country rock.
There is no evidence for stoping of country rock into the Wilderness Granite.
Xenoliths are uncommon. Where present, they display sharp corners, suggesting that
ihey underW'em little if any melting. Rotated xenoliths are extremely rare. Almost all
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xenoliths display a foliation parallel to the foliation in the nearby country rock, suggesting

that successive sheets of magma were passively emplaced into fractures at or near the
pluton margin, isolating fragments of country rock but holding them in their original

orientations - a sort of crack-seal intrusion mechanism (young, 1988; this study).
There is abundant additional evidence that the passive fIlling of fractures was an

important process during emplacement of the Wilderness Granite. The country rock
adjacent to the pluton is typically laced with pegmatite and aplite dikes and sills emanating

from the pluton (Figure 16). In places, these intrusions are so common that they
comprise most of the rock volume. Pegmatite and aplite dikes also pervade the pluton
itself, demonstrating that early phases solidified enough to fracture by the time later
phases intruded (Figure 15b).
Additional evidence, however, suggests that the Wilderness Granite intruded
forcefully, pushing aside the surrounding rocks as it carne in. Schlieren and segregation
layering parallel to the pluton suggest that the granite intruded as a highly viscous mass,
capable of exerting stress on the country rock (Young, 1988). The northeastern margin
of the pluton generally parallels the foliation in the country rock; both dip shallowly
northeast (compare Figures 18 and 35). This concordance of the pluton margin with
country rock foliation suggests that the foliation resulted from the pushing aside of the
country rock by the intruding magma. This evidence does not necessarily contradict the
evidence for passive intrusion into fractures because the fracturing of both the country
rock and the early phases of the granite could actually have resulted from stresses induced
by the forcefully intruding main mass of the granite.
Thus the available evidence suggests that Wilderness Granite could have intruded
forcefully. Forceful intrusion is generally driven by diapiric upwelling (Marsh, 1982).
The Wilderness Granite has a markedly low density of 2.633 (Holt and others, 1986), Its
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density in a wholly or partially molten state at the time of intrusion must have been even
lower. The Precambrian Oracle Granite, the primary basement lithology in the area, has a
significantly higher density of 2.706. Thils the density contrast between the magma and
the surrounding rocks must have been quite high and thus the driving force behind the
diapiric rise of the magma must have been quite strong. Interestingly. the granite stopped
its ascent almost precisely at the basement-cover contact, suggesting that it was this
lithology change, not an equilibrium of densities in the magma and country rock, that
caused the granite to stop its upward migration.

Dixon (1975) conducted a series of experiments that modeled the rise of diapirs by
using silicone putty in a centrifuge. In models where the diapir material was more
viscous than the overburden, the overburden defonned plastically by what appeared to be
layer parallel shear (Dixon, 1975) (Figure 54). Due to drag on the margin between the
diapir and the overburden, shear sense was away from the crest of the diapir in the
intensely defonned zone immediately adjacent to the diapir; the principal p!a.'1e of
flattening - i.e. foliation in real rocks - dipped less steeply than bedding in this zone.
More distal layers underwent layer parallel shear toward the crest of the diapir; foliation
dipped more steeply than bedding in this zone. In addition to layer-parallel shear, all
overburden material on the top and flank of the diapir underwent considerable thinning.
Within the diapir itself, vertical extension was observed in the center and horizontal
stretching was observed near the top. A number of workers have applied this model or
similar models to deformation caused by granitic intrusion, including Sylvester and others
(1978), SouJa (1982), Torske (1982) and Rattey and Sanderson (1984).
The early Tertiary deformation in the Catalina complex resembles Dh::on's model
in many ways. Strain magnitude decreases along strike away from the pluton margin.

D
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1}";'0

diapir
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material lines that were
originally horizontal
material lines that were
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Figure 54. Model of diapiric upwelling of a buoyant, high-viscosity layer into a denser low-viscosity layer. Enlargement of
p.lrt of figure 7 on p. 99 of Dixon (1975).
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Foliation in the country rock is subhorizontal. Ductile flattening and layer parallel shear in

a variety of directions caused thinning of strata, Where strain is low enough to observe
the angular relationship between bedding and foliation, foliation consistently displays a
shallower dip. Finally, the outer portions of the pluton locally display a shallowly
dipping foliation parallel to tbe pluton margin whereas the central ponions of the
Wilderness pluton display a steep foliation.
Not all of the data on the early Tertiary event in the Catalina complex fit Dixon's
model, however. Most models of forceful intrusion predict a strong fabric within the

pluton near its margins and parallel to those margins; such fabric is developed only very
locally in the Wilderness Granite. In addition, Dixon's model predicts that the steeply

dipping foliations within the Wilderness Granite would strike

nonhwest~soulheast.

parallel to the long axis of the Wilderness pluton. Instead, the foliations strike east-west

to northeast-southwest. Furthennore. Dixon's model predicts a radial pattern to lineation
trends and shear directions either toward or away from the center of the pluton. Early
Ternary lineations and shear sense data fonn a rough tangential pattern in the Catalina
complex, with the exception of the southeastem Rincons (Figure 49).

There may be a way to explain both the apparent tangential pattern of shear
directions and the east-west strike of the steep foliations in the Wilderness Granite. It is
possible that the surface expression of the Wilderness Granite Suite is misleading; the
three-dimensional geometry of the batholith may be quite different than the current

outcrop pattern would lead one to believe. Thus, the Wilderness Granite may actually
trend east-west and the center of the pluton may be just nonh of the crest of the Santa
Catalina Mountains, between areas I and 2 on Figure 49 and nonh of the nonhem margin
of the surface exposure of the granite (Figure 7). Such a location for the center of the

pluton makes even more sense when one considers that much, of not all of the range is
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tilted toward the east-northeast (see Chapter 3). Removal of the tilt would restore the

currently northeast-dipping northern margin to a near horizontal orientation.
In summary. although the forceful intrusion hypothesis, using Dixon's (1975)

model accounts for many characteristics of the early Teniary event in the Catalina
complex, it does not easily account for all of them. Therefore. alternative explanations
must be considered.
The Regional Compression Hvoothesis

The early Tertiary orogenic event in the Catalina complex could represent the
waning stages of Laramide compression (Bykerk-Kauffman and Janecke, 1987). The
Youtey thrust, perhaps the most significant pre-mid-Tertiary structure in the northeastern

Santa Catalina Mountains, could have fonned during the early Tertiary event rather than

during the preceding Cretaceous-earliest Tertiary event that produced the Edgar thrust (see
Chapter 4). lanecke (1986, 1987) presented compelling evidence that the Geesaman

fault, which moved during the early Tertiary event. is a lateral ramp to a thrust. In
addition, the timing relations on the Little Rincon thrust suggest that thrusting was,
indeed, taking place in the Catalina complex during the early Tertiary (Smith and Gehrels,
1987).

Haxel and others (1984) described a latest Cretaceous and early Tertiary episode
of thrust faulting. ductile shearing, metamorphism and granitic plutonism in south-central
Arizona. They suggested that the granites were generated from partial melting of the
lower crust caused by the same episode of crustal thickening that produced the thrust
faults in the upper crust. The structural fabrics in south-central Arizona closely resemble
those in the northeastern Santa Catalina Mountains. In addition, the plutons intruded
during this event are, both mineralogically and texturally, virtually identical to the
Wilderness Granite (Gordon Haxel, personal communication, 1987). However, the
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event described by Maxel and others (1984) must predate the early Tertiary event in the

Catalina complex by at least nine million years; zircons from one of the granitic plutons in
south-central Arizona, the Pan Tak Granite, yield a U-Pb age of 58 ± 2 Ma (Wright and
Haxel,1982). In contrast, the oldest estimate of the age of the Wilderness Granite is 50
Ma (see Chapter 2).
Two additional lines of evidence suggest, in fact, that the early Tertiary
deformation observed in the Catalina complex does not represent regional compression.
First. the variety of lineation trends and shear directions are difficult to reconcile with
regional thrusting, which is usually more unidirectional. Second, the early Tertiary
deformation resulted in extensive thinning of upright strata rather than thickening or

overturning of strata as would be expected during compression. Neither of these
observations rule out the possibility of early Tertiary compression but they both require
special circumstances during or after compression.
The thinning of upright strata throughout the northeastern Catalina complex could
be explained by the low-angle thrusting of tilted strata. Specifically, Cretaceous-earliest
Tertiary thrusting could have folded the strata such that, in the northeastern Santa Catalina
Mountains, bedding dipped west. Later early Tertiary east-directed ductile thrusting
would have thinned the strata. provided the thrust had a shallower dip than bedding did
(Figure 55). There is. in fact. some evidence that the section dipped west during the late
Cretaceous. In the northern Santa Catalina Mountains, an unrnetamorphosed unfoliated
Precambrian through Mississippian section dips moderately northeast, subparallel to the
foliated and metamorphosed rocks funher south. The late Cretaceous American Flag
Formation lies in angular unconfonnity on Mississippian strata; the late Cretaceous strata
dip more steeply to the northeast than the underlying Paleozoic strata (Creasey. 1967;
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b. After Ductile East-vergent Thrusting

c. After Eastward Tilting
Figure 55. Diagram illustrating how thinning of strata could occur during ductile
eastward thrusting if the strata originally dipped west more steeply than the thrust zone
did. Eastward tilting, probably associated with middle Tertiary detachment faulting or
late Tertiary Basin-and-Range nonnal faulting, is necessary to bring the strata to their
current east-dipping orientation.
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Janecke, 1986). Rotating the late Cretaceous strata back to horizontal reveals that the

older strata dipped southwest during deposition of the late Cretaceous strata.
The wide variation in early Teniary lineation orientations and shear directions in

the Catalina complex can also be explained by a special circumstance. The Wilderness
Granite intruded during defannation. Although the driving force behind the deformation
may have been regional compression, the intrusion of the Wilderness Granite could have
perturbed the regional stress regime within the adjacent country rock, re-orienting shear
directions and lineation trends.

Alternatively. all of the deformation identified as "Late Cretaceous - Early
Tertiary" in Figure 49 may not actually be contemporaneous. It is possible that the southdirected shear deformation in the eastern Rincon Mountains (locations 6, 7 and 8 in
Figure 49) post-dates the 64 Ma - Eocene event in the northeastern Santa Catalina
Mountains. The deformation in the eastern Rincon Mountains may be middle Tertiary in
age; the synkinematic peraluminous dikes in that area may be more closely related to the
24 Ma pluton dated by Gehrels and Smith (1990, in review) in the southeastern Rincon
Mountains than they are to the 44-50 Ma Wilderness Granite (if so, the middle Tertiary
movement picture becomes more complicated but that's another story). Furthermore, the
west-directed shear defonnation at the crest of the Santa Catalina Mountains may predate
the 64 Ma - Eocene event in the northeastern Santa Catalina Mountains. According to
Guerin (1988), the west-directed shear deformation took place during intrusion of the 64
Ma Leatherwood Quartz Diorite; thus it may be related to Late Cretaceous-early Tertiary
thrusting on the Edgar thrust. In other words, it is possible that the top-to-the-east shearrelated fabrics in areas 2, 3, 4. 5 (and 91) are the only known fabrics in the complex to
have formed during the 64 Ma - Eocene thrusting(?) event and this event may actually
involve fairly uniform top-to-the-east shear defonnation.
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In summary, although some special conditions need to be invoked, the 64 Ma .

Eocene episode of ductile defonnation in the northeastern Santa Catalina Mountains can
be attributed to late Laramide eastward thrusting. However, because the evidence for

compression is far from compelling. crustal extension during this time is also possible;

thus my third and final hypothesis calls for crustal extension.
The Crustal Extension Hypothesis

The underlying cause of the middle Tertiary extensional episode is not well known
but many of the current1y popular theories call for the gravitational spreading of an

overthickened crust under its own weight, the overthickened crust having resulted from
an earlier episooe of regional compression (see, for example, Coney. 1987). Some of
these theories account for the time delay between compression and extension as well as
some of the variations in the timing of extension by suggesting that a thermal input,
typically in the form of widespread felsic volcanism. is needed to get the extensional
process going.
Now, the main phase of crustal extension (before Basin-and Range faulting) in the
Catalina complex took place between 16 and 24 million years ago. during and
immediately after a major regional ignimbrite "flare-up" (Dickinson and Shafiqullah.
1989). However. the forces that could have driven gravitational spreading in the area
must have been in place as early as Cretaceous - earliest Teniary when an episode of
thrusting occurred. The 44-50 Ma Wilderness Granite may have provided enough
thennal energy to its surrounding rocks for a limited amount of gravitational spreading,
producing the structural fabrics and low-angle younger-an-older omissional faults of the
nonheastern Santa Catalina Mountains and eastern Rincon Mountains. Similar episodes
of Cretaceous - early Tertiary extension have been proposed by Haxel and others (1988)
for parts of southwestern Arizona and southeastern California and by Karl Karlstrom
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(personal communication, 1990) for the Old Woman Mountains of southeastern
California.

Conclusion
The Catalina complex underwent an enigmatic episode of granitic intrusion,
metamorphism and ductile defannation during the early Tertiary after an episode of
regional Laramide thrusting but before regional middle Tertiary ex.tension. Although this

early Teniary event is unrecognized elsewhere in southeastern Arizona, it played as much
of a role in the evolution of the Catalina complex as the more classic events that preceded
and followed it. The early Tertiary event could have resulted from the forceful intrusion

of the Eocene(?) Wilderness Granite. the late stages of regional Laramide compression or
an early pulse of crustal extension. All three of these hypotheses require complex special

conditions and none of them are compelling enough to favor over the others.
Much more work must be done before we really understand what happened to the
Catalina complex in the early Tertiary. Specifically, careful analysis of the mineral
assemblages within the metamorphic aureoles of the 64 Ma Leatherwood Quartz Diorite,
the Eocene(?) Wilderness Granite and the 27 Ma Catalina Granite (Bykerk-Kauffman and
Anovitz, in progress) could supplement the work of Anderson and others (1988) in
constraining the depth of the complex at various times during its history. The geometries
of the Edgar, Cottonwood, Mesquite and Smallhouse faults could be better constrained by
carefully located drilling; knowledge of the down-dip geometries

~f these

faults relative

to lithologic layering could constrain the vergence on the faults. The peraluminous 2-mica
Wilderness-like plutons in the complex must be carefully mapped and many more of them
need to be dated; we must know which plutons are 66 Ma, which are 50 Ma and which
are 24 Ma (or some other age) before we can really understand the timing implications of
the cross-cutting relationships between these plutons and the structural fabrics and faults
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in the complc<. The steeply-dipping folialions in the Wilderness Granite must be funher
studied, mapped und analyzed. J\r4O·Ar39 dating techniques could greatly enhance our
understanding of the thermal histOI)' of the complex. Paleomagnetic work OD some of the
middle Tertiary dikes in the compl.. may cODstrain the magnitude and axis of syn- to
post-e<tension tilt in various pans of the complex.
Even these effons would not answer all questions about the early Tertiary history
of the Catalina complex. Complete answers await new techniques that will, undoubtedly.
be developed in the future. Still, there will probably always be unsolved mysteries about

the Santa Catalina and Rincon Mountains. May they continue to lure us in, urge us to
explore and lead us to experience the majestic stillness and beauty of these mountains.
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APPENDIX A. RESULTS OF GRAVITY SURVEY

Station

71/2 '

:t!JmJhc[

~
Piety Hill
Piety Hill
Piety Hill
Piety Hill
Piety Hill
Piety Hill
Piety Hill
Piety Hill

1/16/88-1
1/16/88-2
1/16/88-3
1/16/88-4
1/16/88-5
4/11/88-1
4/11/88-2
4/11/88-3
4/11/88-4
4/12/88-1
4/12/88-2
4/12/88-3
4/12/88-4
4/12/88-5
4/12/88-6
4/12/88-7
4/12/88-8
4/12/88-9
4/12/88-10
4/12/88-11
4/12/88-12
4/12/88-13
4/12/88-14
4/12/88-15
4/12/88-16
4/12/88-17
4/12/88-18
4/12/88-20
4/12/88-21
4/12/88-22
4/12/88-23

Redington
MI. Bigelow
MI. Bigelow
Mt. Bigelow
Buehman C.
Buehman C.
BuehmanC.
Buehman C.
BuehmanC.
Buchman C.
Buehman C.
Mt. Bigelow
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Boehman C.
Buehman C.
Buehman C.
Redington
Redington
Redington
Redington

Eleva-

tion

I..iIIimdI:

~

1fll..

32°21.23'
32°21.57'
32°21.79'
32°22.21'
32°22.50'
32°20.00'
32°20.82'
32°21.26'
32°23.60'
32°28.23'
32°28.51'
32°28.54'
32°28.60'
32°28.50'
32°28.42'
32°28.33'
32°28.29'
32°28.08'
32°27.81'
32°27.45'
32°27.62'
32°28.25'
32°27.93'
32°27.63'
32°27.38'
32°27.41'
32°27.30'
32°26.86'
32°26.48'
32°25.68'
32°25.58'

110°32.45'
110"32.56'
110°32.63'
110°32.88'
110"32.96'
110°32.30'
110°32.42'
110°31.60'
110°27.50'
110°38.95'
110°38.63'
110°37.78'
110°36.25'
110°35.51'
110°34.72'
110°35.50'
110°35.89'
110°36.43'
110°37.28'
110°38.30'
110°37.31'
110°34.24'
110°33.61'
110°32.20'
110°32.02'
110°31.10'
110°30.20'
110°29.46'
110°29.27'
110°29.40'
110°28.61'

4190
4020
4040
3840
3800
3888
4072
3909
2930
4240
4253
4150
3960
3640
3550
3804
3930
4020
4120
4271
4120
3440
3320
3200
3320
3080
3100
2845
2859
2890
2939

Residual
Eleva- Terrain Bouguer
tion Conection Anomaly

~IO

G
G
G
G
G
B
B
B
G
G
D
G
G
G
G
D
G
G
G
D
G
G
G
G
G
G
D
D
D
B
D

!miaW.

!miBW

0.67
1.16
1.02
0.96
1.14
0.25
0.34
0.52
0.39
0.92
1.31
0.36
0.61
0.68
0.17
0.73
0.67
0.54
0.29
1.12
1.44
0.16
0.16
0.14
0.36
0.19
0.62
0.20
0.12
0.07
0.14

-6.68
-4.72
-4.72
-4.96
-5.46
-9.01
-7.51
-5.47
-15.31
-3.11
-2.74
-5.02
-11.01
-11.82
-11.06
-12.38
-9.91
-6.78
-4.88
-0.77
-4.25
-10.62
-11.05
-3.40
-3.67
-3.05
-7.26
-6.94
-6.53
-6.30
-11.10

'OJl1evation control codes: B =benchmark, D =spot elevarion, G =contour pick
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Station

71/2'

~

~

4/13/88-1
4/13/88-2
4/13/88-3
4/13/88-4
4/13/88-5
4/13/88-6
4/13/88-7
4/13/88-8
4/13/88-9
4/13/88-10
4/13/88-11
4/13/88-12
4/13/88-13
4/13/88-14
4/13/88·15
4/13/88-16
4/13/88·17
4/13/88-18
4/13/88-19
4/14/88-1
4/14/88-2
4/14/88-3
4/14/88-4
4/14/88-5
4/14/88·6
4/14/88-7
4/14/88·8
4/14/88-9
4/14/88-10
4/14/88-11
4/14/88-12
4/14/88-13
4/14/88-14
4/14/88-15

BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
RedingtOn
Buehman C.
Redington
BuehmanC.
Buehman C.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
BuehmanC.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.
Buehman C.

Elevation

l&IimsI!: l&Ji&iIwk ..!Ill.
32'25.64'
32'25.92'
32'25.96'
32'25.82'
32'25.19'
32°25.57'
32°24.65'
32°24.78'
32'24.95'
32'24.76'
32'24.55'
32°24.43'
32°24.30'
32°25.87'
32°25.13'
32°25.15'
32°25.50'
32°25.06'
32°24.80'
32'26.27'
32°26.38'
32°26.35'
32°26.22'
32°26.29'
32°26.23'
32°25.51'
32°25.02'
32'25.00'
32'24.90'
32°24.90'
32°24.51'
32'24.00'
32°23.69'
32°23.32'

110'32.19'
110'32.19'
110'32.73'
110'33.05'
110'33.98'
110°33.66'
110'34.60'
110'35.12'
110'35.90'
110°35.60'
110'35.73'
110°36.03'
110°35.61'
110°31.49'
110°30.52'
110°30.76'
110°30.06'
110°29.62'
1JO"30. 10'
110'29.92'
110°30.06'
110'30.72'
110'31.10'
110°31.40'
110°31.67'
110°32.49'
110'32.29'
110°32.18'
110°32.88'
110'33.82'
110°32.90'
110°32.78'
110'32.85'
110'33.0!'

3280
3360
3410
3477
3640
3560
3824
3720
3960
3840
3800
3920
3755
3360
2920
2920
2880
2917
3120
2920
3102
3080
3200
3240
3320
3400
3200
3120
3533
3693
3400
3200
3200
3240

Residual
Eleva- Terrain Bouguer
tinn CoJTectinn Anomaly
~

G
G
G
D
G
G
D
G
G
D
G
G
G
G
G
G
G
B
B
G
D

G
G
G
G
G
G
G
D
D
G
G
G
G

!m&iIJl

!m&iIJl

0.13
0.13
0.19
0.32
0.36
0.39
1.00
0.32
0.73
0.53
0.72
0.50
1.27
0.22
1.38
2.46
0.38
0.45
0.40
0.21
0.57
0.19
0.28
0.47
0.19
0.31
0.39
1.08
1.42
0.76
0.41
1.38
1.91
1.93

-4.99
-6.22
-10.61
-8.45
-4.73
-6.07
-2.61
-1.25
-0.58
0.33
0.27
-0.04
0.19
·1.68
-1.07
·1.22
-3.87
-8.70
-8.26
-4.14
-2.88
-2.01
-1.88
-1.09
·1.92
-8.15
·2.43
-3.18
-7.39
-5.95
-5.15
-2.54
·3.09
-2.81
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Eleva·
71/2 '
NlilJJW: ~
4/14188-16 Buehman C.
4/14/88-17 Buehman C.
4/14/88-18 Buehman C.
4/14/88-19 Buehman C.
4/14188-20 Buehman C.
4/14/88·21 Buehman C.
4/14/88-22 Buehman C.
4/14/88-23 Buehman C.
4/14/88-25 Buehman C.
4/14/88-26 Buehman C.
4/14/88-27 Buehman C.
4/15/88-1 Buehman C.
4/15/88-2 Buehman C.
4/15/88-3 Buehman C.
4/15/88-4 Buehman C.
4/15/88-5 Buehman C.
4/15188-6 Buehman C.
4/15/88·7 Buehman C.
4/15/88-8 BuehmanC.
4/15/88-9 Buehman C.
4/15/88-10 Buehman C.
4/15/88-11 Buehman C.
4/15/88-12 Piety Hill
4/15/88-13 Piety Hill
4/15/88-14 Piety Hill
4/15188-15 Piety Hill
4/15188-17 Piety Hill

tion

Station

LiIlinIlk

~

ifl1.

32°23.01'
32°23.15'
32°23.17'
32°23.18'
32°23.28'
32°23.21'
32°22.84'
32'22.98'
32'22.87'
32'22.99'
32°22.77'
32'24.13'
32'24.20'
32'24.11'
32'24.08'
32'23.93'
32'23.51'
32'23.85'
32'23.89'
32'23.52'
32'23.02'
32'22.70'
32'22.48'
32'22.15'
32'21.33'
32'20.70'
32'19.53'

110'33.52'
110°34.03'
110'34.51'
110'34.99'
110'35.14'
110'34.67'
110'33.28'
110'33.79'
110'34.28'
110'32.98'
110'32.98'
110'30.22'
110'32.00'
110'32.20'
110'31.73'
110'31.25'
110'31.40'
110'31.00'
110'30.64'
110'30.70'
110'31.03'
110'31.15'
110'31.20'
110'31.35'
110'31.09'
110'30.82'
110'32.52'

3280
3400
3480
3400
3440
3400
3360
3520
3760
3360
3640
3216
3640
3520
3720
3440
3480
3280
3240
3333
3480
3562
3600
3689
3843
3850
3956

Residual

Eleva-

Terrain Bouguer
Correction Anomaly
Qxm:ul ~ .(mgalsi
tion

G
G
G
G
G
G
G
G
G
G
G
B
G
G
G
G
G
G
G
B
G
B
G
B
B
D
B

1.37
0.99
2.26
2.86
2.23
2.05
0.79
1.09
0.74
1.47
1.55
0.34
0.72
1.37
1.34
0.62
0.36
0.42
0.29
0.48
0.63
0.44
0.46
0.42
0.88
1.45
0.40

-2.39
-3.33
-4.74
-2.86
-1.83
-1.74
-3.17
-2.92
-3.25
-3.41
-3.78
-7.51
-1.86
-0.19
-2.06
-1.28
-2.24
-2.78
-3.81
-3.93
-2.65
-3.72
-4.26
-3.52
-4.85
-5.14
-9.08
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MINERAL ASSEMBLAGES
PELITES

SmImI£it

11/2/82-7
11/2/82-11
11/20/85-1
12/2/85-4b
2/16186-2
2/18/86-3
6!5/86-2b
6/30/86-5
6121/82-4
7125/85-3c
8/15/85-4
11/5/85-3
2/16/86-3
2/20/86-2
7/13/86-6

l&IiIlIllc

~

32'23.7' 110'32.6'
32'23.9' 110'32.7'
32'25.3' 110'40.6'
32'22.3' 110'33.8'
32'21.8' 110'34.3'
32'22.6' 110'37.1'
32'20.7' 110'30.8'
32'19.3' 110'31.4'
32'23.9' 110'32.6'
32'25.0' 110'41.6'
32'26.4' 110'42.5'
32'24.0' 110'36.8'
32'21.8 110'34.2
32'24.8' 110'38.1'
32'22.7' 110'34.4'

Mlidl AJm::oJc? Mincol A5SCmhh,~11
Leatherwood
Wildemess
Wilderness
Wilderness
Wi1demess
Wilderness
Wilderness
Wilderness
Wilderness
Wilderness

Qz+Mu+Hem
Qz+Mu+Hem
Qz + Mu + red opaque
Qz+Mu
Qz+Mu
Qz + Mu + opaques
Qz+Mu+Hem
Qz+Mu
Qz + Mu + Chi + opaques
Qz + Mu + Chi + opaques
Qz + Mu + Chi + opaques
Qz + Mu + Chi + opaques
Qz + Mu + Chi + opaques
Qz + Mu + Chi + square opaques
Qz + Mu + ChI + Bi + opaques

"Biotite In"
~
10/22/85-4
2/13/86-4
11/5/85-1

~

32'25.6'
32'25.1'
32'23.9'

~
110'38.1'
110'37.5'
110'36.4'

11/5/85-5

32'24.3'

110'37.1'

LA-4
8/9/85-2
LA-I

32'20.6'
32'25.5'
32'20.6'

110'32.1'
110'42.8'
110'32.1'

:Eljdl AurcQlc?

Wuderness
Leatherwood
Wudemess

Min~ As~mhlilgc

Qz + Mu + Bi + opaques
Qz+Mu+Bi
Qz+Mu+Bi+ChI+PIg
+ opaques
Qz+Mu+Bi+ChI+PIg
+ opaques
Qz + Mu + Bi (+ ChI?)
Qz + Bi (+ ChI?)
Qz+Bi + Chi +Ep.

IIExplanations of abbreviations are listed on p. 183.
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pyrophyllite = andalusite + quartz
Sample #
3/2/86-1 a
LA-3

~

~ Whis;:hA!.JIm:le?

Mineral As~mblage

32°19.2'
32°20.6'

110°31.6'
110°32.1'

W!1demess
W!1demess

Qz+Mu+Bi+Ctd+And

2/22/84-3

32°19.2'

110°31.3'

Wilderness

Qz + Mu + Bi + And + opaques
+ (Ctd?)
Qz +Mu+ Chi +And+ Gpht
(+ Ctd?)

"Almandine in": possible reactions are
3 Fe-chloritoid + 2 quartz = almandine + 2 andalusite + 3 H20
or {Fe-chlorite + muscovite + quartz} ::; {almandine + biotite +

and.lusite + H20}

Sillnok.lt

3/2/86-lb

Latitude
32°19.2'

Longitude Which Aureole? Mineral ASsemblage
110°31.6'
Wilderness
Qz+Mu+Bi+Alm+And+
Tour + opaques (+ Rut?)

{chlorite + muscovite}

= {staurolite

+ biotite + quartz + H20}

~

~

~

Whi~h Aureol~?

8/27/8S-2

32°26.7'

110°43.2'

Leatherwood

8/18/8S-1

32°26.3'

110°41.8'

Leatherwood

Min~ral A~semblage

Qz + Mu + Bi + Chi + St+ Sill
(+Ky?)
Qz + Chi + Ep +Tr

CARBONATES AND MARLS
Sample #
6/30/82-2
7/1/82-3
7/6/82-1
7/6/82-2
7/6/82-3
m/82-5
7/8/82-1
1O/1/82-14a
11/2/82-2
1I/11/82-S
12/16/82-11
2/12/83-2
4/22/84-lb

~

32°25.8'
32°25.2'
32°24.0'
32°24.1'
32°24.1'
32°24.5'
32°24.7'
32°24.2'
32°27.3'
32°25.7'
32°23.3'
32°27.3'
32°25.6'

Longitude
110°31.0'
110°31.9'
110°31.1'
110°31.1'
110°31.2'
110°31.1'
110°31.5'
110°31.0'
110°32.1'
110°31.2'
110°31.0'
110°37.8'
1I0 0 31.S'

Whi~h

Aureole? Mine:ral Assemblage
Cc+Qz
Cc + chert
Cc + chert
Cc + chert
Cc + chert + opaques
Cc+Qz
Cc
Cc+Qz
Cc+Qz+Hem
Cc + Hem + chen
CC+Qz
CC+Qz
Cc +Qz+Hem
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Sarnple#
10/21/85-3
10/23/85-2
10/23/85-4
2/6/86-2
2/6/86-4
1l/18/87-5b

~

32'25_8'
32'25.6'
32'25.3'
32'27.3'
32'27.1'
32'28.7'

~ Whi,h A!m:Ql~?

110'37.1'
110'36.7'
110'35.3'
110'37.5'
110'37.6'
110'44.5'

Leatherwood

Min~ral

Assemblage
Cc+Qz
Cc+Qz
Cc+Qz
Cc+Qz
Cc + Qz + opaques
CC+Qz+Dol

"Chlorite in"

Sil!nilk.!t

!&liD.ilk

12/16/82-16 32'21.4'

~

:w:bi"b A~l~? Mincml As~ml:!Ii!I:~

110'31.3'

Wilderness

Whi~h Al!@l~?

Cc+Qz+Chl

"Muscovite in"
Sample #
6/28/82-1
10/1/82-6
10/1/82-12.
2/12/83-4
4/5/82-4

32'23.6'
32'23.6'
32'24.1'
32'27.4'
32'23.8'

Longitude
110'31.4'
110'31.8'
110'32.1'
110'38.0'
110'31.9'

6/28/82-3
2/12/86-2.
2/13/86-1

32'23.6'
32'25.0'
32'25.2'

110'31.6'
110'36.4'
110'36.8'

~

"Epidot~!CHr:02cidte

Sil!nilk.!t

2/22/84-1
7/25/85-3a

Llllinilk
32'19.0'
32'25.0'

Min~ A~semblage

Cc + Qz + Mu + opaques
Cc + Qz + Mu + opaques
Cc+Qz+Mu
Cc+Qz+Mu
Cc + Qz + Mu + opaques
(+Chl?)
Cc+Qz+Mu+Chl
Cc + Qz + Mu + ChI
Cc +Qz+ Mu + ChI

in"
~ ~ictl AJ.GQI~?

110'31.8'
110'41.6'

Wilderness
Wilderness

Minml As~mhla&.t
Cc +Qz+ Mu + ChI +Ep
Cc+Qz+Ep

3 dolorna. + 4 quartz + 1 H20 = 1 talc + 3 c.lcit. + 3 CO2
5 talc + 6 calcite + 4 quartz = 3 tremolite + 6 C02 + 2 H2O
Latitude
32'20.2'

~ Whi"hAl!I:eQl~? Ming]J

9/28/84-lb

110'30.6'

Wilderness

12/2/85-4a
12/2/85-2
2/14/86-4
8/15/85-1

32'22.3'
32'22.8
32'22.2'
32'26.5'

110'33.7'
110'33.6'
110'33.6'
110'42.7'

Wilderness
Wilderness
Wilderness
Leatherwood

~

As~mbla~

Cc + Qz + Dol + Chi + Ep + Tr
+ opaques
Cc +Qz+Ep +Tr
Cc +Qz +Mu + Tr
Qz+Ep+Tr
Qz + Ep + ChI +Tr
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~

6/30/86-2
9/28/84-5
5/10/84-4
5/17/86-8a

Latirnde ~ Which Aureole?
32'19.5' 110'31.9
Wilderness
32'20.2' 110'30.9'
WIlderness
32'19.4' 110'31.0'
Wilderness
32'20.6' 110'31.7'
Wilderness

Mineral Assemblage
Qz +Ep + Chl +Amph (+Kf)
Cc+Tr
Cc+Do1+Qz+Tr
Cc + Dol +Tr

tremolite + 3 calcite + 2 quartz = 5 diopside + 3 C02 + H20
Sample #
10/5/84-4
10/15/85-2
12/18/84-4a

~

~ Whi!;;h Aureol~?

32'20.3'
32'26.1'
32'22.8'

110'31.1'
110'40.2'
110'34.6'

Wilderness
LeathelWood
Wilderness

MinenIl AS!i\lm!1lage
Cc+Qz+Di+Tr
Qz+Tr+Di+Ep
Cc +Qz +Mu +Di +PIg + Gpht

2 clinozoicite + 5 calcite + 3 quartz = 3 grossularite + 5 C02 + H2O
Sample #
2/18/86-4
LA-2
7/25/85-3b
7/25/85-4c
7/25/85-2
11/4/82-5

Latirnde
32'22.6'
32'20.6'
32'25.0'
32'25.0'
32'25.0'
32'19.1'

Longirnde
110'36.8'
110'32.1'
110'41.6'
110'41.3'
110'41.4'
110'32.2'

Whi~h AYmQl~?

Wilderness

Wilderness
Wilderness
Wilderness

Wilderness
Wilderness

Minera1 Assemblage
Qz+Ep (+ Gar?)
Qz +Ep +Andr
Qz + Gar (+ Ep? + Sph?)
Qz + Gar (+ Ep? + Ky?)
Qz+Gar+ Amph + Ep + Ap?
Qz +Gr+Di + Ep + (Sphor Ru)

calcite + quartz = wollastonite + C02
~

2/17/86-1
6/8/88-3a
5/1O/84-9a

l&tin!!k
32'21.6'
32'27.5'
32'19.3'

~
110'33.6'
110'42.8'
110'31.9'

Whi~AIII:r.Q]c?

Wilderness
LeathelWood
Wilderness

MinCJl!l As~mQla~
Qz+Cc +Gr+ Di + Wo
Qz + Gar + Di + Wo (+ Ep?)
Qz+Mu +Or+ Yes +Di + Wo
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Explanation of Symbols for Metamorphic Assemblages

Ab = albite
Aim = almandine
Amph = amphibole
And = andaIusite
Andr = andradite
Ap=apatite
Bi = biotite
Cc = calcite
Chl = chlorite
CUI = chloritoid
Di = diopside
Dol = dolontite
Ep = epidote/clinozoicite
Gar = garnet
Gr = grossularite
Gpht = graphite

Hem = hematite
11m = ilmenite
Kf = K-fe1dspar
Ky =kyanite
Mu = muscovite
PIg = plagioclase
Qz=quartz
Ru=rutile
Sill = sillimanite
Sph=sphene
St = staurolite
Tr=tremolite
Tour = tourmaline
Yes = vesuvianite
Wo =wollastonite
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