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ABSTRACT 

The northeastern Rincon Mountains record a superposed history of 

low-angle normal-slip shear strain. Moderate- to low-angle faults, 

mapped previously as Laramide thrust faults, are recognized as normal 

faults of Tertiary age. Two faults are predominant: a younger-over

older ductile fault forms the base of a metasedimentary carapace, a 

ductile shear zone (decollement zone) of southwest vergent slip, and 

an older-over-younger (locally younger-over-older) fault named herein 

as the San Pedro basal detachment fault forms a brittle shear surface 

of west-southwest slip. 

The decollement zone is characterized by passive-slip folding, 

flexural-flow folding, boudinage, stretched pebbles, and low-angle 

ductile normal faults. Structural analysis reveals southwest-vergent 

simple shear strain with a component of superimposed pure shear strain 

(vertical flattening). The San Pedro basal detachment fault underlies 

a faulted, distended allochthon. The internal structure of the 

allochthon is characterized by an imbricate shingling of tilted fault 

blocks against west-dipping normal faults, suggesting emplacement from 

the east by an extensional and/or gravitional mechanism. 

Detachment faulting involved Late Oligocene sedimentary rocks yet 

cuts -26 m.y. old dikes. Mid-Miocene (?) faults form north-trending 

fault blocks which have rotated rocks of the metamorphic basement and 

xii 
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the allochthon eastward. High-angle normal faults of the Basin and 

Range disturbance form an eastern fault margin across which the north

eastern Rincon Mountains have been uplifted. 

The deformation recorded in the northeastern Rincon Mountains is 

interpreted to reflect mid-Tertiary crustal extension. Early struc

tural elements define a ductile shear zone which is either truncated 

or overprinted by a subsequently thinner zone of brittle shear. The 

shear zone descends stratigraphically westward across the Rincon 

Mountains. Reconstructions of its mid-Tertiary configuration show the 

shear zone to be a surface of normal-slip. Displacement near the 

surface is by brittle shear, but is progressively replaced by ductile 

shear down-dip. Evolution of the surface superimposes the region of 

brittle shear against the region of ductile shear. Late Cenozoic 

block faulting has segmented, tilted, and exhumed the surface. 



CHAPTER 1 

INTRODUCTION 

Purpose and Background 

The Rincon Mountains of southeastern Arizona are a large, rugged 

domical range situated in the southern Basin and Range province 

(Fig. 1). The bulk of the range consists of a metamorphic basement 

dominated by mylDnitic quartzofeldspathic gneisses, although meta

morphic tectonites derived from Paleozoic strata locally form a 

carapace over the crystalline basement. Allochthonous rocks of many 

ages and lithu10gies crop out from place to place along the perimeter 

of the range. The allochthonous terrane consists of unmetamorphosed 

(non-tectonite) Precambrian basement, Paleozoic strata, Mesozoic 

strata, and mid-Tertiary coarse clastics. The association of struc

tural elements found in the Rincon Mountains is shared by many other 

ranges of the North American Cordillera. Mountain ranges containing 

unmetamorphosed allochthons in low-angle fault contact over meta

morphic tectonite cores define a sinuous trend behind the Mesozoic 

plutonic belt. Recently, they have been characterized under the term, 

metamorphic core complex (Crittenden and others, 1978; Coney, 1980). 

Interpretations of the dynamic/tectonic and temporal significance of 

the "core complex" terranes are varied and often conflicting. The 

Rincon Mountains are no ex~eption as interpretations variable 

1 



Figure 1. Generalized Cenozoic tectonic map of the southwestern United States showing 
location of Rincon Mountains (adapted from King, 1969). 
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emphasize Laramide thrusting, mid-Tertiary magmatism, and mid-Tertiary 

crustal extension. A clearer understanding of the tectonic evolution 

of the Rincon Mountains is one of the main goals of this study. 

The region of the northeastern Rincon Mountains was chosen as an 

excellent field area in which to investigate structural relationships 

bearing on the tectonic evolution of representative "core complex" 

rocks. This study area is marked by nearly 4 km of structural relief 

which beautifully exposes a flat-lying fault surface. The fault 

separates a metamorphic basement terrane from an overlying alloch

thonous terrane. Geometric and kinematic analysis of this surface and 

its role in the tectonic evolution of the Rincon Mountains constitutes 

the main purpose of this study. Related to this inquiry are evalua

tion and explanation of an extraordinary stacking of faulted rocks in 

the eastern Rincon Mountains in which Precambrian basement and 

Paleozoic strata overlie tectonitic metamorphic Paleozoic rocks. 

Geologic mapping, detailed structural analysis, and petrographic 

studies have provided most of the data included herein. 

Much work in the northeastern Rincon Mountains has preceded that 

reported here. Indeed, the dissertation study itself is an outgrowth 

of a project planned and partly completed by a graduate study group 

under the guidance of Dr. George Davis at the University of Arizona. 

Mapping by students at the University of Arizona (Miles, 1965; Plut, 

1968; Clay, 1970; Frost, 1977) and by H. Drewes of the U.S. Geological 

Survey (1974; 1977; Thorman and Drewes, 1978) have identified the 

major geologic and structural elements of the eastern Rincon Mountains. 
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Notable in these studies is the presence of several low- to moderate

angle fault surfaces. Drewes' mapping stands as a most impressive 

effort to synthesize and portray the geology of the entire Rincon 

Mountains. It is he who first called attention to the prominence of a 

low- to moderate-angle faulting event in the eastern Rincon Mountains. 

Interpretation of the geologic relationships of the eastern 

Rincon Mountains is controversial. Drewes (1976; 1978) has expressed 

the viewpoint that the low-angle faults define an imbricate stacking 

of thrust plates emplaced from the southwest during regional compres

sion of the Laramide orogeny. Davis (1975; 1977; 1980), Davis and 

Coney (1979), Frost (1977), and others have expressed contrasting 

viewpoints that these faults show fundamentally low-angle normal 

displacements, the effects of regional extension of probable mid

Tertiary age. Davis (1980) and Davis and Coney (1979) have related 

this deformation to crustal extension, proposing megaboudinage of the 

crust as a model of tectonic evolution of metamorphic core complexes. 

Although objects of diverse interpretation, the faults of the eastern 

Rincon Mountains have not been described in detail. No complete 

structural analysis of minor structures in the metasedimentary 

tectonites has been accomplished. This study, through detailed map

ping and structural analysis, investigates these structures in order 

to provide geometric constraints on kinematic and dynamic interpre

tation. 
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Geography 

The Rincon Mountains lie in the southern Basin and Range province, 

an area of numerous discrete mountain ranges which sporadically rise 

above relatively flat alluvial floors (Fig. 2). The Rincon Mountains 

constitute a prominent mountain mass of approximately 650 km2. The 

range forms an eastern backdrop to the city of Tucson, Arizona located 

about 25 km due west. Saguaro National Monument, East encompasses 

most of the central and western Rincon Mountains. 

The Rincon Mountains are bounded on the west by the flat alluvial 

expanse of the Tucson basin. A triangular-shaped reentrant, Rincon 

Valley, forms an inside corner which splits the western Rincon 

Mountains into two northeast-trending ridges, Tanque Verde ridge and 

Posta Quemada ridge. The ridges are arch-like in form and marked by 

antiformal warping of basement foliation; the antiforms plunge gently 

southwest in the western Rincons. The southern flank of the range is 

bounded by a region of low hills and deeply incised drainages known as 

Cienega Gap. The eastern margin is defined by the northerly flowing, 

ephemeral San Pedro River. The eastern Rincon Mountains (Little 

Rincon Mountains) are somewhat separated from the main range; they are 

set off by a steep north-trending, east-fasing slope. Centrally 

located at the foot of that slope is Happy Valley, a low, flat 

interior valley. On the north, the Rincon Mountains connect with the 

Santa Catalina Mountains across Redington Pass. Mica Mountain is the 

highest point in the range at 2630 m, rising over 1700 m above the 

adjacent valley floors. Drainage is primarily southwest for the main 
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range and to the east, northeast, and north for the eastern Rincon 

Mountains. 

7 

The area examined in this study is in the northeastern Rincon 

Mountains (Fig. 2), an area fully outside the park boundaries of the 

Saguaro National Monument. Topography is irregular and mountainous. 

Most of the study area lies between 900 and 1800 m in elevation. The 

prominent physiographic grain trends north-south. Paige Creek pro

vides the major drainage for the region, running northeast to 

northward. Erosion along it has fashioned a major topographic 

feature, Paige Canyon. Other major canyons have been cut by Deer 

Creek and Bear Creek, east-flowing tributaries of Paige Creek, and by 

north-trending Espiritu Creek and northeast-trending Roble Creek. 

Local topographic relief is high with changes in ground level of over 

450 m across many canyons and ridges. 

The main access to the region is provided by a graded dirt road 

which parallels the San Pedro River from Benson north to San Manuel. 

Access with Tucson is possible via Interstate-10 or the Redington Pass 

Road (Fig. 2). Access into the study area proper is provided by ranch 

roads, principally those leading to the Last Chance and Forty Winks 

Ranches. Four wheel drive is usually advisable for the network of 

generally ungraded dirt roads which interconnect the ranches. The 

area south and west of the Last Chance Ranch is generally inaccessible 

to vehicles. Sixteen kilometers west of Benson on Interstate-10, the 

Mescal Ranch Road, a graded dirt road into the ranches and National 
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Park trailheads of Happy Valley, provides limited access to southern 

portions of the study area through a side roadway into Barney Ranch. 

Climate in this semi-arid, high desert is typically dry, very hot 

during summer months, and cool to cold during winter months. Daytime 

temperatures in the summer commonly exceed 40°C. Rainfall averages 

about 28 cm per year and is concentrated in two periods: the July

August summer thunderstorms and the December-March winter rains. 

Fieldwork is best conducted in the relatively mild autumn and spring 

months in order to avoid the discomfort of climatic extremes. 

A relatively lush Upper Sonoran vegetation pervades the north

eastern Rincon Mountains. A mixed vegetation of desert shrubs, cacti, 

and grasses is abundant. Typical Sonoran desert plants include 

saguaro, cholla, ocotillo, palo verde, prickly ~ear, cat-claw, 

mesquite, lechugilla, amole, yucca, sage, brittle bush, barrel cactus, 

and creosote bush. Above 1200 m, scrub oak, junipsr, and pinon pine 

become prominent. Along the ephemeral streams dense growths of blue 

palo verde, ironwood, mesquite, cottonwood and cat-claw occur. 

Wildlife is abundant. Notable among these are rattlesnakes, 

lizards, javelina, deer, ground squirrels, rabbits, and uncountable 

insects. On exceptional occasions coyotes, foxes, bobcats, hawks, and 

owls may be encountered. Domestic cattle are raised by the local 

ranchers. 
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Regional Geology 

The region of southeastern Arizona is underlain by a Precambrian 

crust. This crust consists of a crystalline basement formed by middle 

Proterozoic metasedimentary and metavolcanic schists and phyllites 

engulfed by two major suites of batholithic intrusion, a 1.6-1.65 b.y. 

old series of granitic plutons and a 1.4-1.45 b.y. old series of 

porphyritic quartz monzonites (Erickson, 1968; Livingston and Damon, 

1968; Silver and others, 1977; Silver, 1978). Atop this basement is 

built a Younger Precambrian (1.1-1.4 b.y.b.p.) sequence of sedimentary 

rocks (Apache Group) and associated diabase dikes and sills (Shride, 

1967). The Apache Group sedimentary rocks, no thicker than 150 m, are 

succeeded by a platform sequence of Paleozoic sedimentary rocks 

(Bryant, 1968; Pierce, 1976). The Younger Precambrian-Paleozoic 

sedimentary rocks constitute an approximately 2 km thick cover over 

the Precambrian basement. Thickness increases gradually to the south

east. 

The relative tectonic quiescence of the late Precambrian-Paleozoic 

was ended in the Mesozoic. The Mesozoic rocks of southeastern Arizona 

record volcanism, plutonism, and tectonic instability (Hayes, 1970; 

Hayes and Drewes, 1968; 1978). Mesozoic deformations were apparently 

dominated by northwest-trending block uplifts and depressions (Titley, 

1976; Bilodeau, 1978; Davis and others, 1979; Kluth, 1982). Con

sequently, Mesozoic deposits tend to be provincial, thick (>2 km) in 

some places, absent in others. The Lower Cretaceous Bisbee Group and 

its correlatives are the most widespread. They probably once covered 



much of southeastern Arizona with predominately marginal marine 

clastics (Stoyanow, 1949). 
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In the Late Cretaceous early Tertiary, Laramide plutonism and 

tectonism affected the region of southeastern Arizona (Livingston and 

others, 1968; Drewes, 1976; Davis, 1979). Plutonism involved the 

intrusion of calc-alkalic and alkali-calcic magmas, frequently as 

copper-bearing porphyry systems (Livingston and others, 1968; Keith, 

1978). Interpretations on the nature and structural style of Laramide 

deformation are controversial. Models indicating regional overthrust 

faulting, crustal compression, extension, and differential vertical 

uplift have been proposed. The exhaustive mapping and synthesis of 

southeastern Arizona geology by Drewes (1971; 1973; 1974; 1976; 1977; 

1978; 1980; 1981) have led him to propose a model of Laramide regional 

compression which is expressed by northeast-directed overthrusting of 

allochthonous Precambrian crystalline basement and Paleozoic-Mesozoic 

strata. The Rincon Mountains are a critical element in Drewes· 

synthesis and the allochthonous rocks situated about the Rincon 

Mountains are interpreted by him as fundamentally Laramide thrust 

sheets. The synthesis of Davis (1979), however, presents a compelling 

case for the dominance of crystalline basement-cored uplifts across 

reverse fault margins, perhaps akin to the classic Rocky Mountain 

Laramide uplifts. 

After an interval of tectonic and igneous quiescence, calc

alkalic volcanism became widespread in the Oligocene (Damon and 

Mauger, 1968; Shafiqullah and others, 1978). Attendant with this 
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volcanic outburst was the synchronous development of the metamorphic 

core complexes of southern Arizona (Davis, 1980). Listric normal and 

low-angle normal detachment faulting, perhaps associated with the 

later stages of metamorphic core complex evolution, persisted into the 

mid-Miocene. The Rincon Mountains are a critical element in Davis· 

interpretation of core complex evolution and the allochthonous rocks 

situated about the Rincon Mountains are interpreted by him as fun

damentally mid-Tertiary detachment sheets. 

In mid-Miocene times, a transition to basaltic volcanism and 

highangle (Basin and Range-style) block faulting occurred (Shafiqullah 

and others, 1978; Eberly and Stanley, 1978; Scarborough and Pierce, 

1978). Most of the present physiography of southeastern Arizona can 

be related to this Late Miocene and younger block faulting. 

Method of Investigation 

Geologic mapping of the northeastern Rincon Mountains was con-

ducted from February to May 1980, and from September 1980 to January 

1981, for a total of 97 days. An area of approximately 120 km2 was 

covered. Field bases for mapping were topographic sheets and air 

photographs of various scales. All mapping was eventually compiled 

onto a topographic base scaled at 1:24000. The Happy Valley and 

Wildhorse Mountain 7~· topographic quadrangle maps and the Soza Canyon 

and Soza Mesa 7~· preliminary topographic quadrangle maps of the U.S. 

Geological Survey serve as the base for geologic mapping presented in 

Figure 3. All geologic information presented in Figure 3 was mapped 
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during this dissertation study with the exception of an 11 km2 region 

in the south-central portion of the study area. This region con

stitutes the mapping of fellow graduate student, Paula Trever, who 

conducted work on a Master's degree concurrently with this study. 

Large scale mapping and the analysis of mesoscopic structural 

elements were carried out in selected areas to expand understanding of 

geometric relationships and to assess kinematics and strain. Emphasis 

was on structural analysis of mesoscopic structural elements utilizing 

the methods of Sander (1948, 1950), Turner and Weiss (1963), Ramsay 

(1967), and Hansen (1971). Sterographic plots of various structural 

features were constructed with the aid of a computer program written 

for the DEC-I0 system by Greg Cole of the University of Arizona. 

Rotations of structural data were accomplished through this computer 

program. 

As a supplement to fieldwork, 26 thin sections were examined 

under the petrographic microscope, principally on rock units from the 

metamorphic basement. Igneous rocks were classified through visual 

estimation of mineral percentages. Identification of metamorphic 

mineral parageneses was accomplished by microscope examination. 

Distinguishing calcite and dolomite in the carapace marbles was aided 

by means of stained slabs. 

Because the area of this study constitutes only a part of a much 

larger structural geologic complex, the Rincon Mountains, data col

lected by Drewes (1974; 1977; Thorman and Drewes, 1978), Frost (1977) 

and Davis (1975; 1980; 1981) were used to supplement that of this 
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report and to extend interpretations and reinterpretations of geology 

into areas outside the immediate boundaries of the primary study area. 

Where data derived from outside sources are used, the sources are 

clearly credited. To those workers I am very grateful. 



CHAPTER 2 

MAJOR ROCK UNITS 

General Framework 

The major roc~ units of the northeastern Rincon Mountains can be 

catagorized into three packages: Precambrian to late Paleozoic rocks 

of the metamorphic basement, Precambrian to mid-Tertiary rocks of the 

allochthonous terrane, and mid-Miocene (?) and younger basin deposits. 

This division is essentially tectonic. The metamorphic basement 

constitutes a core terrane overlain in moderate- to low-angle fault 

contact by unmetamorphosed allochthonous rocks. Late Tertiary and 

Quaternary continental clastics post-date and depositionally overlie 

both terranes. 

Rocks of the metamorphic basement consist of Precambrian 

crystalline basement and overlying Younger Precambrian and Paleozoic 

sedimentary rocks modified by mid-Tertiary metamorphism and igneous 

intrusion. Sedimentary rocks have 5 in general, been converted to 

tectonites devoid of primary sedimentary textures and structures, but 

the Precambrian crystalline basement has retained much of its primary 

character. Structurally deepest exposures reveal a leucocratic 

muscovite granite which is believed to underlie most of the exposed 

metamorphic basement as a sill-like body. Mafic, aplitic, pegmatitic, 

14 
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and quartz monzonitic dikes and plugs, mostly of Oligocene age intrude 

all units of the metamorphic basement. 

Rocks of the allochthonous terrane consist of unmetamorphosed 

Precambrian crystalline basement and overlying Paleozoic, Mesozoic, 

and mid-Tertiary sedimentary rocks. Igneous intrusions of mid

Tertiary age are virtually absent from rock units of the allochthonous 

terrane. Extensive normal and bedding plane faulting has complicated 

relationships and no complete, undisturbed stratigraphic sequence 

exists. 

Mid-Miocene (?) and younger basin deposits consist predominately 

of alluvial conglomerates and sandstones which unconformably overlie 

rocks of both the metamorphic basement and the allochthon. 

Age relationships of the major rock units have been determined on 

the basis of paleontology, radiometric dating, and correlation with 

similar rocks in the region. Ages of specific rock units, the means 

of determination, and the source are presented in Table 1. A more 

detailed discussion of the inferred age relationships and timing of 

events is presented in Chapter 3 (Metamorphism) and Chapter 4 

(Structure). 

Rocks of the Metamorphic Basement 

The igneous and metamorphic core region of the northeastern 

Rincon Mountains is collectively termed the metamorphic basement. 

Coney (1980) introduced the use of the term, metamorphic basement, to 



Table 1. Age relationships of major rock units of the northeastern Rincon Mountains 

:z: 
o 

Unit 

Paige gravels 

Mineta Formation 
(Turkey Track volcanics) 

Mineta Formation 

i= Bisbee Group 
:c 
u 
o 
---l 
-l 
c:( 

Johnny Lyon granodiorite 

Pinal Schist 

Age Method 

Lower to Middle Miocene lithologic correlation; 
stratigraphic relations 

26-27 m.y.b.p. K-Ar 

upper Oligocene vertebrate fossil frag
ments 

Lower Cretaceous lithologic correlations; 
stratigraphic relations 

1600 m.y.b.p. U-Pb 

1550 m.y.b.p. I(-Ar 

Source 

this study 

Damon (1970); 
Shafiqullah and 
others (1978) 

Chew (1952) 

Cl ay (1970); 
Drewes (1974); 
Thorman and Drewes 
(1978); this study 

Silver (1978) 

Marvin and others 
(1973) 

1680-1700 m.y.b.p. lithologic and geologic Silver (1978) 
correlation with Pinal 
Schist of Johnny Lyon 
Hills, U-Pb 

...... 
en 



Table 1. Continued 

Unit Age Method Source 

Pegmatite dike 24-25 m.y.b.p. K-Ar Shafiqullah in 
(northern Happy Valley; Frost (1977) 
cross-cuts meta-Pz rocks) 

Basaltic andesite dike 25 m.y.b.p. K-Ar Damon (personal 
(northern Happy Valley; communication) 
cross-cuts meta-Pz rocks) 

Dikes of Turkey Track 25-31 m.y.b.p. age bracket for rocks Cooper (1961); 
~ Porphyry of this lithology in Shafiqullah and 
w southeast AZ, K-Ar others (1978) ~ 
w 
V) 
c:x:: Barney Ranch quartz 28 m.y.b.p. K-Ar Marvin and others co 
u monzonite (1973) -:c 
0... Aplitic pluton 34 m.y.b.p. K-Ar Marvin and others 0:::: 
0 (adjacent to Barney (1973) ::2: 
c:x:: Ranch qtz monz.) I-
w 
:::E: 

Pegmatitic dike 38 m.y.b.p. K-Ar Marvin and others 
(near Barney Ranch) (1973) 

Wilderness suite rocks lithologic and geologic 
(igneous age) 44-50 m.y.b.p. correlation with Wild- Keith and others 

erness suite rocks of (1980) 
Santa Catalina Mtns, 
Rb-Sr 

(metamorphic age) 24-25 m.y.b.p. K-Ar Marvin and others 
(1973) 

~ 
-...J 



Table 1. Continued 

Unit Age Method Source 
~------------------------------------------------------------------------------------------
z: 
~ Precambrian quartz 
~ monzonite 
~ (Continental grano-
u diorite) 
...... 
:c & Pinal Schist 
~ (younger metamorphic 
~ age) 
w 
~ 

1400-1450 m.y.b.p. U-Pb 

29-35 m.y.b.p. K-Ar 

Silver (1978) 

Marvin and others 
(1973) 

....... 
ex> 
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describe the heterogeneous assemblage of crystalline igneous, meta

igneous, and meta-sedimentary rocks typically exposed beneath the 

unmetamorphosed cover terranes of metamorphic core complexes. In this 

usage, the metamorphic basement includes not only Precambrian base

ment, but also metamorphosed and deformed Paleozoic rocks and early to 

mid-Tertiary igneous intrusions. 

The metamorphic basement of the northeastern Rincon Mountains can 

be visualized as a flat-lying, three layered stacking of rock units. 

Precambrian crystalline basement, predominately porphyritic quartz 

monzonite, constitutes the fundamental layer. It is modified by a 

sill-like (?) tongue of early to mid-Tertiary leucocratic muscovite 

granite believed to taper and eventually pinch out to the east. It is 

fully contained within the Precambrian basement. Overlying the Pre

cambrian basement is a layer of unmetamorphosed and ductiley deformed 

sedimentary rocks. These metasedimentary tectonites are envisioned as 

a carapace spread over the Precambrian basement. The carapace, 

although structurally complex, generally thins to the west. Locally 

it pinches out. The structural exposure of the metamorphic basement 

extends from within the muscovite granite to the top of the meta

sedimentary carapace. A flat-lying intrusive contact, although not 

exposed, is interpreted to underlie the muscovite granite. This is an 

inference based on field relationships of the correlative Wilderness 

suite granitic rocks observed in the nearby Santa Catalina Mountains 

(Keith and others, 1980). 
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Pinal Schist 

The oldest exposed rock unit in the metamorphic basement occurs 

as 100-400 m thick, steeply dipping bands of schistose rock within the 

Precambrian crystalline basement. These rocks are considered to be 

correlative to the Precambrian Pinal Schist. Miles (1965) and Drewes 

(1974) have previously reached the same conclusion. The Pinal Schist 

of the metamorphic basement is intruded by Precambrian porphyritic 

quartz monzonite. Near the metasedimentary carapace, the original 

intrusive relationship between the Pinal Schist and Precambrian quartz 

monzonite is frequently replaced by a fault contact. In such cases, 

the Pinal Schist usually forms a thin «30 m), gently dipping layer 

situated immediately beneath the metasedimentary carapace. It is 

bounded top and bottom by faults. Along strike, the fault underlying 

the thin layer of Pinal Schist usually crosses (passes into) a more 

steeply dipping intrusive contact. 

The Pinal Schist was metamorphosed in the Precambrian during or 

prior to the batholithic intrusions of 1.6 and 1.4 b.y. old granitic 

suites throughout southern Arizona (Silver and Deutsch, 1963; Cooper 

and Silver, 1964). Exposures of this rock unit in the metamorphic 

basement frequently show an overprinting by a subsequent metamorphic 

and dynamic event, probably in the mid-Tertiary. 

The Pinal Schist consists predominately of quartz muscovite 

schist, although biotite schist, quartzite, metagraywacke, quartzite 

pebble conglomeratic schist, amphibolite, and mafic schist are also 

common. Field exposures of the Pinal Schist, excepting quartzite 
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exposures, are usually strongly foliated. The foliation is schistose 

in nature, typically defined by a strongly prefered orientatioil of 

mica minerals. The northeast-striking, steeply dipping preferred 

foliation attitudes characteristic of the Pinal Schist in southern 

Arizona are not characteristic of the Pinal Schist of the metamorphic 

basement. Attitudes of foliation are variable with the exception of 

Pinal Schist which is immediately overlain by the metasedimentary 

tectonites. At these localities, foliation in the Pinal Schist is 

parallel to the usually gently dipping carapace foliation. 

Precambrain Quartz Monzonite (Continental granodiorite) 

Porphyritic biotite quartz monzonite to granodiorite forms the 

fundamental crystalline unit of the Precambrian basement underpinning 

of the metamorphic basement. The rock was correlated by Drewes (1974) 

with the Precambrian Continental granodiorite of the Santa Rita 

Mountains (approximately 75 km southwest of the northeastern Rincon 

Mountains, Drewes, 1971). Field and laboratory studies by Silver 

(1978), however, reveal the type Continental to be a composite unit of 

at least two independent intrusions, one 1.43 b.y. old and the other 

more than 1.6 b.y. old. In the northeastern Rincon Mountains, Silver 

has noted that at least part of the porphyritic granodiorite is of the 

1.40-1.45 b.y.b.p. granitic suite equivalent to the Tungsten King 

Granite of the Little Dragoon Mountains and the Oracle Granite of the 

northern Santa Catalina Mountains. In spite of the uncertainty, the 

name Continental granodiorite was maintained in the context used by 
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Drewes (1974) for the Happy Valley quadrangle and it is interpreted to 

be a constituent of the 1.40-1.45 b.y. old batholithic suite, common 

in the crust of southern Arizona (Silver, 1968; Silver and others, 

1977). 

The Continental granodiorite of the northeastern Rincon Mountains 

is predominately quartz monzonitic (adamelitic) to rarely grano

dioritic in composition (fields 3b and 4 in classification of 

Streckeisen, 1976). The rock is strongly quartzofeldspathic, with 

usually 80-90% of the rock composed of quartz and feldspar. Quartz, 

microcline, and oligoclase usually are present in roughly equal 

proportions. Feldspar phenocrysts (usually K-feldspar, but sometimes 

oligoclase) are set in a coarse-grained hypidiomorphic-granular 

fabric. Clump-like aggregates of biotite create a characteristic 

mottled appearance. 

Fabrics in the Continental are dominantly massive and of probable 

igneous origin. Metamorphism has modified fabrics only slightly with 

a weak granoblastic overprinting. Outcrop exposures are usually 

massive, although a weak to moderate foliation (primary igneous?) is 

frequently present. Attitudes of the primary igneous (?) foliations 

are sporadic. Locally; and particularly near the contact with the 

overlying metasedimentary tectonites, a strong gneissic to mylonitic 

foliation indicates the presence of some synmetamorphic deformation. 

Mylonitic textures are rare, but when developed they display the 

characteristic lineated and cataclastic aspect of mylonitic gneisses 

abundant in the western Rincon Mountains. Attitudes of the gneissic 
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and mylonitic foliations dip moderately to gently eastward as a rule, 

mimicing the foliation in the metasedimentary tectonites. Mineral 

lineations defined by elongate quartz lie within the mylonitic folia

tion and show preferred northeast-trending orientations. 

Metamorphosed Apache Group (including meta-diabase) 

Pelitic schists, quartzites, and quartzite cobble metacon

glomerates found low in the metasedimentary carapace correlate with 

the Precambrian Apache Group of southern Arizona. Anastomosing bands 

of amphibolite are frequently interlayered with the metamorphosed 

Apache Group rocks and probably correlate with the Precambrian (1.1 ! 

b.y.b.p.) diabase sills usually found with the Apache Group (Shride, 

1967). Locally, amphibolite may predominate (e.g. the Driscoll 

Mountain area; T.14 S., R.19 E., Sec. 29, Fig. 3). However, usually 

amphibolite occurs as discontinuous pods or layers. 

The Apache Group is characterized by an ordered stratigraphy of 

Pioneer Shale with basal Scanlon Conglomerate member overlain by 

Dripping Spring Quartzite with basal Barnes Conglomerate member 

(Shride, 1967; Cooper and Silver, 1964). Metamorphosed equivalents of 

these units, with the exception of the Scanlon Conglomerate, were 

observed in the metamorphic basement. Metamorphism, folding, and 

ductile faulting have effectively destroyed the coherent stratigraphic 

order in the Apache Group rocks. Consequently, distinction between 

pelitic schists of the Pinal Schist and metamorphosed Pioneer Shale or 

between quartzites of the Bolsa Quartzite and Dripping Spring 
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Quartzite is rarely obvious. Thus, some Pioneer Shale has undoubtedly 

been mapped as Pinal Schist. Furthermore, the metamorphosed Apache 

Group of the metamorphic basement was not mapped separately, but has 

been combined with the metamorphosed Bolsa Quartzite to form a single, 

quartzite predominate map unit. 

In contradistinction to the rest of the metamorphosed Apache 

Group, the Barnes Conglomerate has remained a distinctive unit, easily 

identifiable and mappable in the field (see Fig. 25e). It has been 

mapped as a marker unit in Figure 3 and is useful for recognizing 

folding in the metasedimentary carapace. At outcrop scale, the meta

conglomerate varies from nearly massive to strongly foliated. The 

foliation is defined by flattened, variably elongate (sometimes 

profoundly stretched) quartzite cobbles set in a micaceous quartzite 

matrix. Primary sedimentary textures have been obliterated during 

metamorphism. The lithologic layering of the meta-conglomerate is 

usually parallel to the foliation, but when folded, lithologic 

layering may be oblique to foliation. Attitudes of the layering and 

foliation are flat-lying to moderately east-dipping. Linear preferred 

orientations of stretched cobbles, where well-defined, are dominantly 

northeast-trending. 

Meta-Paleozoic Rocks (metasedimentary carapace) 

Metamorphism and intense ductile deformation of Paleozoic 

protoliths in the metasedimentary carapace have destroyed virtually 

all primary sedimentary features, including formational contacts. It 
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was therefore found to be impossible to map rock units in the carapace 

using characteristics of conventional southeastern Arizona strati

graphy. Nevertheless, a diagnostic lithologic stacking is 

recognizable in the metasedimentary carapace and serves to define, to 

a variable degree of clarity, mappable horizons. 

Five units were recognized in the metasedimentary carapace: 

(1) a basal quartzite unit, (2) a lower calc-silicate unit, (3) a 

marble unit, (4) an interbedded marble and calc-silicate unit, and 

(5) an upper calc-silicate unit. These units form a "carapace 

stratigraphy" which can be correlated with the unmetamorphosed 

Paleozoic stratigraphy of the nearby Dragoon quadrangle (Cooper and 

Silver, 1964; Table 2). Meta-Paleozoic rocks representative of the 

Bolsa Quartzite through the Pennsylvanian-Permian Earp Formation are 

revealed. Thus, the basal quartzite unit is probably roughly equi

valent to the Bolsa Quartzite plus Dripping Spring Quartzite of the 

Apache Group. The lower calc-silicate unit is considered to correlate 

with the Abrigo and Martin Formations. The marble unit is believed to 

correspond to the Escabrosa and Horquilla Formations. The interbedded 

marble and calc-silicate unit probably represents a combination of 

Horquilla and Earp Formations. And finally, the upper calc-silicate 

unit is correlated with the Earp Formation. 

The basal quartzite unit is composed dominantly of weakly 

foliated quartzites with lesser amounts of pelitic interbeds (Fig. 4). 

Frequently, lenses and stringers of meta-diabase (amphibolite) occur 

within the sequence. The quartzites are dense and usually fine-
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Figure 4. Foliated quartzites of the basal quartzite unit. 
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grained. Primary bedding is usually indistinct, although conglomera

tic horizons may locally reveal a primary layering. The unit is 

sometimes folded macroscopically. Minor structures are virtually 

absent. 

The lower calc-silicate unit is composed dominantly of strongly 

foliated silicate-banded marbles with lesser amounts of quartzites, 

nearly pure marbles, dolomitic marbles, calc-silicate marbles, and 

calc-pelitic schists (Fig. 5). Primary sedimentary structures have 

been obliterated. The silicate-banded marbles typically display 

numerous, thin (usually <1 em) ribs of aphanitic to fine-grained 

granular silica projecting out of a fine- to medium-grained calcitic 

marble ground mass. This is characteristic of the lower calc-silicate 

unit. Interestingly, the lower calc-silicate unit is commonly 

mineralized by hematite and copper. Such mineralization is rare in 

the other units of the metasedimentary carapace. The lower calc

silicate unit is macroscopically folded as evidenced by its exposure 

in hinge zones of synclinal isoclines. Minor folds and boudinage are 

abundant. 

The marble unit is composed dominantly of strongly foliated pure 

marbles with rare interbeds of pelitic schists (Fig. 6). Primary 

sedimentary structures have been obliterated. The marbles are 

generally fine-grained and dominantly calcitic. Siliceous layers 

(1-6 em thick) are common in some marbles, but the layers are usually 

so widely spaced that they appear as isolated bands within marble. 

Densely banded marbles like those in the lower calc-silicate layer 
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Figure 5. Silicate-banded marbles of the calc-silicate unit. 

Figure 6. Marble tectonite of the marble unit. 



are uncommon. Delicate color laminations sometimes highlight the 

foliation. Folding and boudinage are well-developed. 
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The interbedded marble and calc-silicate unit is in reality a 

composite of the marble unit and the upper calc-silicate unit. It 

constitutes a zone of alternating layers of pure marbles and inter

bedded calc-silicate marbles, calc-pelites, and meta-sandstones. This 

may be due to isoclinal folding or fault repetition of the marble 

unit-upper calc-silicate unit contact. The interbedded marble and 

calc-silicate unit, therefore, is believed to be more a structural 

complication than an inherited stratigraphic element. 

The upper calc-silicate unit is composed dominantly of foliated 

calc-silicate marbles with frequent interbeds of meta-sandstones and 

calc-pelitic schists. Less frequent are interbeds of dolomitic and 

calcitic marble. Conspicuous in the upper calc-silicate unit is a 

stretched pebble conglomerate composed of whitish to dark bluish 

quartzite (chert) pebbles set in a sandy limestone ground mass (see 

Fig. 25f). Primary sedimentary structures in the upper calc-silicate 

unit are indistinct, but in some cases granular sedimentary textures 

appear to have partially survived metamorphism and deformation. The 

intense silicate-marble interlayering, typical of the lower calc

silicate unit, is only rarely observed in the upper calc-silicate 

unit. Some horizons show prominent, altered porphyroblasts of pyrite. 

Mesoscopic folds, boudinage, and ductile normal faults are abundant. 

Macroscopic folding of the upper calc-silicate unit can be inferred by 

means of repetition of the stretched pebble conglomerate. 
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With the exception of the marble unit, the units which comprise 

the "carapace stratigraphy" are discontinuous along strike. In par

ticular, the basal quartzite unit and the lower calc-silicate unit are 

notable in their tendency to thicken, thin, and frequently pinch out 

along strike. Where the basal quartzite unit and lower calc-silicate 

unit have both pinched out, the marble unit directly overlies 

Continental granodiorite or Pinal Schist. The thickness of the 

carapace units individually and en masse is attenuated with respect to 

their correlatives in nearby unmetamorphosed, non-tectoni zed Paleozoic 

strata. In extreme cases, the thinning may be of a factor of 10 or 

more. 

Contacts between units of the "carapace stratigraphy" are pre

dominantly fault surfaces. Less prevalent and less certain, some 

contacts between units represent gradational change in lithology or 

transposed primary lithologic contacts. In most cases it is unlikely 

that these contacts are simply correlative to formational contacts, 

although they may closely approximate them. Contacts between the 

calc-silicate units and the marble unit are typically transitional and 

usually difficult to follow in the field. These contacts are only 

approximately located on the geologic map (Fig. 3). They were drawn 

so as to best outline or contain the lithology characteristic of that 

specific carapace unit. The contacts, in general, are concordant with 

the strike of foliation, but locally they pass obliquely across the 

foliation. When the contact was observed to cut through the layering 
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in the underlying unit, it was mapped with a barbed symbol to indicate 

a ductile fault. 

Metamorphic tectonite fabrics are a conspicuous feature of the 

metasedimentary carapace. A well-developed foliation generally 

defined by delicate laminations of transposed lithologi~ layering 

imparts a strong layered aspect to the carapace rocks (Fig. 7a). The 

layering should not be mistaken for true bedding. Numerous minor 

structures like folds, ductile faults, and boudins are prevalent in 

outcrop exposures. Attitudes of foliations in the carapace are 

strongly preferred, displaying dominantly gently to moderate east 

dips. 

Early to Middle Tertiary Granitic Intrusions 

Leucocratic garnet-bearing muscovite granite crops out along the 

western margin of the study area. The granite is intrusive into the 

Precambrian crystalline basement. These granitic rocks were mapped by 

Drewes (1974) as Precambrian Wrong Mountain granodiorite, but were 

renamed the Espiritu granite of Tertiary age by Thorman and Drewes 

(1978). Lithologically, the Wrong Mountain granodiorite of Drewes 

(1974; 1977) is similar to the Espiritu Canyon granite of Thorman and 

Drewes (1978). However, it typically displays a strong mylonitic 

foliation, while the Espiritu Canyon granite typically displays a 

massive, equigranular igneous fabric. Contacts between the two in the 

northern Rincon Mountains are gradational (Drewes, 1977). Detailed 

petrographic and chemical analyses are lacking for these rocks. Based 
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b. 

Figure 7. Comparison of rock fabric: (a) carapace marble, 
and (b) upper plate (allochthon) Paleozoic limestone (Escabrosa 
Limestone). 

32 



33 

on lithologic and structural similarities, Silver (1978) and Keith and 

others (1980) have suggested that these plutonic rocks probably both 

correlate with the Wilderness granite and related rocks of the main 

range of the Santa Catalina Mountains (Shakel, 1974). Keith and 

others (1980) proposed to call this association the Wilderness suite. 

Recent studies on the U-Pb and Rb-Sr isotopic systems of the 

leucocratic two-mica, garnet-bearing granitic rocks of the Wilderness 

granite in the Santa Catalina Mountains (Shakel and others, 1977; 

Keith and others, 1980) indicate that these rocks were intruded no 

earlier than Eocene. For the purpose of this study, the leucocratic 

muscovite granitic rocks of the metamorphic basement of the north

eastern Rincon Mountains are regarded as early (~ Eocene) Tertiary 

Wilderness suite granite. 

The Wilderness suite leucogranite is predominately quartz 

monzonite (adamellite) in composition (field 3b in the classification 

of Streckeisen, 1976). Quartz and the two feldspars are of roughly 

equal abundance and typically constitute 90-95% of the rock. The 

dominant textural fabric is coarse-grained hypidiomorphic-granular. 

Where observed within the study area, this fabric is wholly massive 

with no hint of foliation. Interstitial muscovite and scattered 

idiomorphic garnet are conspicuous accessory phases; rarely, small 

amounts of biotite may be present. 

The contact between the Wilderness suite leucogranite and the 

Precambrain crystalline basement of the metamorphic basement is sharp, 

irregular in trace, and clearly intrusive in origin. Xenoliths, 
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apophyses, and satellite intrusive plugs are common along the contact. 

The regional attitude of this contact is difficult to delimit with 

certainty. It is interpreted to be flat-lying to moderately east

dipping, subparallel to the overlying contact between Precambrain 

basement and metasedimentary carapace. The trace of the contact 

observed in the western portion of the study area appears to maintain 

a fairly uniform structural level, implying a flat-lying attitude. 

A small biotite quartz monzonite stock (- 1 km2), herein called 

the Barney Ranch quartz monzonite, is exposed in the southwestern 

portion of the study area. The Barney Ranch quartz monzonite was 

correlated by Drewes (1974) with the granodiorite of Happy Valley, 

K-Ar dating of which suggests a Late Oligocene age. Keith and others 

(1980) correlated the granodiorite of Happy Valley with the Late 

Oligocene Catalina granite of the northwestern Santa Catalina 

Mountains, but suggested that the Barney Ranch quartz monzonite may be 

more closely related to the Wilderness suite rocks. Exact correlation 

is, therefore, uncertain. The pluton is mapped as Tertiary Barney 

Ranch quartz monzonite. 

The Barney Ranch quartz monzonite is leucocratic, but the abun

dance of biotite (- 5%) in it reveals that it is less so than the 

Wilderness suite rocks. In contrast to the Wilderness suite granite, 

the Barney Ranch quartz monzonite does not contain muscovite and 

garnet. The texture is medium-grained hypidiomorphic-granular with 

occasional feldspar phenocrysts. The pluton is intrusive into the 

Precambrian basement, the metasedimentary carapace, and, perhaps (?) 
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into the Wilderness suite granite. Intrusion appears to have warped 

(domed) the Precambrain basement-metasedimentary carapace contact. 

Marble tectonites immediately adjacent to the intrusive contact have 

recrystallized to coarse-grained textures. Pinal Schist exposed near 

the northern trace of the intrusive contact is often kinked. An 

aplitic-textured muscovite granite (Wilderness leucogranite?) is 

poorly exposed along the western margin of the Barney Ranch quartz 

monzonite across what is presumably an intrusive contact. 

Post-Metamorphic Dikes 

Post-metamorphic dikes and small plugs intrude all units of the 

metamorphic basement. The dikes are post-kinematic and they con

spicuously cross-cut tectonite fabrics of the metasedimentary 

carapace. These rocks include: pegmatitic and aplitic dikes, mafic 

dikes, and small granitic to dioritic plugs. 

An intricate lacework of pegmatitic and aplitic dikes is commonly 

found near the intrusive contact of the Wilderness suite leuco

granites. At the contact and for up to 0.5 km structurally above it, 

pegmatite and aplite intrusions are profusely abundant. In general 

the pegmatite and aplitic dikes are too small, too irregular, and too 

discontinuous to map, although some larger pegmatite bodies and 

regions of dense diking are shown on the geologic map (Fig. 3). The 

dike network is portrayed diagramatically on the structure sections 

(Fig. 8). The pegmatitic and aplitic dikes display undeformed 

fabrics. Some dikes cross-cut the Precambrian basement-carapace 



contact and foliation in the metasedimentary tectonites. The basal 

detachment fault underlying the allochthonous terrane and north

striking, west-dipping listric (?) normal faults both truncate the 

dikes. Pegmatitic and aplitic dikes were not observed in the 

allochthon. 
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Mafic dikes are common throughout the metamorphic basement. The 

dikes are predominately andesitic in composition, with textures 

ranging from aphanitic, aphanitic porphyry, to fine-grained phaneritic. 

These are called andesite, andesite porphyry, and microdiorite, respec

tively. The andesite porphyry is identical to the "Turkey Track 

porphyry", a widespread intrusive and extrusive (stratigraphic?) rock 

unit found in many southeast Arizona localities (Cooper, 1961). Damon 

(1970; personal communication) has dated the Turkey Track porphyry 

(~26-27 m.y.b.p.) and andesitic dikes (-24-25 m.y.b.p.) in nearby 

areas of the northeastern Rincon Mountains. Although dating of mafic 

dikes in the study area proper has not been carried out, correlation 

suggests that they are latest Oligocene. The mafic dikes are cut by 

the basal detachment fault and listric (?) normal faults. Mafic 

dikes, intrusive into the metamorphic basement are shown on the 

geologic map (Fig. 3) by symbols which indicate the general strike and 

dip direction of the dike; certain larger dikes were mapped. 

Sporadic exposures of small intrusive plugs were encountered in 

the metamorphic basement. Most were dioritic in composition, but a 

few were granitic, perhaps (?) related to the Barney Ranch quartz 
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monzonite. These plugs were mapped as miscellaneous Tertiary intru

sions. 

Rocks of the Allochthonous Terrane 

The allochthonous terrane (or more simply, the allochthon) in the 

northeastern Rincon Mountains constitutes an unmetamorphosed, brittley 

faulted upper plate of the San Pedro basal detachment fault (see 

Fig. 8). The allochthon can be divided into two structural units: a 

main (upper) allochthon which directly overlies the San Pedro fault in 

southern, eastern, and some northern exposures and a western (lower) 

allochthon which when present always directly overlies the San Pedro 

fault in western and one northeastern exposures. The western alloch

thon, in general, lies west of and underneath the main allochthon. A 

moderately east-dipping fault separates the main allochthon from the 

western allochthon. The main allochthon consists of an imbricate 

shingling of fault blocks containing Precambrian granite and Pinal 

Schist, overlain by Paleozoic strata. The western allochthon consists 

predominately of Cretaceous Bisbee Group with some upper Paleozoic 

strata. Tertiary Mineta Formation occurs in an isolated exposure 

between two high-angle faults in the northeastern portion of the study 

area. It is probably a part of the main allochthon, with the Mineta 

Formation depositional over the ~aleozoic. 

Present exposures of the allochthon are fragmentary. It is 

assumed that the allochthon once covered the entire study area and 

that erosion and deposition subsequent to its emplacement have reduced 
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it to less than 20% of the exposed study area. Extensive normal and 

bedding plane faulting have disturbed original stratigraphic relation

ships within the allochthon. Locally, parts of the Paleozoic section 

have been so intensely fractured that they resemble megabreccia (e.g. 

T.14 S., R.19 E., Sec. 29). 

Pinal Schist 

An extensive portion of the allochthon in the northern part of 

the study area consists of steeply dipping metamorphosed sedimentary 

rock correlative to the Precambrian Pinal Schist. Clay (1970) and 

Thorman and Drewes (1978) have previously mapped portions of this unit 

and have similarly correlated it with the Pinal Schist. Exposures of 

Pinal Schist in the allochthon contrast with those of Pinal Schist in 

the metamorphic basement. Pinal Schist of the allochthon shows the 

characteristic low grade (generally lower greenschist) metamorphism of 

Precambrian age. Superimposed metamorphism has not affected its 

mineralogy or fabric. The Pinal Schist is intruded by Johnny Lyon 

granodiorite. 

The Pinal Schist of the allochthon consists of a monotonous 

interbedded sequence of sericite schist, metagraywacke, quartzites, 

slatey shales, and occasionally mafic layers. These units generally 

strike east-northeast and dip steeply to the north-northwest. High

and moderate-angle faults are present in many outcrop exposures of 

Pinal Schist, but their importance is uncertain. The lack of internal 

markers in the Pinal makes them difficult to trace. 
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Johnny Lyon Granodiorite 

Much of the main allochthon, particularly in the central and 

western portions of the study area, is composed of Precambrian grano

diorite. Drewes (1974) mapped this rock as Rincon Valley granodiorite 

whose type area is an allochthonous plate in Rincon Valley adjacent to 

the southwestern Rincon Mountains. Silver (1978) noted that the 

allochthonous granodiorite of the eastern Rincon Mountains bears a 

close textural and mineralogical resemblance to the nearby Johnny Lyon 

granodiorite of the Dragoon quadrangle. He also noted that it is of 

the same generation, belonging to the 1.6 b.y.b.p. suite of batho

lithic intrusions. For these reasons, the granodiorite of the main 

allochthon in the study area is mapped Johnny Lyon granodiorite. The 

Johnny Lyon granodiorite does not necessarily correlate with the 

Rincon Valley granodiorite of Rincon Valley. In fact, based on 

several K-Ar dates (1.38-1.45 b.y.b.p.; one sample gave a K-Ar 

hornblende age of 1.56 b.y.b.p.), an Rb-Sr date (1.44 b.y.b.p.), and 

lithologic similarities to the Oracle Granite, at least some of the 

Rincon Valley granodiorite appears to belong to the 1.40-1.45 b.y. old 

batholithic suite (Drewes, 1977; Keit~ and others, 1980). 

The Johnny Lyon granodiorite of the northeastern Rincon Mountains 

is predominately a light-colored porphyritic quartz ilionzonitic 

(adamellitic) to granodioritic rock (fields 3b and 4 in classification 

of Streckeisen, 1976). Mineralogy and texture are strikingly uniform. 

The rock is dominantly quartzofeldspathic. Mafic minerals, primarily 

biotite and hornblende, are only rarely in notable abundance. The 
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massive character of the rock is derived from its very coarse-grained 

hypidiomorphic-granular texture. 

Outcrops of Johnny lyon granodiorite rarely expose fresh rock. 

The granodiorite typically presents a shattered, rubbley, and/or 

granulated appearan~~ in outcrop. Exposures of coherent granitic rock 

are the exception. Discrete surfaces of faulting are sometimes 

observable within the Johnny lyon granodiorite, but it appears that 

much of the internal deformation was accomodated through fracturing, 

brecciation, and/or very coarse-grained cataclastic (intergranular) 

flow. 

The Johnny lyon granodiorite generally forms elongate, north

trending fault blocks within the main allochthon. This geometry is 

somewhat different from that presented by Drewes (1974), who mapped 

the Johnny lyon granodiorite (his Rincon Valley granodiorite of Happy 

Valley) as a thin plate. The mapping of this study reveals instead 

north-striking, west-dipping faults within the main allochthon which 

serve to segment the allochthon into tilted fault blocks. The Johnny 

lyon granodiorite in a given fault block ideally approximates a three

sided prism, elongate to the north. The three sides are: (1) the 

flat-lying San Pedro fault underneath, (2) a west-dipping normal fault 

to the west, and (3) an east-dipping contact with overlying Paleozoic 

strata to the east (see Fig. 15). 
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Paleozoic Strata 

The Paleozoic strata which occurs in the southern exposures of 

the main allochthon correlate with formations of the normal southeast 

Arizona Paleozoic section (Bryant, 1968). Exposures of Paleozoic 

rocks sometimes show brecciation, but in all cases the rocks are 

unmetamorphosed. Frequently, they exhibit primary sedimentary struc

tures and fossil assemblages (Fig. 7b). Placement of formational 

contacts was based on comparison with the well-analyzed exposures in 

the Johnny Lyon Hills (Cooper and Silver, 1964) and in the Eagle Peak 

section of Happy Valley (Plut, 1968). The formational sequence and 

brief lithologic descriptions are given in Table 2. Thicknesses are 

listed for the Johnny Lyon Hills and Eagle Peak areas. 

Paleozoic rocks of the allochthon occur primarily as steeply 

east- to northeast-dipping strata overlying a basement of Precambrian 

Johnny Lyon granodiorite. The Cambrian Bolsa Quartzite is the basal 

sedimentary unit. The depositional base of the Bolsa Quartzite was 

not observed in the study area, nor was it located by Plut (1968) for 

the Eagle Peak section, a southern exposure of the main allochthon. 

The Bolsa Quartzite does, however, locally reach almost its full 

stratigraphic thickness and for these exposures the basal contact 

probably represents a bedding plane fault of the unconformity beneath 

the Bolsa. Cambrian Abrigo Formation, Devonian Martin Formation, 

Mississippian Escabrosa Formation, Pennsylvanian Horquilla Formation, 

and Pennsylvanian-Permian Earp Formation have all been recognized 

above the Bolsa Quartzite. All sections are incomplete. Bedding 



plane and low-angle normal faulting variably repeat and fault out 

portions of the section. Where faulting is closely spaced, strati

graphic relationships can become chaotic and exposures resemble 

megabreccias. 
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No Precambrian Apache Group rocks were noted between Paleozoic 

strata and the Johnny Lyon granodiorite. The possibility exists that 

this is a stratigraphic feature and that for the main allochthon, 

Bolsa Quartzite originally lay nonconformably over the Johnny Lyon 

granodiorite. Cooper and Silver (1964) noted that in the Dragoon 

quadrangle (just east of the study area), Bolsa Quartzite lies on 

deeper and deeper parts of the Apache Group section from east to west. 

In the Johnny Lyon Hills, only 90 m of Apache Group is found beneath 

the Bolsa. For exposures west of this point, the Apache Group may 

have pinched out altogether. 

Bisbee Group 

The western allochthon is composed almost entirely of a thick 

clastic succession of predominately cobble-to boulder-conglomerate 

with lesser light brown sandstones and red shales (Fig. 9). No 

detailed sedimentologic study has yet been made on these rocks, nor is 

one purused here. The rocks have been previously encountered by Clay 

(1970), Drewes (1974), and Thorman and Drewes (1978), who all mapped 

them as Cretaceous Bisbee Group. This correlation is probably correct 

and these rocks are mapped in the study area as Bisbee Group. Similar 

exposures of conglomerate and sandstone mapped as probable Bisbee 
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Figure 9. Glance Conglomerate of the Bisbee Group. 



Group have been noted in the Beuhman Canyon area north of Redington 

Pass (15 krn north of the study area, McKenna, 1966), in the Teran 

basin (6 krn east-northeast of study area, Grover, 1982), and in the 

northwestern Johnny Lyon Hills (5 km east of study area, Cooper and 

Silver, 1964). In all cases, the conglomerate sequences probably 

correlate with the Glance Conglomerate, the basal formation of the 

Bisbee Group. The sandstone and finer clastic units may correlate 

with the Willow Canyon Formation of the Bisbee Group described by 

Schafroth (1968) in the Cienega Gap area, just south of the Rincon 

Mountains. 
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Rocks of the Bisbee Group in the western allochthon are 

remarkably thick (probably over 1 km) and composed dominantly of 

conglomeratic strata. The Bisbee Group rocks are unmetamorphosed and 

retain primary sedimentary structures and textures. A majority of 

clasts in the conglomerates were derived from upper Paleozoic rocks. 

The general range in size is between cobble and boulder, but large 

blocks, up to 400 m in diameter, are seen locally within the con

glomerate. Limestone is the dominant clast lithology and it is set in 

a sandy matrix tightly cemented by calcite. This causes the rocks to 

weather in a manner very similar to limestone. Conglomerate clasts 

are matrix supported and very poorly bedded. Sandstone, siltstone, 

and shale are locally abundant. Sandstones are quartzose, medium

grained, and usually well-bedded. They are well-indurated by calcite 

cement. Cross-bedding and scour-and-fill structures are sometines 



present. Reddish to purplish siltstone and shale are often inter

bedded with the sandstone. 

45 

Just north of Roble Canyon (T.13 S., R.18 E., Sec. 26, Fig. 3), 

the conglomerates lie in apparent disconformity (possibly slight 

angular unconformity) on upper Paleozoic (Horquilla Formation?) 

limestone. These rocks are very steeply east-dipping to locally 

overturned. Less than 300 m of Paleozoic section is exposed as a 

high-angle fault quickly repeats the exposure of Bisbee Group rocks. 

The thickness of the Glance Conglomerate in southeastern Arizona 

is quite variable. Bilodeau (1978) examined this unit in a regional 

stratigraphic-sedimentologic study and proposed that block faulting 

contemporaneous with or just prior to the main interval of Bisbee 

sedimentation was the reason for conglomeratic deposition and the 

cause of the thickness varations. Knowledge of the Glance and Bisbee 

Group stratigraphy in and around the northeastern Rincon Mountains is 

fragmentary. The apparently large thickness of the Bisbee Group in 

the western allochthon, however, may suggest that it was deposited 

proximal to an uplifted fault block. 

Mineta Formation 

The Mineta Formation was named by Chew (1952) for an interbedded 

sequence of bright red to purple conglomerates, red sandstones, gray 

fresh-water limestones, and minor intrusive and extrusive volcanic 

rocks located in the Mineta Ridge and Canada Atravesada area of the 

northeastern Rincon Mountains. These units strike to the northwest 
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and dip steeply to the northeast. They are sandwiched between two 

high-angle faults such that the stratigraphic top and bottom of the 

formation is missing. Chew (1952) and later Clay (1970) studied the 

Mineta Formation in detail and described a section at least 640 m 

thick. Age of the Mineta Formation is constrained as Late Oligocene 

on the basis of vertebrate fossil fragments reported on by Chew (1952) 

and K-Ar dating of the Turkey Track porphyry (-26-27 m.y.b.p.) which 

intrudes the Mineta (Damon, 1970; Shafiqullah and others, 1978). 

The lithology and sedimentary petrology of the Mineta Formation 

has been treated in specific detail by Chew (1952) and Clay (1970). 

Of interest to tectonic reconstructions are clast lithologies in 

conglomerates of the Mineta Formation. Clast types include: 

Precambrian granite and Pinal Schist, Paleozoic limestone and sand

stone, and Tertiary (?) volcanic rocks. In contrast to clasts in the 

Glance Conglomerate, clasts dervied from lower Paleozoic formations 

are dominant in the Mineta Formation. Although clasts of metasedi

mentary rock are rarely observed in the Mineta Formation, no clasts 

similar to the tectonites of the metasedimentary carapace, nor to the 

Precambrian Continental granodiorite were observed. Clay (1970) 

postulated a westerly source area for the Mineta Formation based on 

the presently exposed mountainous terrain to the west. Paleocurrent 

analysis in similar rocks in the nearby Teran basin, however, indicate 

an easterly source area (Grover, 1982). 

Based on lithologic, temporal, and structural similarities, the 

Mineta Formation belongs to a suite of coarse clastic sequences 
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deposited in the mid-Tertiary time in southern Arizona. The Mineta 

Formation correlates with the Pantano Formation, which crops out just 

south of the Rincon Mountains (Brennan, 1957; Finnell, 1970), and the 

unnamed clastic deposits of the Teran Wash area, located 5 km east

northeast of the study area (Scarborough and Wilt, 1979; Grover, 

1982). These deposits can locally reach prodigious thicknesses in 

excess of 4 km (Finnell, 1970). 

The Mineta Formation exposed in the study area is structurally 

isolated from the older rock units of the allochthon, but similar 

deposits in northern Happy Valley (see Fig. 39) are exposed in 

depositional contact upon unmetamorphosed Paleozoic rocks of the main 

allochthon. The Mineta Formation within the study area is, therefore, 

assumed to depositionally lie upon unmetamorphosed rocks of the main 

allochthon. 

Mid-Miocene (?) and Younger Basin Deposits 

Two episodes of coarse clastic sedimentation are recorded in 

basin deposits which depositionally overlie rocks of the metamorphic 

basement and rocks of the allochthonous terrane. In both episodes the 

basins formed are associated with block faulting. The older deposits 

have been tilted, but the younger deposits are flat-lying. Clastics 

of the earlier episode are informally referred to here as Paige 

gravels for their excellent exposures in Paige Canyon. Clastics of 

the later episode are referred to as basin fill after terminology 

proposed by Scarborough and Pierce (1978) for flat-lying deposits 



associated with fault-bounded basins of the Basin and Range dis

turbance. An angular unconformity (average angular discordance is 

25-30°) is conspicuous where basin fill overlies Paige gravels. 

Paige Gravels 
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The Paige gravels are a thick (perhaps >2 km) succession of 

moderately well-indurated alluvial conglomerates exposed predominately 

in the eastern portion of the study area (Fig. 10). They are undated, 

but are inferred to be Early to Middle Miocene based on the circum

stance of their structural-stratigraphic exposure. The Paige gravels 

are definitely post-26 m.y.b.p. as they contain clasts of Turkey Track 

porphyry, and pre-Late Miocene (pre-12-13 m.y.b.p.) as they are over

lain by basin fill deposits. The Paige gravels are considered to be 

correlative with other mid-Miocene gravels which are abundantly 

exposed in the San Pedro River valley and vicinity, including the Big 

Dome Formation (Krieger and others, 1973), the San Manuel Formation of 

the Mammoth quadrangle (Creasey, 1967), the Nogales Formation of the 

southern Rincon Mountains (Drewes, 1977), and the Rillito beds of the 

northern Tucson basin (Pashley, 1966). 

The Paige gravels consist of a repetitively uniform succession of 

interbedded gray to tan, pebble- to cobble-conglomerates and con

glomeratic sandstones. Conglomerates are clast supported and very 

well-bedded. Bed thicknesses generally range from ~ m to several 

meters in thickness. Clasts are angular and sorting is typically 



Figure 10. Outcrop displaying angular unconformity between 
tilted Paige gravels and overlying, subhorizontal basin fill. 
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poor. Clasts are derived from most of the rocks found in the alloch

thon and the metamorphic basement. Locally, nearly monolithologic 

conglomerate beds occur. Notably absent, however, are leucocratic 

muscovite granite clasts. Imbrication of pebbles is common and 

measurements of this feature indicate a general paleocurrent trend to 

the west-northwest (Fig. 11). 

The unconformity beneath the Paige gravels cuts through the 

allochthon and rests on rocks of the metamorphic basement in the 

central region of the study area (Fig. 3). The unconformity is 

irregular, with local relief exceeding 10 m and regional probably much 

greater. Bedding attitudes dip moderately to gently eastward. The 

easternmost, stratigraphically highest exposures tend to show gentler 

dips on the average, shallowing of dip up-section. Areal exposures 

are bounded on the west by a depositional contact and on the east by a 

moderately west-dipping fault. Numerous small faults occur within the 

stratal sequence. Sporadic exposures of Paige gravels occur as 

inliers beneath the basin fill gravels flanking the west side of the 

San Pedro River. The angular unconfomity between the Paige gravels 

and basin fill is best exposed in these instances. 

Poorly-exposed gravel bodies lie east of Gardner Mountain and 

southwest of "Pyramid Peak" (Fig. 3). Bedding in the gravels is 

usually indistinct. These rocks may be unconsolidated debris related 

to the basin fill or poorly-exposed (gravel capped?) Paige gravels, or 

a combination of both. Apparently random dip orientations for the 

sporadic outcrops of Paige gravels east of Gardner Mountain may 
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Pebble Imbrications 

Paige Gravels 

Figure 11. Paleocurrent directions deduced from pebble 
imbrications in the Paige gravels -- Trend was determined by inter
section of bedding with plane of imbrication. 
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indicate a locally more complex basin history than elsewhere for the 

Paige gravels. 

Near the mouth of Roble Canyon, there is an exposure of 

moderately west-dipping reddish sandstones, mudstones, and muddy 

conglomerates. These rocks are tentatively assigned to the Paige 

gravels. They were classified by Chew (1952) with the basal portions 

of his Soza beds. These strata are lithologically disparate with 

respect to the Paige gravels to the south and their bedding attitudes 

are antithetic. However, like the Paige gravels they underlie basin 

fill gravels with angular unconformity. The unconformity is not as 

sharp as that exposed to the south. In Roble Canyon itself the rela

tionship even appears somewhat gradational, from the moderately west

dipping Paige (?) gravels to the gently west-dipping basin fill. 

Basin Fill 

Scarborough and Pierce (1978) proposed the term basin fill for 

the sedimentary group that was deposited in basins created by the 

Basin and Range disturbance. More specifically, they distinguish 

basin fill on the basis of the following: 

lIa) it tends to retain original depositional dips, 

b) it contains facies relationships largely consistent with 

present valley configurations, 

c) it is tectonically deformed only locally, and 
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d) it rests upon an erosion surface which is cut upon rocks as 

young as Early to Middle Miocene within areas close to the 

mountain-piedmont junction. 1I 

This definition was utilized in the mapping of the northeastern Rincon 

Mountains (Fig. 3). The basin fill is usually contained in a fault 

bounded, variably thick (0-500 m) clastic basin, more or less 

coincident with the main course of the San Pedro River. Age of the 

basin fill gravels is uncertain, but by inference they are considered 

to be Late Miocene (Eberly and Stanley, 1978; Scarborough and Pierce, 

1978). 

Lithologically, the basin fill is locally similar to the Paige 

gravels. It often consists of interbedded cobble-conglomerates and 

conglomeratic sandstones. What makes the basin fill unique, however, 

is the abundance of clasts of leucocratic muscovite granite. The 

source area for these clasts and probably for the basin fill in 

general ;s westerly. This is compatible with the present physio

graphy. Near the valley center, conglomerate layers pinch out and 

they are replaced by well-bedded silty sandstones and sandy mudstones. 

Latest Cenozoic Deposits 

Two late Cenozoic deposits are mapped in the study area. They 

are: (1) latest Tertiary (?)-older Quaternary alluvium and terrace 

deposits, and (2) Quaternary alluvium. Only where these deposits are 

of appreciable size and extent, or where they cover and obscure 
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relationships, were they mapped. No detailed lithologic examination 

of these rocks was made. 



CHAPTER 3 

METAMORPHISM 

The metamorphic basement terrane of the northeastern Rincon 

Mountains exhibits a horizontally extensive thermal metamorphism of 

low pressure. Regionally the terrane consists of a quartzofeldspathic 

metaplutonic basement overlain by layered and tectoni zed metasedi

mentary rocks. Ductile deformation, in concert with metamorphic 

recrystallization, has obliterated virtually all primary sedimentary 

structures. Metaplutonic rocks, however, retain much of their primary 

sedimentary structures. Metaplutonic rocks, however, retain much of 

their primary igneous character, texturally and mineralogically. The 

contact between the metasedimentary rocks (carapace) and the underly

ing metaplutonic rocks is a synmetamorphic, decollement-style ductile 

fault. Metamorphic textures above the fault are dominantly dynamo

thermal (foliate); those below are dominantly static thermal 

(granoblastic). 

Metamorphic grade increases consistently downward, perhaps 

uniformly. Structurally deepest exposures in the metamorphic basement 

reveal Wilderness suite leucogranites which intrude the Precambrian 

Continental granodiorite. The leucogranites are undeformed and 

display fundamentally igneous parageneses. Continental granodiorite 

marginal to the Wilderness suite rocks and throughout the northeastern 
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Rincon Mountains is metaplutonic. The Wilderness suite leucogranites 

are, therefore, considered to be the heat source of the metamorphism 

and it is interpreted to form a sill-like intrusive sheet extending 

under most of the northeastern Rincon Mountains. The intrusive con-

tact is viewed regionally as a flat-lying surface. Heat was conducted 

upward essentially vertically. The presently observed thickness 

through which metamorphism occurred is no greater than 2-3 km. Grada

tion to non-metamorphic conditions is not observable as the San Pedro 

basal detachment fault cuts into the metamorphic basement. 

Based on the classification of Winkler (1976), mineral para-

geneses of the northeastern Rincon Mountains indicate low- to medium-

grade metamorphism at low pressures, perhaps as low as 1 kb. Mineral 

assemblages are listed in Table 3. Phase relationships in the meta

plutonic rocks and in the overlying metasedimentary carapace are 

discussed below. 

Metaplutonic Rocks 

Recrystallization in the quartzofeldspathic metaplutonic rocks 

has generated granoblastic fabrics which overprint the primary hypi

diomorphic-granular fabric. The paragenesis, quartz + alkali 

feldspar + plagioclase + biotite ~ muscovite, is ubiquitous. The 

phase assemblage, in itself, is rather uninformative regarding deduc

tion of pressure-temperature conditions. 1 The mineralogy of strongly 

1Analysis of phase chemistry for biotite-alkali feldspar-ferromagnesian 
oxide exchange reactions could yield information sensitive to meta
morphic grade (Wones and Eugster, 1965). 
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Table 3. Parageneses of rocks from the metamorphic basement -- qz = 
quartz, Kf = Potassium feldspar, pl = plagioclase, bi = biotite, mc = 
muscovite, ch = chlorite, qt = garnet, cc = calcite, cd = cordierite, 
an = andalusite, st = staurolite, tr = tremolite, ph = phlogopite, 
cz = clinozoisite, do = dolomite, wo = wollastonite, tc = talc, di = 
diopside. 

Premetamorphic 
lithology 

intermediate 
granitic rock 

quartz sandstone, 
feldspathic 
sandstone 

calcareous 
non-calcareous 
impure sandstone, 
siltstone, and 
shale (pelites) 

shaley (pelitic) 
dolomitic lime
stone 

Paragenesis 

Gz+Kf+p 1 +bi ,!mc 

qz+Kf:!:mc 

qz+mc:!:ch 

qz+mc+bi:!:gt 

qz+pl+Kf+mc+bi+cc 

qz+cd+bi+an(?)+cc 

qz+mc+st(?) 

cc+qz+tr+ph ~ 

cc+qz+mc+cz 

cc+qz+cz+tr 

cc+qz+tr+Kf ~ 

Protolith(s) 

1.4 b.y. granitic 
rock 

Dripping Spring Quartz
ite, Bolsa Quartzite, 
sandstones in Abrigo 
Formation, sandstones 
in Earp Formation 

lower Abrigo Formation, 
portions of Earp For
mation, Pinal Schist, 
Pioneer Formation 

Abrigo Formation, 
Martin Formation, 
portions of Earp 
Formation 
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Table 3. Continued 

limestone, dolo- cc portions or Martin 
mitic limestone Formation, Excabrosa 
dolostone cc+do Limestone, Horquilla 

Formation 
do 

sandy (siliceous) cc+qz Horquilla Formation, 
limestone, sand- portions of Earp 
stone with calcite cc+qz+wo Formation 
cement 

sandy (siliceous) cc+qz+do+tc 0 portions of Abrigo 
dolomitic lime- Formation, portions 
stone (cc+qz+tc) of Martin Formation, 

® 
portions of Earp 

cc+qz+tr+tc Formation 

cc+tr+tc CD 
cc+qz+tr+di @ 
cc+qz+di @ 
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quartzofeldspathic compositions is not sensitive to small changes of 

metamorphic grade. Yet, the absence of primary chlorite, epidote, and 

actinolite-tremolite indicates that metamorphism attained at least 

medium (amphibolite) grade (Turner, 1968, p. 270, 303; Winkler, 1976, 

p. 80). Definition of an upper limit to the metamorphic grade is 

uncertain. Metamorphism is probably high grade near the contact with 

the Wilderness suite leucogranites, but this has not been substan

tiated. 

Where the detachment fault which marks the upper contact of the 

metamorphic basement has cut through the metasedimentary carapace into 

quartzofeldspathic metaplutonic rocks, the mineral assemblage is 

retrograded to low (greenschist) grade. At localities such as this 

(e.g. T.13 S., R.18 E., Sec. 36), 10-30 m of the metaplutonic rocks 

immediately below the fault are brecciated and show extensive recrys

tallization of epidote and chlorite. 

Metasedimentary Rocks 

The metasedimentary rocks are predominately quartzites, quartz

bearing calcite marbles, and non-siliceous calcareous to dolomitic 

marbles. These rocks show extensive recrystallization, but the 

recrystallization took place without formation of new metamorphic 

mineral phases. Fortunately, horizons of calcareous and noncalcareous 

pelitic s~hists and of calc-silicate marbles are also present. 

Metamorphic rocks of these compositions contain new mineral phases 

such as talc, tremolite, diopside, phlogopite, biotite, muscovite, 
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chlorite, cordierite, and alkali feldspar. The mineral assemblages 

appear to represent metamorphism of predominately low (upper 

greenschist) grade, locally reaching medium (lower amphibolite) grade, 

at low pressure. 

Calc-Silicate Marbles 

The metamorphic mineral phases present in the calc-silicate 

marbles of the northeastern Rincon Mountains can be most easily 

related to the model system CaO-MgO-Si02-H20-Co2. Within this com

positional framework, the minerals quartz, calcite, dolomite, talc, 

tremolite, and diopside have been observed in metamorphic parageneses. 

Bowen (1940) and Tilley (1948) studied the metamorphism of rocks of 

this composition (siliceous dolomitic limestone) and established in 

increasing metamorphic grade the following sequence of index minerals: 

talc-tremolite-forsterite-diopside-wollastonite. The sequence is 

accurate in a general way, but it cannot be applied explicitly to 

metamorphic grade in P-T space as it oversimplifies the chemical 

system. 

The fluid phase is composed of a miscible mixture of C-O-H 

components. Thus, the composition of the fluid phase adds another 

variable. The equilibria in the CaO-MgO-Si02-H20-C02 system are, 

therefore, at least bivarient in natural rocks, and are represented by 

a surface situated in a volume defined by three perpendicular axes of 

temperature, pressure, and composition of the fluid phase (Greenwood, 

1962). Discussion of mineral phase stability in P-T-X space is CO2 
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usually explored through isobaric T-XCO sections. Greenwood (1962) 
2 

shown that traces of the bivariant equilibrium manifest three types 

of curvilinear form in an isobaric section (also see Ganguly, 1977). 

The equilibrium curve can be deflected to either higher or lower 

temperatures depending on the gas phase(s) released or absorbed in the 

reaction. Certain reactions show maximum temperature stabilities for 

a given fluid pressure. 

Carmichael (1970) has illustrated the complications that can 

result in compositionally heterogeneous terranes where gradients in 

fCO and fH 0 can profoundly affect the temperature stabilities of a 
2 2 

reaction involving the release of CO2 and H20 vapor. It is evident, 

therefore, that reactions involving decarbonation and/or dehydration 

(e.g., those listed in Table 4) cannot be simply considered isogradic 

surfaces. 

Discussion of mineral stability in isobaric T-XCO space is 
2 

deemed appropriate for the carapace marbles of the northeastern Rincon 

Mountains. The metasedimentary carapace, during the time of its 

formation, defined a flat-lying, crudely tabular body. At its 

presently thickest point (section of least attenuation), the carapace 

is approximately 1 km thick. Stratigraphic thickness of the Paleozoic 

protoliths of the metasedimentary carapace is approximately 1.5 km. 

As such, the vertical depth separation between structurally highest 

and structurally lowest marble was initially less than 1.5 km, and 

during synmetamorphic deformation probably did not exceed 1 km. The 
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assumption of an isobaric environment is, therefore, considered to be 

reasonable. 

Table 4 lists the possible reactions in a CaO-MgO-Si02-H20-C02 
system for the six mineral phases observed in the calc-silicate 

marbles. The phase relationships defined by these reactions can be 

grouped about two isobaric invariant points, ~ = qz-cc-do-tc-tr 

and @ = qz-cc-do-tr-di (Fig. 12). Construction of the petrogenetic 

grid is adapted from published diagrams for the CaO-MgO-Si02-H20-C02 
system (Metz and Trommsdorf, 1968; Skippen, 1974; Slaughter and 

others, 1975). Arrows in Figure 12 trace the presumed path of pro-

gressive metamorphism for the siliceous dolomitic marbles. In the 

northeastern Rincon Mountains, this is observed by the progression 

of mineral parageneses A ~ B ~ C ~ D ~ E (Table 3, Figure 12). The 

widespread occurrence of isobaric univarient four phase assemblages 

(+ vapor), e.g., cc-qz-tc-tr, could be due to an internal buffering 

of the composition of the fluid phase by the metamorphic reaction 

(Greenwood, 1975), rather than disequilibrium or metastability 

phenomenon. Progressive metamorphism generated succeedingly higher 

values of XCO reflecting the relative exhaustion of carbonate. No 
2 

five-phase assemblages were observed. Although this may reflect in-

sufficinet sampling, it appears that modal dolomite and calcite were 

probably exhausted before, respectively, invarient points @and @ 
could be reached. 



Table 4. Potential metamorphic reactions for siliceous dolomitic 
limestone -- Abbreviations of minerals are the same as for Table 3. 

3 do + 4 qz + 1 H20 = 1 tc + 3 cc + 3 CO2 
5 tc + 6 cc + 4 qz = 3 tr + 6 CO2 + 1 H20 

2 tc + 3 cc = 1 tr + 1 do + 1 CO2 + 1 H20 

5 do + 8 qz + 1 H20 = 1 tr + 3 cc + 7 CO2 
2 do + 1 tc + 4 qz = 1 tr + 4 CO2 

1 tr + 3 cc + 2 qz = 5 di + 3 CO2 + 1 H20 

1 tr + 3 cc = 1 do + 4 di + 1 CO2 + 1 H20 

1 do + 2 qz = 1 do + 2 CO2 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

1 kg + 3 do + 1 H20 = 1 ph + 3 cc + 3 CO2 (9) 

5 ph + 6 cc + 24 qz = 3 tr + 5 kg + 4 H20 + 6 CO2 (10) 
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Figure 12. Petrogenetic grid for CaO-MgO-Si02-C0
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-H
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0 system 

Observed parageneses noted by circled letters (see Table 3) and 
presumed path of metamorphism noted by arrows. 
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Investigations of the eaO-MgO-Si02-H20-eo2 system (Metz and 

Trommsdorf, 1968; Skippen, 1974; Slaughter and others, 1975) allow the 

temperature range of metamorphism to be at least approximately cali

brated. To establish this range, it is necessary to delimit the total 

pressure assumed to exist during metamorphism. Given a certain fluid 

phase composition, temperatures of bivariant equilibrium increase with 

increasing pressure. Mineralogies in the calc-silicate marbles are 

not particularly helpful. 1 Structural geologic reconstructions (see 

following section) and calculations of maximum lithologic overburden, 

suggest pressures between 1-2 kb. Frost (1977), performing a similar 

calculation, arrived at the same conclusion. 

Although a mineral parageneses corresponding to the isobaric 

invariant point ~ was not recognized in the study area, the presumed 

path of progressive metamorphism passes close enough such that a plot 

of its position in P-T space should at least approximately allow esti-

mation of limiting temperature conditions. In Figure 13 are plotted 

the equilibrium conditions of the isobaric invarient point ~. Also 

plotted is the maximum temperature stability of reaction (6), the 

1Conflicting reports on the effect of pressure on the formation of 
talc make its presence of uncertain significance; Metz and Trommsdorf 
(1968) determined it to be stable for a wide range of XCO at 1 kb, 

2 
Skippen (1974) found it unstable at and below 1 kb and stable at 2 kb 
only for a limited range of Xeo (0.15 < Xeo < 0.4), and Slaughter 

2 2 
and others contradicting Skippen, show it to be stable at low pressure 
with decreasing stability range (towards low XXeo ) at higher 

2 
pressures. 
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Figure 13. Univariant curves in P-T space -- A, B, and C trace 
position of univariant curve di ; AI, 8 1

, and CI trace maximum tem
perature stability of reaction (6), 0.6 < XCO < 0.8. A, AI = Metz 

2 
and Trommsdorf (1968), B, BI = Skippen (1974), C, CI = Slaughter and 
others (1975). Stippled region shows probable environments of 
metamorphism for carapace rocks. 
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highest grade reaction observed in the calc-silicate marbles. Since 

the isobaric invarient curve for reaction (6) is convex upwards, a 

maximum temperature stability exists at the crest of the curve. Thus, 

for P = 1-2 kb, the temperature range of metamorphism is probably 

contained with 350-550°C. 

Gordon and Greenwood (1970) have noted that if the component 

KA102 is added to the CaO-MgO-Si02-H20-C02 system, talc may be 

replaced by phlogopite. This is observed in some calc-silicate 

marbles where talc is absent and phlogopite is present. For such rock 

compositions, reaction (9) should replace r~action (1) as the initial 

metamorphic reaction (Table 4). Hewitt (1975), Rice (1977), and Ross 

(1980) have investigated phase stabilities for rocks of this composi

tion. They show a subsequent reaction of phlogopite, quartz, and 

calcite to alkali feldspar and tremolite (Table 4), reaction (10) 

occurs at a higher metamorphic grade. Rice (1977) shows this reaction 

occurring between reactions (4) and (6) in his Figure 3 (Figure 12). 

In the northeastern Rincon Mountains, paragenesis F is succeeded by 

paragenesis G (Table 3) at greater depth; this may reflect reaction 

(10). The metamorphic grade suggested by this reaction is compatible 

with that indicated by the reactions in the CaO-MgO-Si02-H20-C02 
system (Figure 12). 

The paragenesis, quartz + calcite + wollastonite, is observed in 

a sample taken from a position structurally low in the metasedimentary 

carapace. The assemblage appears to be in disequilibrium. Fiberous, 

spherulitic sprays of wollastonite have inclusions of calcite in their 
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cores and granular quartz about their perimeters. The reaction, 

calcite + quartz = wollastonite + CO2, most certainly generated this 

mineral assemblage, however, portions of the rock show calcite to con-

tact with quartz and no wollastonite. Normally, wollastonite indicates 

high grade metamorphism, but at very low XCO the reaction can occur at 
2 

more moderate temperatures. The presence of wollastonite in rocks 

inferred to have formed at a temperature range of 350-550o C suggests 

that XCO < 0.2 (Greenwood, 1967). The initially low Xeo appears 
2 2 

compatible with the strongly quartzose (80-85%) composition of the 

sample within which it occurs. Formation of wollastonite would cause 

Xeo to increase, and perhaps locally create regions of quartz + 
2 

calcite stability. No wollastonite was notable in calcite predominate 

quartz-bearing marbles. 

Frost (1977) noted that metamorphic grade increased downward 

roughly perpendicular to the metamorphic foliation in the Bear Creek 

area (3 km west of study area). He considered the isogradic surfaces 

to be crudely parallel to the meta-sedimentary-metaplutonic contact. 

This conception appears to hold true throughout the northeastern 

Rincon Mountains. Structurally highest exposures in the metasedi

mentary carapace show lowest grade mineral assemblages (cc + qz + do + 

tc, cc + qz + tr + tc, cc + qz + tr + ph); structurally lowest 

exposures show higher grade mineral assemblages (cc + tr + tc, cc + 

qz + tr + Kf, cc + qz + tr + di, cc + qz + di). Diopside is observed 

only in structurally low exposures of the western portions of the 
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northeastern Rincon Mountains. This suggests that isogradic surfaces 

dip gently east relative to the metasedimentary carapace. 

Pelitic Schists 

Only a few samples of pelitic schist were examined in detail from 

the metasedimentary carapace of the northeastern Rincon Mountains. 

For this reason only, a general discussion of their metamorphism is 

pursued below. Most pelitic horizons appear to be quartz muscovite 

schists devoid of any obvious aluminosilicate porphyroblasts. Thin 

section examination of some of these rocks supports this observation. 

Frequently, biotite is present as an accessory mineral phase, and in 

one sample a small amount of primary chlorite was seen. These para

geneses are not particularly discriminating and, except for the 

quartz + muscovite + chlorite + calcite mineral assemblage, they are 

potentially compatible throughout most of the low and medium grade 

fields of Winkler (1976). 

Miles (1965) studied the metamorphic parageneses of pelitic and 

quartzofeldspathic rocks in the Lechequilla Peak area (southwestern 

portion of the study area). He concluded that metamorphism was pre

dominately of low, nearing medium grade (quartz-albite-epidote

almandine subfacies of Turner and Verhoogen, 1960). Despite detailed 

sampling, Miles found only rare almandine garnet as a supplement to 

the prevalent quartz + muscovite + biotite paragenesis. Plut (1968) 

reported the presence of staurolite porphyroblasts in a pelitic schist 

sample from the Driscoll Mountain area (2 km south of study area), 
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however, subsequent investigation (Trever, personal communication) has 

been unable to substantiate this observation. 

One of the pelitic schist samples examined showed a mineral 

assemblage of quartz + cordierite + biotite + andalusite (?) + 

calcite. The sample was taken from a position structurally low in the 

metasedimentary carapace and indicates the attainment of medium (lower 

amphibolite) grade (Winkler, 1976, p. 75-79). The presence of 

cordierite, particularly in association with andalusite, adds support 

to the presumption of low pressure conditions during metamorphism. At 

low pressures (1-3 kb), cordierite becomes stable at temperatures in 

excess of 450-550oC (Seifert and Schreyer, 1970). This temperature 

range is compatible with that determined for the calcsilicate rocks. 

Age of Metamorphism 

The age of metamorphism and synchronous ductile deformation is 

probably contained within the time interval 50-26 m.y.b.p. The intru

sion of the Wilderness suite leucogranites (Keith and other, 1980) are 

interpreted to record the inception of metamorphism. K-Ar dating of 

metaplutonic and metasedimentary rocks of the Rincon Mountains and of 

the adjacent Santa Catalina Mountains (Damon and others, 1963; Marvin 

and others, 1973, 1978) reveal ages which range from 46-24 m.y.b.p. 

They have been i~terpreted to reflect cooling ages; thermal cooling of 

the terrane from above 400°C to below 100°C caused the cessation of 

diffusive argon loss in first muscovite then biotite (Hedge, 1960; 

Damon, 1968). Evidently, a complex-wide cooling of the metamorphic 
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core terrane of the Catalina-Rincon Mountains took place in the Late 

Oligocene (Damon and others, 1963; Mauger and others, 1968). Dating 

by Marvin and others (1973) show that this is true for the metamorphic 

rocks of the northeastern Rincon Mountains as well. It appears that 

metamorphic conditions probably persisted throughout most of the 

50-26 m.y.b.p. time interval. Nonmetamorphosed andesite porphyry 

dikes crosscut metamorphic calc-silicate marbles; these dikes probably 

correlate with the 25-26 m.y.b.p. Turkey Track porphyry of the Mineta 

Ridge area (5 km north of study area, Damon, 1970). 



CHAPTER 4 

STRUCTURE 

The rocks of the northeastern Rincon Mountains have experienced 

deformation by folding and faulting. Rocks were deformed to varying 

degrees of intensity and in greatly contrasting temperature and pres

sure environments. The structural heterogeneity discloses a complex 

tectonic evolution. Deformation styles include the penetrative 

fabrics of delicately laminated marble tectonites and the non

penetrative fabrics of nearly incoherent, rubbly breccias. While the 

deformation of such contrasting elements involves polyphase defor

mation events, the geometric and kinematic analyses pursued herein 

reveal at least a thread of common origin for the explanation of the 

major structural geology of the northeastern Rincon Mountains. 

Despite the structural complexity, layering of bedding and 

foliation in nearly all units strikes predominately north and dips 

east. Moderate- to high-angle faults show a similar preference to 

strike north, but they usually dip west. This geometric condition 

contributes a general north-south structural and physiographic grain 

to the area. 

The major structural elements observable in the northeastern 

Rincon Mountains occur within four structural units or domains. The 
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domains consist of: (1) a metamorphic basement terrane characterized 

by plastic deformation and ductile faulting in marble tectonites; 

(2) an unmetamorphosed allochthonous terrane characterized by an upper 

plate overlying a low- to moderate-angle dislocation surface -- inter

nal deformation of the upper plate is dominated by brittle faulting; 

(3) a mid-Miocene (?) clastic basin characterized by east-dipping 

gravels and west-dipping faults; and (4) a Late Miocene and younger 

clastic basin characterized by flat-lying gravels and steeply east

dipping faults (Fig. 14). Spatially, the sharp, low- to moderate

dipping fault boundary (the San Pedro basal detachment fault of the 

eastern Rincon Mountains) underlies the allochthonous terrane (domain 

(2)) and separates it from the metamorphic basement terrane (domain 

(1)). Faulting associated with domains (3) and (4) has broken the 

metamorphic basement and the allochthon into predominately north

trending fault blocks. 

The four domains record four relatively distinct phases of defor

mation. Chronologically, the ductiley deformed tectonite fabrics of 

the metamorphic basement represent the earliest phase of deformation 

(Phase I). The basal detachment fault of the allochthon truncates the 

ductile structural elements of the metamorphic basement. This fault 

and associated faults within the allochthon were generated within a 

second phase of deformation (Phase II). Following these deformations, 

two phases of block faulting affected the area. An earlier phase of 

north-striking and moderately west-dipping listric (?) normal faulting 

(Phase III) was followed by a later phase of north- to northwest

striking and steeply east-dipping normal faulting (Phase IV). 
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a. Metamorphic basement b. Allochthonous terrane 
(domain 2) 

c. Mid·Miocene (? ) clastic basin d. Late Miocene clastic basin 

(domain 3) (domain 4) 

Figure 14. Major structural domains in the northeastern Rincon 
Mountains. 
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The effects of earlier deformations (pre-Phase I) are indirectly 

recorded in the northeastern Rincon Mountains. Thick deposits of 

coarse clastics and certain older-over-younger fault relationships may 

relate to pre-Phase I tectonism. Major structures defining this 

tectonism, however, do not occur within the study area. They probably 

occur marginal to the northeastern Rincon Mountains to the east. 

Nevertheless, their influence is considered to be important to the 

structural evolution. Pre-Phase I structures are discussed in the 

following chapter on tectonic evolution. 

Ductile Deformation of the Metamorphic Basement 

The metamorphic basement terrane constitutes the structural core 

of the northeastern Rincon Mountains. The terrane is formed by three 

lithotectonic units which are from structurally lowest to highest: 

(1) early to mid(?)-Tertiary two-mica leucocratic granites of the 

Wilderness suite, probably sill-like in form; (2) Precambrian cratonic 

basement, predominately 1.4 b.y. old granitic rock with subsidiary 

screens of pelitic-to-quartzite-to-mafic schists (Pinal Schist); and 

(3) platform stratigraphy of younger Precambrian and Paleozoic sedi

mentary rocks (Fig. 15). The cratonic basement and the overlying 

sedimentary rocks have been metamorphosed to as high as lower 

amphibolite grade, apparently during and following the intrusion of 

the leucocratic granites. Phase I ductile deformation is synmeta

morphic (locally syn-retrograde metamorphic) and has affected all rock 

units, although to strikingly variable degrees. In general, the 
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Figure 15. Diagramatic structure section displaying simplified 
structural relationships within the metamorphic basement and allochthon. 
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Precambrian basement rocks and the early to mid(?)-Tertiary granites 

are nearly undeformed, while the carbonate-rich metasedimentary rocks 

are profoundly tectoni zed. G. H. Davis (Davis and Coney, 1979; Davis, 

1980) has described this relationship in the context of a rigid base

ment terrane overlain by a thin, tabular carapace of metasedimentary 

tectonites. This descriptive conception is followed herein. Marbles, 

silicate-banded marbles, calc-silicate marbles, quartzites, calcareous 

schists, and pelitic schists are all present within the carapace. 

Although virtually all primary sedimentary structures, including 

formational contacts, have been destroyed and/or masked, the general 

lithologic stacking of rock types corresponds reasonably well with an 

upright, younger Precambrian through Paleozoic stratigraphy. Locally, 

isoclinal folding inverts the sequence. 

An east-dipping carapace foliation forms a penetrative planar 

fabric virtually throughout the carapace, while in the P~ecambrian 

basement rocks the development of a foliation is sporadic, usually 

weak, and penetrative only at localities immediately underlying the 

carapace rocks. The lineated and foliated mylonitic gneiss fabrics, 

so distinctive of the quartzofeldspathic metamorphic basement in the 

southern and western Rincon Mountains (Davis, 1975; 1977), are only 

locally developed in the northeastern Rincon Mountains. 

The most remarkable and visible intriguing structural features of 

the eastern Rincon Mountains are found in the marble tectonites of the 

carapace. Two structural elements of the marble tectonites are ubiqui

tous and most striking: (1) the intensity and delicacy of the 



78 

foliation and (2) the small scale folding frequently associated with 

the foliate marbles. Folding is of dominately similar style and the 

carapace foliations are usually parallel or sub-parallel to the axial 

surfaces. Most folds are asymmetric with the overturned limbs 

generally facing south- to southwestward. Locally, boudined layers, 

flattened pebbles, and ductile normal faults are also associated with 

the carapace marbles. 

Mesoscopic and megascopic folding occurs both within the carapace 

and at the contact between the carapace and the Precambrian basement. 

Isoclinal folding of the carapace-basement contact is dramatic and 

causes slender, antic,inal ridges of granitic rock to project into the 

metasedimentary carapace. 

Foliation (bedding) plane and low-angle ductile normal faults cut 

through the metasedimentary carapace. Most conspicuous among these is 

the basal contact of the carapace itself. Here ductile faulting has 

often removed lower portions of the carapace such that upper carapace 

marbles lie directly upon the Precambrian basement. 

In light of the structural complexities, the detailed configura

tion of the metasedimentary carapace is not uniformly tabular. Thus, 

it is notable that the vertical dimension of the carapace fluctuates 

along strike. Thickness varies by as much as an order of magnitude 

(from <100 m to approximately 1 km). Undulations in carapace thick

ness define two patterns: (1) a gradual tapering of the carapace from 

east to west, and (2) a mullion-like form to the contact between 

carapace and Precambrian basement. Elongation of the inferred 
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mullions appears to be generally east-west, but is poorly controlled. 

In spite of the thickness variations, the sum aspect of the metasedi

mentary carapace is, nevertheless, dominated by that of a thin, 

tabular layer overlying the crystalline basement. 

Geometric Description 

Carapace Foliation. The foliation in the carapace rocks defines the 

most prominent structural element of the metamorphic basement. The 

term "foliation" is applied in the context used by Turner and Weiss 

(1963, p. 97) and is understood to be a surface of metamorphic origin 

which need not mimic original bedding surfaces. The nature of the 

foliation varies with the lithology of the rock wihin which it occurs. 

In most instances, the foliation is formed by a thin to laminar com

positional layering which mayor may not be accentuated by the 

preferred orientation of metamorphic minerals (see Fig. 5). This is 

especially true for the marble tectonites, in which strong foliations 

are usually well-developed. Color and lithologic and/or silica 

banding serve to highlight foliation. In quartzites, the foliation is 

usually poorly developed and jointing frequently masks the foliation 

even further. 

schistosity. 

Pelitic horizons, where seen, are characterized by a 

Outcrops of metasedimentary carapace usually display 

uniform attitudes and distinctly planar fabrics. Rarely, a northeast

trending streaking lineation (granular mineral trains) may be present 

lying within the foliation planes of some marbles. 
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The present attitude of the foliation in carapace rocks shows a 

rather strong preferred orientation of due north strike and 30-40° 

eastward dip (Fig. 16). This consistent, east-dipping attitude of 

foliation imparts a profound homoclinal layering to the terrain. 

Regions of carapace metasedimentary rocks are typically exposed in 

north-trending ridges flanked by east-facing dip slopes and west

facing ledge slopes. Variations of the predominate attitude occur and 

are due both to local flexures in the homocline and a large scale 

upright anti formal arch which bisects the central map area along an 

east-west trend. Inspection of poles to foliation in Figure 16 shows 

a spread of points which at least poorly conform to a great circle 

pattern. The range of foliation attitudes describe a quasicylindrical 

fold axis oriented 40-50°, N. 90° E. Scatter of the poles to folia

tion in Figure 16, particularly the east-west spread of points, is 

probably due to subsequent rotational block faulting (Phase III). 

The east-west trending, east-plunging antiform may be a continua

tion of the Tanque Verde antiform (Pashley, 1966; Davis, 1975; Drewes, 

1977), a N. 60° E. trending, doubly plunging foliation arch in the 

mylonitic gneisses of the western Rincon Mountains. The antiform in 

the northeastern Rincon Mountains displays a trend that is nearly due 

east and a plunge that is variably 20-40° eastward. While it is best 

outlined by means of the map trace of the basal detachment fault 

(Fig. 17), its presence can be seen in foliation attitudes as well. 

Followed up-plunge, both folds point toward and presumably joint up at 

Mica Mountain, the highest point in the Rincon Mountains. 
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Figure 16. Lower-hemisphere equal-area projection showing 
poles to foliation in carapace rocks -- Contours, 1%-2.5%-5%-7.5%-10%, 
per 1% area. 
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The antiform in the northeastern Rincon Mountains shows a quarter 

wavelength on the order of 5-6 km and an amplitude (from a restored, 

downstructure viewpoint) on the order of 2-3 km. The interlimb angle 

is approximately 110-120°. The resultant amplitude to wavelength 

ratio (A/W-.17) is similar to that for the Tanque Verde antiform 

(A/W~.10-.13) and other foliation arches in the Rincon Mountains. The 

curvature of the arch is therefore very gentle. 

Crystalline Basement. Precambrian crystalline basement underlying the 

metasedimentary carapace is typically massive to weakly foliated. 

Exclusive of regions marginal to the carapace, the fabric in the 

Precambrian basement appears fundamentally igneous (i.e. essentially 

primary) in origin. No systematic preferred orientation was recog

nized for foliations within the Precambrian basement. Similarly, the 

fabrics contained in the Eocene Wilderness suite leucogranites 

typically are massive and of primary igneous origin. The intense 

metamorphic foliation associated with the Phase I ductile deformation 

of the carapace is virtually, but not completely absent from these 

rocks in the northeastern Rincon Mountains. Immediately beneath the 

carapace contact, the Precambrian granitic rocks show a cataclastic 

and/or gneissic foliation; this foliation dies out rapidly into the 

crystalline basement. This gneissic zone is rarely greater than 50 m 

thick and can be as thin as a few meters. Locally, isolated slivers 

of carapace marbles may be included in these zones (e.g. T.14 S., 

R.19 E., Sec. 5, Fig. 3). 



Where Precambrian Pinal Schist underlies the carapace, precise 

distinction of the carapace-basement contact is blurred. There are 

three major reasons for this. First, the typically steep foliation 

attitudes of the Pinal Schist have been destroyed or rotated to the 

gentler attitudes concordant to the foliation in the carapace. 
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Second, the nature of the foliation and the general lithology of the 

Pinal Schist is very similar to portions of the basal quartzite layer 

of the carapace. Lastly, foliated amphibolites (presumably metamor

phosed Precambrian diabase and/or mafic units of the Pinal Schist) 

appear as a lacework within both the Pinal Schist and the basal 

quartzite layer. In many places where the Pinal Schist underlies the 

carapace, its intrusive contact with the Precambrian granitic rocks is 

preserved, but just a few tens of meters structurally higher all 

pre-Tertiary features are obliterated by Phase I ductile deformation. 

Folding. The most elegant and visibly spectacular features of the 

northeastern Rincon Mountains are the abundant similar-style 

(dominately passive flow) folds of the carapace metasedimentary rocks. 

In addition, tight isoclinal folds are sometimes developed at the 

carapace-Precambrian basement contact. Folding occurs as both small 

and large scale structures within the carapace. Small-scale folding 

is defined herein by wavelengths generally less than 1 m. Mesoscopic 

folding is defined by wavelengths between 1-30 m. Finally, large 

scale (macroscopic) folding is defined by wavelengths greater than 

30 m. Small-scale and mesoscopic folds were observed, generally in 

theie entirety, within the bounds of individual outcrops. Recognition 
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of large-scale folds necessitated mapping of lithologic contacts. 

Folds both within the carapace and at its basal contact are asymmetric 

and moderate to gently inclined. The direction of overturning is 

predominately to the southwest, although individual folds show a range 

of trends from west-northwest to east-southeast. Although some 

irregular and polyclinal fold forms are present, significant refolding 

(i.e. excluding simple antiformal arching and local drag folding) is 

not evident. Flexural folding of the carapace foliation, both gentle 

warping and the drag folding associated with faulting, is not included 

in the description of folding here. 

The small-scale and mesoscopic folds in the metasedimentary 

carapace constitute a penetrative structural element of the metamor

phic basement. One hundred thirty-four of these folds were measured 

in order to investigate dimensional preferred orientation of axes, 

axial surface, and asymmetries. Also recorded were the locality, 

rock-type, and general description of the fold being measured. Down

plunge photographs were taken at six outcrops to aid in classification 

of the layer characteristics of the folds in profile. The localities 

of individual fold measurements are spread throughout the exposed area 

of carapace in the study area; each measurement constitutes a separate 

locality. 

The method of fold analysis pursued herein is similar to the 

approach designed by Hansen (1971). The object is to quantitatively 

describe, at least in a general way, the geometric form of folding in 

the carapace. This is presented in Table 5, an amalgam of fold 



Table 5. Characteristics of small scale folds in the carapace. 

1. Surface profile 

2. Layer profile 

3. Fold height to width 
(H/W) 

4. Fold depth to width 
(O/W) 

5. Asymmetry 

Type A 

sharp hinge closures and straight 
limbs; interlimb angles are 
close to isoclinal 

similar style folding, Class 2 
of Ramsay (1967); see Fig. 18a 

1-4 (extremely attenuated folds 
reach values >10) 

>10 

normal asymmetric folds; axial 
surfaces are sub-parallel to 
carapace foliation 

Type B 

moderate to sharp hinge closures 
and straight to slightly curved 
limbs; interlimb angles are 
close to isoclinal 

sub-similar style folding, 
Class IC approaching Class 2 to 
irregular of Ramsay (1967); 
see Fig. 18b 

1-2 

1.5-8 

normal asymmetric folds; axial 
surfaces are sub-parallel to 
carapace foliation 
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measurements and descriptions from the classification schemes of 

Hansen (1971, p. 8-26), Ramsay (1967, p. 345-372), and Fleuty (1964). 

Two fold types are recognized and loosely represent end members which 

bracket the range of fold forms observed. Type A folds are generally 

depicted by laminated or passive, multiple layered marbles which 

attain nearly ideal similar fold forms (Fig. 18a, 19a); type B folds 

are generally depicted by thin (1-6 cm thick), single siliceous layers 

bounded top and bottom by marble, and which describe irregular, sub

similar (Ramsay's class Ie approaching class 2) fold forms (Fig. 18b, 

19b). Both type A and type B folds are intrafolial with respect to 

the carapace foliation. 

Virtually all small and mesoscopic folds are located in marble

predominant units of the carapace. Small-scale folds are usually 

distinctive because of color bands, thin pelitic or sandy layers, 

and/or thin silica layers in carapace marbles. Mesoscopic folds are 

usually defined by 0.25-2 m thick heterogeneous layered sequences. 

Folds are abundant in the marble unit, interbedded marble and calc

silicate unit, and upper calc-silicate unit. Locally, folds are 

abundant in the lower calc-silicate unit. The quartzites and schists 

of the basal quartzite unit are typically devoid of small and meso

scopic folds. The geometric forms and the range of fold types 

observed in the northeastern Rincon Mountains are essentially iden

tical to those described to the southwest in northern Happy Valley 

(Bear Creek area) by Davis (1975) and Frost (1977). 
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Figure 18. Layer profiles of small folds in carapace rocks; 
plots of ta for selected fold layers of (a) type A and (b) type B 
classification. 
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a. 

b. 

Figure 19. Fold forms in carapace marbles: (a) type A, and 
(b) type B. 
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Attitudes of axes and axial surfaces of small and mesoscopic 

folds are plotted in Figure 20. Fold axes in carapace marbles show a 

general concentration about an orientation of 25°, s. 75° E., with a 

secondary spread which appears to crudely conform to a planar pre

ferred orientation. The best-fitting planar attitude about which a 

majority of fold axes are spread strikes approximately N. and dips 

approximately 32° E. This attitude is generally parallel to the 

average attitude of carapace foliation in the northeastern Rincon 

Mountains. Poles to axial surfaces are concentrated in the southwest 

quadrant (Fig. 20b). A maxima occurs about a planar orientation of 

N. 35° W., 36° NE. Comparison of the carapace foliations and the 

axial surfaces of small and mesoscopic folds shows that the two are 

approximately parallel (Fig. 21). The contour outlining the poles to 

axial surfaces is situated further south and slightly west relative to 

the region containing poles to carapace foliation. Thus, it appears 

that the carapace foliation approaches an axial planar foliation. 

Fold asymmetries maintain a fairly strong preferred orientation 

in the carapace marbles. Utilizing the standard convention of viewing 

small folds down-plunge, asymmetric folds are classified either as 

$-folds (sinistral asymmetry) or Z-folds (dextral asymmetry). Folds 

without asymmetry are M-folds. Fold axes and their asymmetries are 

plotted in Figure 22. Two fields or domains are recognized: a north

western domain of $-folds and a southeastern domain of Z-folds. A 

region of overlap exists over 75° of arc centered about a trend of 

N. 32° E. 



a. 

b. 
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134 pts 

Figure 20. Lower-hemisphere equal-area projections of small
scale and mesoscopic fold elements: (a) fold axes and (b) poles to 
axial surfaces -- Contours, 1%-2.5%-5%-7.5%-10%, per 1% area. 
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Comparison of preferred attitudes: 
carapace foliations and axial 
surfaces 
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Figure 21. Comparison of preferred attitudes: carapace 
foliations and axial surfaces. 
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Figure 22. Lower-hemisphere equal-area projection showing fold 
axes and asymmetries in carapace marbles. 
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Large-scale folding in the carapace is sympathetic in general 

form and orientation to the small and mesoscopic folds discussed 

above. Recognition of macroscopic fold structure is made difficult by 

the monotony of lithologic layering and similarity of different marble 

units at outcrop scale. Nevertheless, four macroscopic (map scale) 

folds were noted in the northeastern Rincon Mountains and the presence 

of several others was inferred on the basis of repetitions of key 

units or lithologic sequences. 

A nearly isoclinal, recumbent anticline located south-southeast 

of "Pyramid Peak" provides the best example of large-scale folding 

(Fig. 23; T.14 S., R.19 E., Sec. 26, Fig. 3). A contact zone between 

lighter-colored, more pelitic marbles and overlying darker-colored, 

relatively pure marbles (probably near the formational boundary 

between the Martin Formation and the Escabrosa Formation) defines the 

upper limb, hinge area, and possibly a small portion of the lower limb 

of the fold. Layering at outcrop scale is consistently parallel to 

the foliation. Thus, while the contact between these two rock types 

can be traced about the hinge, the outcrop expression maintains a 

uniform planar attitude of layering. Figure 24 illustrates this 

effect. The fold axis appears to trend north-northeast and plunge 

gently to the northeast. The axial surface is considered to be 

parallel to the carapace foliation, i.e., approximately N., 35° E. 

Overturning is to the west-northwest. Asymmetries of small-scale 

folds observed on the limbs of the large fold are sympathetic; reverse 

asymmetry parasitic folding was not noted. 
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Figure 23. Panorama showing recumbent anticline in units of 
the metasedimentary carapace -- View is towards east-northeast. The 
fold axis trends and plunges north-northeast; the axial surface 
(= carapace foliation) strikes north and dips east. 
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I~ 

b. 
a. 

Figure 24. Relationship of transposition on small-scale 
layering __ Primary layering, S1' is recognizable in large scale (a), 

but becomes imperceptable from transposition foliation, S2' at small 
scale (b) (adapted from Turner and Weiss, 1963). 
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One of the most remarkable features of the metamorphic basement 

is the tightly, isoclinally folded character developed locally along 

portions of the carapace-Precambrian contact. While along most of its 

trace the basal contact of the carapace is planar or gently curvi

planar, it can locally be involved in complicated fold forms. The 

folds which deform the contact between carapace and Precambrian base

ment are typically overturned, with axial surfaces parallel to 

carapace foliation. Sense of overturning is predominately to the 

southwest, although it may range from southerly to northwesterly. 

Conspicuous folding of the carapace-Precambrian basement contact 

was observed in three localities: the Guilla Peak, northeastern Paige 

Canyon, and Barney Ranch areas (T.14 S., R.19 E., Secs. 5, 3, 19, Fig. 

3). The isoclinal folding in the vicinity of Guilla Peak provides the 

best example. At this locality, the Precambrian basement projects 

into the carapace as the cores of northeast-dipping isoclines. Over

turned lower limbs of the isoclines are defined by inverted carapace

Precambrian basement contacts. Amplitude to wavelength ratios are 

large (2<A/W<10). Some isoclines appear rootless and, as such, may 

indicate the incorporation of tectonic slices of Precambrian basement 

rocks into the carapace. In the vicinity of northeastern Paige 

Canyon, the core zone of an (anticlinal) isocline is manifest by a 

2-6 m thick layer of Precambrian basement (Continental granodiorite) 

bounded top and bottom by rocks of the metasedimentary carapace. 

Remarkably, this core zone continues along strike for nearly a 

kilometer maintaining its slender thickness. 
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Minor Structures. In addition to the small-scale folds, other minor 

structures are also prevalent in outcrops of the metasedimentary 

carapace (Fig. 25). Prominent among the minor structures is boudinage 

(Fig. 25 a-d). Quartzose and calc-silicate layers contained in marble 

commonly reveal pinch-and-swell structure, boudinage, and "rotated" 

boudinage. Many times along strike boudined layers will pass into 

small folds. Isolated boudins of quartzite immerged in marble are 

common. Formation of angular, rotated boudins has occurred on 

southwest-dipping fractures with apparent displacement of hanging wall 

fragments down to the southwest (Fig. 25a). In one remarkable 

exposure (Fig. 25b), closely spaced, west-dipping fractures which 

segment a boudin have in turn accomodated further vertical flattening 

through flexural folding. 

Stretched quartzite cobbles and pebbles occur in two conglomerate 

horizons of the metasedimentary carapace. In the basal quartzite 

layer, deformed Precambrian Barnes Conglomerate of the Apache Group, 

and in the upper calc-silicate layer, deformed "jelly bean" con

glomerate of the Pennsylvanian-Permian Earp Formation have been 

converted to stretched pebble conglomerates (Fig. 25e, f). Clast 

shapes tend to approximate flattened ellipsoids, with the sense of 

flattening parallel to carapace foliation. When a direction of 

elongation is apparent, it is most commonly oriented northeast

southwest. 



a. 

b. 

Figure 25. Minor structures of the carapace -- See text for 
discussion. 
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c. 

d. 

Figure 25. Continued 
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e. 

Figure 25. Continued 



101 

f. 

Figure 25. Continued 

Figure 26. Ductile normal fault of small displacement in the 
metasedimentary carapace. 
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Ductile Faulting. Foliation (bedding) plane and low-angle ductile 

normal faults are important structural elements of the metasedimentary 

carapace. Ductile faulting, parallel to and oblique to carapace 

foliation, is inferred on the basis of missing (faulted out) units in 

the "carapace stratigraphy". In addition, several ductile normal 

faults of small displacement were observed in outcrop (Fig. 26). 

Faulting typically cuts at low-angle to or parallel to the carapace 

foliation; faulting at high angles is infrequent. The faults con

sidered here are synmetamorphic ductile faults. Low-, moderate-, and 

high-angle faults which cut carapace foliation, but are defined by 

clean fractures, brecciation of hanging and/or footwall blocks, and 

development of gouged or slickensided surfaces relate to younger 

(post-Phase I) deformations. The ductile faults, in contrast, show no 

fracture surface and only rarely show brecciation. Davis (1980) has 

referred to contacts such as these as "welded ll or IIplated" fault 

contacts, the purpose of this terminology being to emphasize the 

dominance of ductile deformation above and below the plane of slip. 

Eight ductile normal faults of small displacement were observed 

in outcrop exposures of the metasedimentary carapace. These surfaces 

exhibited moderate to gentle dips to the west, southwest, south, and 

southeast. Striations were noted for seven of these faults, six of 

which clustered within south to soutwest trends. 

Lithologic contacts bounding the carapace units of the meta

morphic basement were frequently mapped as low-angle (ductile) fault 

surfaces (Fig. 3). This reflects the tendency of these contacts to 
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sometimes cut out carapace units lower in the sequence. Included 

among these is the metasedimentary carapace-Precambrian basement 

contact. Along its trace, this contact variably emplaces Precambrian 

Barnes Conglomerate of the Apache Group through marbles probably 

equivalent to lower portions of the Pennsylvanian Horquilla Formation. 

Clastic-predominant lithologies tend to be more commonly faulted out 

than carbonate-predominant lithologies. For example, the basal 

quartzite layer is frequently missing from the carapace, while the 

nearly pure marble layer is essentially continuous along strike and is 

nowhere seen to be faulted out of the carapace. The resultant 

pattern, shown on the geologic map (Fig. 3), resembles boudinage or 

pinch-and-swell structure. 

Kinematic Analysis 

Geometric and kinematic analysis of carapace foliation, folding, 

ductile faulting, and associated minor structures allow deduction of 

the strain and movement picture for the Phase I ductile deformation. 

Two processes are dominant: (1) a moderate to intense flattening 

essentially perpendicular to stratigraphic layering and (2) layer

parallel ductile flow. Evidence of flattening is observable in the 

intense foliation within which are found boudined layers, flattened 

pebbles, and ductile normal faults. Evidence of ductile flow is 

manifest through asymmetric folding about axial surfaces sub-parallel 

to foliation. 
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The foliation in the carapace is a transposition foliation. It 

is important to understand the kinematic significance of this, since 

transportation causes either the rotation or destruction of primary 

stratigraphic layering such that it becomes parallel to the axial 

surfaces of folds (Turner and Weiss, 1963, p. 92-95; Hobbs and others, 

1976, p. 252-263). While much of the lithologic layering observed in 

the metasedimentary rocks is probably related to the primary strati

graphic layering, the occurrence of small asymmetric folds whose axial 

surfaces are virtually parallel to the foliation serves as a first 

clue that the layering is transposed. Confident interpretation of 

transposition generally requires the recognition of lithologic 

horizons (bedding) where they cut across the foliation in the hinge 

area of a fold. Relationships such as this have been observed at both 

outcrop and map scale in the northeastern Rincon Mountains (Figs. 27 

and 23). 

Hobbs and others (1976) have emphasized: 

lilt is this development of a new orientation of bedding in such a 
way that bedding, as seen in small outcrops, no longer provides 
information concerning stratigraphy or gross distribution of 
stratigraphic horizons that is the essence of transportation of 
bedding. II 

In addition, virtually all primary sedimentary structures have been 

obliterated in the meta-Paleozoic rocks. Thus, any attempts to map 

pre-metamorphic Paleozoic stratigraphy using traditional southeastern 

Arizona nomenclature would be at best a difficult and uncertain task 

and at worst a misleading ~nd contradictory one. It is for this 



Figure 27. Outcrop exposure displaying transposition of 
bedding. 

105 



reason that the metasedimentary rocks of the carapace were mapped 

according to the five lithotype units described previously. The 

lithotypes and the "carapace stratigraphyll they define, reveal, and 

indeed correlate with the Paleozoic stratigraphy of southeastern 

Arizona (albeit as deformed equivalents, Table 2). The "carapace 

stratigraphyll, however, contains attenuated thicknesses, isoclinal 

folds, and foliation plane and low-angle ductile normal faults. 

An important effect of transposition on carapace structures 

appears to have been the removal of the lower limbs of most large

scale folds. Detailed (1:100) mapping by Frost (1977, Fig. 11, 
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Pls. 1, 2) beautifully illustrates this type of relationship for folds 

in metamorphosed lower Paleozoic rocks in northern Happy Valley (Bear 

Creek area). Frost found that ductile faults (i.e., surfaces of 

transposition) sheared out lower limbs of recumbently folded layers, 

repetitively stacking one atop the next. Similar relationships were 

observed in the northeastern Rincon Mountains. Transposition of lower 

fold limbs may explain the virtual absence of reverse asymmetry 

parasitic folds. Figure 28 shows the profile trace of large-scale and 

small-scale recumbent folding of a surface. In the upper diagram, the 

conventional relationship of parasitic folding is displayed; small

scale folding is sympathetic on upright limbs and antipathetic on 

inverted limbs. In the lower diagram, the inverted limbs have been 

transposed. Therefore, antipathetic (i.e. reverse asymmetry) small 

scale folding is absent. This is a general fold geometry very similar 

to some of the descriptions of the Alpine fault nappes (Heim, 1919), 
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Figure 28. Fold profile showing relationships of asymmetric 
minor folds on major fold limbs -- Upper diagram Ca) shows the 
development of reverse asymmetry minor folds on the overturned limbs 
of the major folds; lower diagram Cb) shows an absence of reverse 
asymmetry minor folds due to shearing out of the overturned limbs of 
the major folds. 
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although in this case nature is simultaneously thinning the strata 

through ductile faulting and flow. 

Analysis of the small and mesoscopic folds allow for a more 

complete understanding of the strain in the carapace. Hansen (1971) 

has described in detail the geometric characteristics and observed 

preferred orientations of small folds in a variety of environments 

ranging from a tundra landslide to high-grade metamorphic gneisses. 

In most cases, the distribution of fold axes, domains of fold asym

metry, relationship to foliation (slip) planes, and other features 

form predictable patterns from which the kinematic axes, in particular 

the slip line, can be deduced. Application of the Hansen method of 

fold analysis has been used previously in localities in and about the 

Rincon Mountains (Liming, 1974; Schloederer, 1974; Davis, 1975; Frost, 

1977) usually giving consistent results within the domain of observa

tion. 

Folding in the metasedimentary carapace is characterized by 

passive-slip and pe.ssive-flow folding (type A) and flexural-flow 

folding of more viscous layers (type 8)1. For passive-slip folding, 

the axial surface defines the plane of slip. The fold axes lie in the 

lwhat is considered here are the mechanistic fold types as described 
by Donath and Parker (1964). Passive-slip folds show thickening in 
the hinges and thinning in the limbs which describe a similar layer 
profile. Flexural-flow folds show less thickening in the hinges and 
thinning in the limbs which generate a sub-similar layer profile. As 
a mechanism of folding, flexural-flow is qualitatively evaluated as 
being less ductile than passive-slip and more ductile than flexural
slip folding. 
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axial surface, but may be perpendicular, parallel, or intermediate to 

the slip line (Whitten, 1966, p. 133-136; Ramsay, 1967, p. 423-426). 

Typically, these fold axes will distribute in a range of orientations 

contained within the average attitude of the axial surface (McTaggert, 

1960; Hansen, 1971, p. 43). In the sahlfolds of Hansen (1971, p. 95), 

the folds of salt domes (Balk, 1949), and the folds in lineated, 

mylonitic terranes (Johnson, 1967; Dalziel and Bai~ey, 1968; G. A. 

Davis and others, 1980), slip-fold axes may preferentially align 

parallel to the slip line. Groupings of fold asymmetry, domains of S

and Z-folds, should constrin the trend and direction of slip (Hansen, 

1971). For flexural-flow folding, movement is generally along planes 

sub-parallel to layering and along linear paths perpendicular to fold 

axes. For tight and isoclinal folds the axial surface will approach 

an attitude parallel to the slip plane. The mean slip line, in layers 

containing tight flexural-flow folds, should lie within the modal 

axial surface and be oriented perpendicular to the axis (Davis, 1975). 

Given a horizontal slip plane, the pole to the axial surface will have 

a trend parallel to the slip line, and a plunge in the direction of 

slip. 

The folds of the metasedimentary carapace are a mixture of slip

folds and flexural-flow folds. Taken together, their kinematic 

analysis nevertheless reveals a harmonic, consistent picture. The 

plot of fold axes and their asymmetries in Figure 22 reveals a slip 

line trending N. 32° E.-S. 32° W. based on the separation angle method 

of Hansen (1971). The slip line trend serves to divide regions of 
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opposite fold asymmetry. The slip line orientation thus obtained is 

approximately perpendicular to the point maximum of fold axes (Fig. 

20). The fold axes are distributed about a planar preferred orien

tation interpreted to correspond to the slip plane. This slip plane 

is approximately parallel to the transposition foliation and sub

parallel to the average orientation of axial surfaces. Asymmetry of 

the folding indicates movement was directed to the southwest. The 

overlap of axial orientations of opposite asymmetry probably indicates 

that the trend of the slip line varied from southward to west

southwestward over the time of ductile deformation (Hansen, 1971, 

p. 51). Similarly, the relationship of poles to axial surfaces and 

poles to carapace foliations is indicative of southwest vergence 

(Fig. 21). The present linear attitude of the mean slip line is 19°, 

N. 32° E. with slip directed up-plunge. 

Early interpretation of fold analysis around the base of the 

Rincon Mountains (Davis, 1975) suggested that the differences between 

fold patterns of various domains indicated a radial suite of slip line 

orientations with movement directed outward and down present topo

graphic gradients. Recognition of variations in the style, structural 

position, and timing (?) of a given folding domain has led Davis 

(1981) to reinterpret this data and to abandon the hypothesis of 

radially outward directed slip lines. Within metamorphic basement 

terranes of the Rincon Mountains (i.e. areas structurally beneath the 

San Pedro basal detachment fault and/or the Catalina detachment 
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fault), folding in carapace metasedimentary rocks conforms to a south

west directed slip line. In the eastern Rincon Mountains a southwest

directed slip line is ~ the present topographic gradient. The fold 

analysis here is consistent with this reinterpretation. 

Consideration of the complete set of structural elements extant 

in the metasedimentary carapace allows conclusions to be drawn as to 

the general nature of strain and movement history. The carapace is 

interpreted to define a zone within which simple shear flow has 

occurred. The presence of simple shear strain is deduced from the 

transposition foliation and the kinematic analysis of folding. The 

internal movement plan was that of southwestward displacement of upper 

layers with respect to lower layers. The sense of this shearing is 

shown in Figure 29 for a horizontal slip plane. Ramsay (1967, 

p. 115-120; 1980) has defined three zones in a progressively deforming 

strain ellipse, each of which is characterized by certain types of 

distortion. Horizontal layering (parallel to the slip plane) would be 

undistorted, southwest-dipping layers would be folded (Zone 3), and 

northeast-dipping layers would be boudined (Zone 1b). Thus for simple 

shear generally parallel to layering, deviations from parallelism 

would give rise to folding and/or boudinage. Both structures are 

prominent in the northeastern Rincon Mountains. In addition to 

boudinage, ductile normal faulting is an equally compatible reaction 

for layers oriented in Zone lb. 

Coupled with the simple shear or superimposed over it, there is a 

component of pure shear strain of vertical shortening perpendicular 
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Figure 29. Progressive strain in simple shear -- Nature of 
deformation is dependent on orientation of layers: (a) southwest
dipping layers fold or thicken, (b) northeast-dipping layers segment 
(boudin) or thin by necking, and (c) steeply southwest-dipping layers 
initially fold and subsequently boudin. (adapted from Ramsay, 1967, 
1980) 
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to foliation. This is most clearly evident in the flattened shapes of 

pebbles and cobbles of the metaconglomerates. Flattening is also con

spicuous by the attenuated thickness of the metasedimentary carapace 

relative to its undeformed protolith. The flexural-flow folding about 

axial surfaces sub-parallel to foliation, boudinage, and ductile 

normal faulting are also compatible with a flattening strain perpen

dicular to foliation. The streaking lineation in some marbles and the 

elongation of some pebbles may depict an attendant, pure shear (?) 

extension. The dominant northeast-southwest trend of these features 

is approximately parallel to the slip line trend of the simple shear. 

Ramsay (1967, p. 427-428) has noted that for most naturally produced 

similar folds the homogeneous (pure shear) strain component is usually 

oriented such that the maximum superimposed compressive strain is 

perpendicular to the ab (slip) plane and the maximum superimposed 

extensive strain is parallel to the slip line direction. This general 

condition of strain seems to apply for the rocks of the carapace. 

The metasedimentary carapace lies on a Precambrian basement that 

has remained effectively undeformed. The top of the carapace is no 

longer exposed as up structural section the carapace is invariable 

truncated by the subsequent San Pedro fault. However, it is reason

able to assume that the upper limit of ductile deformation was likely 

contained by the limits of metamorphism. Deformation and upper green

schist grade metamorphism reached at least as high as the 

Pennsylvanian-Permian Earp Formation; in an exposure in Buehman 

Canyon, 12 km north of the study area, correlative (?) ductile 



deformation has affected cobble conglomerates believed to be Glance 

Conglomerate of the Cretaceous Bisbee Group. 
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The metasedimentary carapace is interpreted to have acted as a 

decollement zone. The strain and movement picture is considered to be 

very similar the the theoretical constructions of Kehle (1970); a 

rigid, non-deforming basement terrane passes upward into a decollement 

zone of less viscous, deforming rocks. While the base of the decol

lement zone is considered to be coincident, more or less, with the 

basal contact of the metasedimentary carapace, the lower bound of the 

decollement zone locally extends below this surface and may incor

porate slivers of basement into the carapace. It should be noted that 

the usage of the term "decollement zone II in this study is somewhat 

different from the usage as applied by Davis (1980). Davis uses 

IIdecollement zone" to describe a crudely tabular zone of crushed and 

granulated rocks underlying the major fault surface (decollement) 

which typically separates tectonitic rocks of the metamorphic core 

from unmetamorphosed rocks of the cover terrane in southern Arizona 

metamorphic core complexes. 

The upper plate rocks which must have overlain the decollement 

zone have been greatly modified by subsequent deformation. The upper 

plate associated with the Phase I ductile deformation is probably 

related to, but cannot be simply equated to, the unmetamorphosed 

allochthonous terrane. The San Pedro basal detachment fault which 

underlies the allochthon post-dates the ductile flow recorded in the 
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carapace rocks and overprints the carapace with a brittle brecciation 

fabric. While portions of the unmetamorphosed allochthonous terrane 

may have served as upper plate rocks above the decollement zones 

(e.g., Bisbee Group rocks), the structural geology and position of the 

allochthon as it exists presently, is considered to be more the result 

of deformation subsequent to the ductile deformation of the metamor

phic basement. 

Age of Deformation 

Precise time limits defining the age of the Phase I ductile 

deformation are difficult to administer. Recognition of metamorphosed 

and tectoni zed rocks derived from protoliths of Permian age in the 

northeastern Rincon Mountains clearly define the deformation as post

Paleozoic. Approximately 12 km to the north in the Redington Pass 

area, protoliths of probable Early Cretaceous age (deformed Glance 

Conglomerate of the Bisbee Group) occur in the metamorphic basement. 

These exposures place a post-Eariy Cretaceous lower limit for the 

Phase I deformation. Turkey Track andesite porphyry, andesitic, 

dioritic, and pegmatitic dikes intrude the metamorphic basement and 

truncate structural fabrics present therein (Fig. 30). The dikes 

reveal primary igneous fabrics and parageneses. Dating of the Turkey 

Track porphyry (-26-27 m.y.b.p.) in the Mineta Ridge area and dating 

of andesitic-dioritic dikes (-25 m.y.b.p.) and pegmatitic dikes 

(-24-25 m.y.b.p.) in northern Happy Valley by Damon (1970; personal 

communication) suggest that the Phase I deformation is pre-25-26 m.y. 
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a. 

Figure 30. Post-kinematic dikes: (a) basaltic andesite dike, 
probably approximately 25 m.y. old, and (b) pegmatitic dike, probably 
24-26 m.y. old. 
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b. 

Figure 30. Continued 
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old. The Barney Ranch quartz monzonite dated at 28 m.y.b.p. (K-Ar, 

bi) and 34 m.y.b.p. (K-Ar, musc) by Drewes (1974; Thorman and Drewes, 

1978) crosscuts and deforms the carapace-Precambrian basement contact 

about an approximately 1 km2 exposure (T.14 S., R.19 E., Secs. 17, 18, 

Fig. 3). The basal carapace contact and transposition foliation at 

this locality must pre-date the emplacement of the Barney Ranch quartz 

monzonite. Marbles structurally higher in the carapace are not cross

cut and mayor may not predate its emplacement. 

The Phase I ductile deformation occurred within the time range of 

the Late Cretaceous through Oligocene and probably can be restricted 

to within a time range of Eocene through Oligocene (i.e., latest

Laramide and mid-Tertiary). The Wilderness suite leucogranites of the 

northeastern Rincon Mountains are believed to underlie most of the 

exposed metamorphic basement as a sill-like intrusive body. These 

rocks appear to be the logical heat source for the metamorphism, and 

would therefore limit its inception to 50-44 m.y.b.p. 

Summary 

The strain and movement picture recorded by the Phase I ductile 

deformation in the metamorphic basement can be summarized as follows: 

a tectonitic metasedimentary carapace defines a decollement zone 

displaying southwest vergent simple shear. This carapace has been 

attenuated (thinned dramatically by strains >100% at some localities) 

significantly during ductile deformation. Folding in the carapace is 

considered to be an effect of favorable layer orientation and/or 
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perturbations in ductile flow caused by local viscosity (lithologic) 

contrasts during the Phase I deformation. As such, the folding is 

contemporaneous and sympathetic to the general strain observed in the 

carapace (i.e., vertical thinning and southwest directed simple shear). 

Regions below the decollement zone are relatively undeformed. Regions 

above the decollement zone have presumably been carried passively 

and/or accomodated deformation by different (more brittle) means. 

Motion accomodated within the decollement zone is denudational and 

probably associated with low-angle normal faulting. It is significant 

that while the exposures of Precambrian granitic rocks and Wilderness 

suite rocks in the northeastern Rincon Mountains are undeformed --

they are insulated from the deformation as they lie structurally below 

the tectonitic carapace which takes up virtually all the strain 

recorded in the metamorphic basement -- in the western Rincon 

Mountains these rocks have been converted to mylonitic tectonites. 

The strain and movement picture deduced for these crystalline rocks is 

similar to and may be coeval with that recognized in the metasedi

mentary carapace of the northeastern Rincon Mountains. Deformation 

occurred between 50 and 26 m.y.b.p., probably in the Oligocene. 

Brittle Deformation of the Allochthon 

Overlying the metamorphic basement is an unmetamorphosed alloch

thonous terrane. A sharp, gently curviplanar southeast-, east-, and 

northeast-dipping surface separates the two terranes and constitutes 

perhaps the most fundamental architectural element of the structural 
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geology of the northeastern Rincon Mountains (Fig. 31). This fault 

surface was first recognized as a major structure by Drewes (1973; 

1974; 1980), who mapped it in the Happy Valley and southeast Redington 

15 1 quadrangles as the Santa Cruz thrust fault. 

The internal structure of the allochthon, while often complex and 

sometimes chaotic in detail, de~cribes a coherent pattern in its 

general form (Fig. 15). Ignoring the local complexities, the internal 

structure of the allochthon constitutes an imbricate shingling of 

fault blocks. West- to southwest-dipping normal faults bound the 

eastern margins of clockwise rotated (view towards north) fault 

blocks. Exposures of the faults are fragmentary and obscured by two 

subsequent generations of block faulting (Phases III and IV). The 

geologic map pattern of stratigraphic repetitions, however, is clearly 

evident (Fig. 3). The deformation is fundamentally brittle and is 

characterized almost exclusively by fault plane displacements. 

It ;s a major conclusions of this study that the thrust fault 

interpretation is incorrect. Rather, the major flat-lying fault is 

interpreted as a basal detachment fault along which an upper plate of 

Precambrian crystalline basement and Phanerozoic sedimentary rocks 

were emplaced over the metamorphic basement by a gravitational and/or 

extensional mechanism 

Geometric Description 

Basal Detachment Fault. The San Pedro basal detachment fault under

lies the allochthonous terrane of unmetamorphosed igneous and 
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Figure 31. Panorama showing San Pedro basal detachment fault -
View is to the northwest. Fault separates lower plate metamorphic 
basement (foreground) from unmetamorphosed Precambrian granitic rocks 
and Cretaceous conglomerates (background). 
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sedimentary rocks, and separates them from the metamorphic tectonites 

and metaplutonic rocks of the metamorphic basement. 1 Along most of 

its trace, the San Pedro fault overlies marble tectonites of the 

metasedimentary carapace (Fig. 32). Beneath the fault, a zone of 

brecciation as thin as a few centimeters to as thick as several meters 

has shattered and obliterated the fabric of these tectonites (Fig. 33). 

In general, the surface of the San Pedro fault is concordant to the 

carapace foliation. In detail, however, foliation surfaces are 

truncated. In the northwestern part of the study area, the carapace 

has been locally faulted out and upper plate rocks overlie directly 

Precambrian metaplutonic rocks (Fig. 34). A 10-30 m thick zone of 

chloritized and brecciated granitic rock is typically conspicuous 

beneath this portion of the San Pedro fault. 

Mapping of the San Pedro basal detachment fault is aided greatly 

by the fact that upper plate and lower plate lithologies are mutually 

exclusive. The penetratively deformed, metamorphosed lower plate 

rocks can be clearly distinguished from the undeformed, primary 

crystalline and sedimentary counterparts in the upper plate. The 

lIt is named for the San Pedro Valley since its best exposures lie 
along the eastern flank of the San Pedro Valley in the eastern 
Rincon Mountains. The San Pedro basal detachment fault of this study 
differs from the San Pedro thrust fault of Drewes (1976, 1980). 
Drewes mapped as the San Pedro thrust fault in this region what is 
herein referred to as the Precambrain basement-sedimentary carapace 
contact. 
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Figure 32. Outcrop exposure of the San Pedro basal detachment 
fault -- Heel of hammer rests on the fault; prominent layering visible 
in the lower plate (marble unit of the carapace) is related to 
brecciation beneath the fault. This layering cuts the (Phase I) tec
tonitic foliation. Upper plate rocks are Bisbee Group sandstones. 



Figure 33. Brecciated carapace marbles immediately below the 
San Pedro Fault -- Pencil points to west-southwest; grooves in the 
breccia layer parallel this trend (see Figure 35). 
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Fi gure 34. Outcrop exposure showi ng th·~ metasedi mentary 
carapace faulted out -- View is to the southeast. San Pedro basal 
detachment fault overlies Continental granodiorite. Upper plate rocks 
are conglomerates and sandstones of the Bisbee Group. 
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surface of the San Pedro fault is sharp and can usually be located 

precisely. Unfortunately, clean outcrop exposures of the fault are 

rare due to brecciation above and below the fault. This is especially 

true where the shattered and nearly disintegrated Johnny Lyon grano

diorite overlies the fault. 

Polished, slickensided, and/or grooved surfaces of the San Pedro 

basal detachment fault are well-exposed at three localities (T.14 5., 

R.20 E., Sec. 24; T.13 S., R.19 E., Sec. 35; T.14 S., R.19 E., 

Sec. 9). At each of these localities, the polished surface was formed 

at the top of a thin carbonate microbreccia layer. In the northwes

tern portion of the study area where the San Pedro fault overlies 

brecciated Precambrian granitic rock, the surface is usually poorly 

exposed, but striated shear surfaces are abundant in the breccias. 

Attitudes of slickenside striae and grooves from the San Pedro fault 

and breccias beneath it are plotted in Figure 35a. The striation data 

define a preferred N. 90° E. to N. 70° E. trend. 

Dip measurements taken on the surface of the San Pedro basal 

detachment fault show values ranging from 5° to 50°, but are most 

often contained within 10-30°. Averaged over the study area, the 

surface dips gently eastward. The general form is curviplanar and 

conforms to the gently east-plunging antiform described previously in 

the carapace foliation. Indeed, the trace of the basal detachment 

fault demonstrates best the presence of the antiform (Fig. 17). The 

attitude of the antiform as defined by the San Pedro fault is slightly 

different in comparison to the attitude as defined by the carapace 
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Figure 35. Lower-hemisphere equal-area projections showing 
Phase II slickenside striae and grooves -- Upper diagram (a) shows 
striations on basal detachment fault (open squares) and striations on 
shear surfaces in underlying breccias (closed squares); lower diagram 
(b) shows compilation of all striation data inferred to be related to 
Phase II deformation. 
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foliations. Poles to San Pedro fault surfaces define a fold axis 

oriented 10-24°, N. 84 E. (Fig. 36). This is a significant geometric 

feature as it indicates that the surface of the San Pedro fault is 

inclined slightly with respect to carapace foliation. The San Pedro 

fault cuts IIdown section ll into the carapace stratigraphy in a westward 

direction. This is evident in the geologic map (Fig. 3) where in the 

western half of the study area the upper calc-silicate layer has been 

faulted out of the carapace. 

The San Pedro basal detachment fault is similar in many respects 

to the Catalina fault exposed along the southwestern base of the Santa 

Catalina and Rincon Mountains. Both fault separate lower plate meta

morphic tectonites from unmetamorphosed upper plate rock. Both faults 

are underlain by variably thick, variably intense zones of brecciation 

(decollement zones of Davis, 1980), although the thickness of this 

zone is much greater (several 10's of meters) under the Catalina 

fault. Both faults display large wavelength (10's of kilometers), 

gentle anti formal arching. The Catalina fault, it seeems, represents 

a much more profoundly developed structure. Beneath the Catalina 

fault, a wen-indurated, 10-30 cm thick microbreccia layer is commonly 

developed and is typically seen to hold up a resistant ledge along the 

trace of the fault. No such structure is present beneath the San 

Pedro fault. 

Allochthon. Above the San Pedro basal detachment fault is an 

allochthon consisting of unmetamorphosed rocks. Dimensionally, the 

allochthon constitutes a thin cover terrane overlying the metamorphic 
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Figure 36. Lower-hemisphere equal-area projection showing poles 
to the San Pedro basal detachment fault -- Poles define a beta-axis 
(star) of 19°, N. 84E. 
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basement (Fig. 37). Vertical structural thickness as presently 

exposed does not exceed 2 km. The allochthon comprises two structural 

units. A fault, more steeply east-dipping than the San Pedro fault, 

acts as a boundary which splits the allochthon into a main allochthon 

of Precambrian crystalline basement and Paleozoic strata from a 

western allochthon of dominantly Bisbee Group conglomerates and 

sandstones (Fig. 15). All rocks of the allochthon have been brittley 

deformed and while some outcrops show intense fracturing and brec

ciation, most exposures retain their primary igneous and sedimentary 

fabrics. Block-faulting, erosion, and deposition of mid-Miocene (?) 

and younger gravels obscure the continuity and restrict the areal 

exposure of rocks of the allochthon in the northeastern Rincon 

Mountains. Nevertheless, geologic relationships within the upper 

plate, particularly the exposures which occur in the southern half of 

the study area, reveal the internal structure of the allochthon. 

Individual exposures of the main allochthon generally exhibit 

friable, rubbley outcrops of Precambrain Johnny Lyon granodiorite 

overlying the San Pedro fault. Above the Johnny Lyon granodiorite 

lies Paleozoic strata. Bedding plane and low- to high-angle normal 

faults are abundant within Paleozoic beds, and these faults can 

locally complicate relationships to such a degree that the Paleozoic 

rocks resemble megabreccias. In general terms, however, a right-side 

up, moderate to steep east-dipping, and relatively complete Paleozoic 

section overlies the Johnny Lyon granodiorite. Where observed, the 

contact between Precambrian basement and Paleozoic cover in the main 
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allochthon is usually concordant to bedding in the overlying strata. 

In most cases, the Cambrian Bolsa Quartzite overlies the Johnny Lyon 

granodiorite, but in some places it has been faulted out. Bedding 

attitudes found in the sedimentary strata of the main allochthon 

typically strike to the north or northwest and dip to the east or 

northeast (Fig. 38). The basal contact of the Paleozoic cover and the 

bedding within it are more steeply inclined than the San Pedro fault. 

Thus, bedding surfaces dip into the basal detachment fault. When 

followed eastward, the Johnny Lyon granodiorite thins and eventually 

wedges out, at which point Paleozoic strata overlie the San Pedro 

fault (T.14 S., R.19 E., Sec. 20; T.15 S., R.19 E., Sec. 5; Fig. 3). 

Paleozoic rocks as high in the section as the Pennsylvanian Horquilla 

Formation can be seen to directly overlie the San Pedro fault. 

Generally north-striking, west-dipping normal faults repeat the 

Precambrian-Paleozoic sequence and create an internal structure in the 

main allochthon defined by elongate north-trending, imbricate fault 

blocks (Figs. 15 and 39). The separation across these faults suggests 

predominately normal displacement in which the hanging wall blocks 

have moved westward. Slickenside striae on faults of small displace

ment (synthetic and antithetic) inferred to be genetically related to 

the Phase II normal faults are dip-slip in nature. This suggests that 

the major faults are normal-slip faults. The Phase II normal faults 

do not cut the San Pedro fault; they either are truncated against it 

or merge with it. This faulting is interpreted to have formed during 
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194 pts 

Figure 38. Lower-hemisphere equal-area projection showing poles 
to bedding in the allochthon -- Contours, 1%-2.5%-5%-7.5%, per 1% area. 
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the Phase II emplacement of the allochthon. Phase III normal faults 

cross-cut (post-date) these normal faults and mid-Miocene (?) gravels 

depositionally overlie them. 

In the northern and western portions of the study area, the 

coarse clastics correlated with the Glance Conglomerate of the 

Cretaceous Bisbee Group overlie the San Pedro basal detachment fault 

and comprise the western allochthon. The Bisbee Group is unmetamor

phosed and retains its primary sedimentary textures. However, 

deformation in the form of brecciation, low-dipping fracture cleavage, 

and flexural=slip folding is notable in these rocks. Bedding in the 

Bisbee Group is of similar orientation to that seen in the Paleozoic 

strata; it dips steeply to the east and northeast. The Bisbee Group 

is overlain in apparent thrust fault contact by Precambrian Johnny 

Lyon granodiorite and Pinal Schist of the main allochthon. The fault 

surface is poorly exposed and where visible shows a 20-100 cm thick 

zone of gouge. Polished, slickensided surfaces were not observed. In 

three outcrops, drag folding of the underlying Bisbee Group strata is 

discernable. Overturning is generally westward. The fault contact 

dips moderately to steeply east into the San Pedro fault. Con

sequently, Bisbee Group exposures wedge out to the east. 

In Canada Atravesada (T.13 S., R.18 E., Sec. 24; T.13 S., 

R.19 E., Sec. 30), northwest-striking, steeply northeast-dipping beds 

of the Oligocene-Early Miocene Mineta Formation are exposed. These 

sedimentary rocks, over 600 m thick, are considered to be part of the 

main allochthon. Unfortunately, high-angle Phase IV normal faults 
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structurally isolate these rocks, hiding their geologic relationship 

to the other rock units of the allochthon. In the vicinity of the Bar 

LY Ranch, a few kilometers north of the study area, Chew (1952) mapped 

a depositional contact at the base of the Mineta Formation where it 

overlies coarse-grained granite, probably the Johnny Lyon granodiorite. 

Thorman and Drewes (1978), reporting on relationships from the same 

area, mapped a moderately east-dipping (Phase II-age ?) fault contact 

beneath the Mineta. 

Reconnaissance mapping in northwestern Happy Valley (Fig. 40) is 

interpreted to show the explicit involvement of Mineta (= Pantano 

Formation) rocks in the Phase II deformation. At this locality, the 

Mineta Formation depositionally overlies unmetamorphosed Paleozoic 

strata of the allochthon and dips steeply northeast. Significantly, 

the bedding in the Mineta Formation is sub-parallel to the bedding in 

the Paleozoic section. Northwest-striking, southwest-dipping normal 

faults define elongate fault blocks which repeat this sequence. These 

faults do not offset the San Pedro fault, and therefore must either be 

truncated by or merge with it. This is the same structural geometry 

described above within the study area and it is interpreted similarly 

to indicate faulting formed during the Phase II emplacement of the 

allochthon. 
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Figure 40. Reconnaissance map of a portion of northern Happy 
Valley. 
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Kinematic Analysis 

The Phase II deformation in the northeastern Rincon Mountains is 

characterized by the emplacement and brittle deformation of an alloch

thonous terrane. The movement history of the allochthon is recorded 

almost exclusively by fault displacements. Dominant strike of the 

major faults within the allochthon is generally to the north. Stria

tion data from the San Pedro basal detachment fault and from faults 

within the allochthon believed of Phase II generation reveal a general 

east-west distribution of linear attitudes (Fig. 35). The median 

trend line is oriented N. 80° E.-S. 80° W. This orientation is 

interpreted to approximate the slip line for the emplacement of the 

allochthon. 

Kinematic interpretation of the internal structure of the main 

allochthon suggests that the allochthon was emplaced over the meta

morphic basement from the east towards the west. The preponderance of 

west-dipping normal faults and antithetic eastward rotation of the 

fault blocks indicates that the hanging wall moved westward relative 

to the footwall. Faulting of this nature would cause extension in the 

allochthon and a westward motion of it relative to the metamorphic 

basement (lower plate). This general movement picture is compatible 

with the preferred orientation of slickenside striae. 

The formation of the major antiformal arch may have been comtem

poraneous with the development of the San Pedro basal detachment 

fault. The axis of the antiform and the inferred slip line of the 

allochthon are roughly colinear. Axes of subsidiary flexures of the 
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San Pedro fault and of the carapace foliation also tend to be aligned 

in an east-west orientation. In contrast, the slip line characteriz

ing the earlier ductile deformation of the carapace is oblique to the 

ani form. The depositional contact underlying the mid-Miocene (?) 

Paige gravels cross-cuts (post-dates) the antiform as defined by the 

basal detachment fault (Fig. 3). 

Interpretation of the apparent thrust fault relationship observed 

between the western allochthon (Bisbee Group, footwall) and the main 

allochthon (Precambrian Johnny Lyon granodiorite, hanging wall) is 

equivocal. It may have formed prior to Phase II deformation and have 

been passively incorporated into the allochthon during Phase II defor

mation. Alternatively, the fault may have formed during Phase II 

deformation. A third possibility is that the fault may involve syn

Phase II reactivation of a pre-Phase II structure. The drag folding 

observed in the Bisbee Group suggests generally westward movement of 

the hanging wall. Similarly, a tear (?) fault mapped in the hanging 

wall, which strikes nearly east-west, indicates westward (or less 

likely eastward) movement. This is kinematically compatible with the 

general movement plan of the main allochthon, but is not necessarily 

proof of the faults formation during Phase II deformation. 

Age of Emplacement 

Emplacement of the allochthon on the San Pedro basal detachment 

fault occurred between 26 and 12 m.y.b.p. and probably can be 

restricted between 26 and 17 m.y.b.p. Truncation of Phase I ductile 
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structures and of metamorphic facies in the metamorphic basement by 

the San Pedro fault demonstrates clearly that the genesis of Phase II 

deformation post-dates the ductile deformation and metamorphism. 

Furthermore, the post-Phase I mafic and pegmatitic dikes (26-24 m.y. 

b.p.) which are locally abundant in the metamorphic basement are 

themselves cut by the San Pedro fault. Figure 41 is a revealing 

aerial photograph in which the lacework of pegmatites intrusive into 

the metamorphic basement are seen to abruptly disappear across the 

contact of the San Pedro fault. 

The allochthon and the San Pedro basal detachment fault are 

depositionally overlain by the mid-Miocene (?) Paige gravels. The age 

of the Paige gravels is not directly known, but they are believed to 

probably be equivalent to the Big Dome Formation (northern San Pedro 

Valley, Krieger and others, 1973). If this correlation is correct, 

the allochthon must have been in place of 17-18 m.y.b.p. Phase III 

and Phase IV block faulting also post-dates the emplacement of the 

allochthon. Age of the Phase III faulting is interpreted to have been 

synchronous with or to have closely followed deposition of the Paige 

gravels. Phase IV faulting is associated with Basin and Range tec

tonism interpreted as having developed in southern Arizona by about 

12-13 m.y.b.p. (Eberly and Stanley, 1978; Scarborough and Pierce, 

1978; Shafiqullah and others, 1980). 
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Figure 41. Aerial photograph in the vicinity of Roble Canyon 
showing pegmatitic diking in metamorphic basement and its termination 
at the San Pedro basal detachment fault. 
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Summary 

Phase II deformation records the emplacement of an unmetamor

phosed allochthonous terrane over the previously deformed metamorphic 

basement. The basal detachment fault beneath the allochthon follows 

the top of the metasedimentary carapace gently cutting down section to 

the west. Phase I ductile structures are brittley cross-cut by the 

basal detachment fault. Transport was from east towards the west 

along a gently curviplanar detachment fault. Internal structural 

geometry of the allochthon shows brittle extension on west-dipping 

normal-slip faults. This west to west-southwest directed movement 

within the allochthon was contemporaneous with and probably 

mechanically related to emplacement on the basal detachment fault. 

Deformation probably occurred between 26 and 17 m.y.b.p. 

Listric (?) Normal Faulting 

Geometric Description 

One of the more conspicuous features of the northeastern Rincon 

Mountains is the strong north-trending physiographic grain. Geologic 

control of this can be attributed to the Phase III normal faults 

(Fig. 42). These faults are similar in attitude and appearance to the 

Phase II normal faults. The important distinction between them is 

made on the basis that Phase III normal faults displace the San Pedro 

basal detachment fault and the Paige gravels. The major Phase III 

faults strike north, dip 50-650 west, and define a series of elongate, 

north-trending fault blocks. The predominance of westerly dips 
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generates a half-graben fault-block geometry (cf. Billings, 1972, 

p. 245-247; Fig. 8, 37). Spacing between the major (mappable) 

Phase III normal faults is generally 2-4 km. There are five main 

faults: the Espiritu Canyon fault, County Line fault, Lechequilla 

fault, Paige Canyon-McCormick Canyon fault, and Pyramid fault. These 

faults and subsidiary normal faults complexly interlock and overlap 

with one another. This fault pattern has created a mosaic of tilted 

step blocks. Each block has been rotated eastward along the bounding 

fault to the east. Tilting plus erosion produces deeper structural 

exposure of a given block (hanging wall) to the west. The fault-block 

rotations are considered to be a geometric effect caused by normal 

faults which are listric in profile. While rotation of the hanging 

wall block does not necessitate that the displacement was on listric 

faults, descriptions of listric normal faults in similar structural 

environments in central and western Arizona support this supposition 

(Vulture Mountains, Rehrig and others, 1980; Rawhide-Buckskin-Whipple 

Mountains, G. A. Davis and others, 1977; 1980). Structural relief 

along strike is insufficient to demonstrate any curvature of the fault 

planes. 

Slickenside striae on the Phase III faults are dominantly of 

dip-slip orientation. Therefore, assuming that the faults are pure 

normalslip faults and that certain offset contacts are reasonably 

planar, the approximate displacement across the faults can be cal

culated. The results of this exercise for the County Line fault, 

Paige Canyon fault, and other prominent Phase III faults are shown on 
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Figure 42. Calculated net-slip displacements range from 300 to 760 m. 

Numerous Phase III normal faults of small displacement cut rocks of 

the metamorphic basement and allochthon. Attitudes of these faults 

mimic the northerly strike, westerly dip orientation of the major 

faults, however, not the the exclusion of subsidiary concentrations 

about northeast and northwest strikes (Fig. 43a). Antithetic faults 

are present, but west-dipping faults clearly predominate. Striation 

data for these small faults are plotted in Figure 43b. Trends of 

slickenside striae are more tightly concentrated about and east-west 

orientation than are the dip directions of the faults. Presumably, 

the northeast- and northwest-striking faults tend to be oblique-slip 

faults. The concentration of slickenside striae between west

northwest and west-southwest trends suggests that horizontal extension 

attributable to Phase III faulting must similarly be constrained to an 

east-west orientation. 

The mid-Miocene (?) Paige gravels are located in the downthrown 

corners of some of the half-graben defined by the Phase III listric 

(?) normal faults. Outcrop exposures in Paige Canyon reveal best the 

inter-relationships between the deposition of Paige gravels and 

Phase III faulting. Along the eastern edge of Paige Canyon, the Paige 

gravels can be clearly seen in fault contact against rocks of the 

metamorphic basement (Fig. 3 and 44). Geologic relationships in a 

small slide block partially buried by the Paige gravels suggest that 

some deposition was in part contemporaneous with Phase III faulting 

(T.14 S., R.19 E., Sec. 10, Fig. 3). Mapping shows a block of 
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Figure 43. Lower-hemisphere equal-area projections showing 
poles to Phase III faults (a), and slickenside striae on Phase III 
faults (b) -- Contours in (a), 1%-2.5%-5%-7.5%, per 1% area. 
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Figure 44. Outcrop exposure showing Paige gravels dipping into 
Phase III listric (?) normal fault. 
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carapace marbles which is underlain by a moderate- to low-angle fault. 

At its eastern extent the block rests tectonically on Continental 

granodiorite and Pinal Schist. At its western extent the underlying 

fault and portions of the block are buried depositionally beneath 

Tertiary gravels by a high-angle (butress) unconformity. It is 

inferred that the concealed portion of the block rests tectonically on 

lower units of the Paige gravels. Apparently, the small block slid 

off the uplifted (eastern) side of the Paige Canyon fault into the 

developing half-graben. The slide block overlaps one Phase III fault, 

yet is cut by two others. Thus, at least some of the deposition of 

the Paige gravels appears to have occurred following the initiation of 

Phase III faulting. 

Paleocurrent data collected in the Paige gravels indicate a 

general contemporaneity of Phase III faulting and deposition of Paige 

gravels. Sedimentary transport as indicated by pebble imbrication was 

to the west-northwest (see Fig. 11). This flow gradient is nearly 

orthogonal to the Paige Canyon fault and may relate to drainage off 

its proximal uplift to the east. 

Bedding in the Paige gravels serves as a marker for assessing the 

minimum amount of block rotation that accompanied Phase III faulting. 

Figure 45 is a plot of poles to bedding in the Paige gravels and 

reveals a very tight point maximum about an average planar orientation 

of N. 7° W., 26° NE. Assuming an original horizontal attitude for 

bedding in the Paige gravels, their present orientation testifies to a 
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Figure 45. Lower-hemisphere equal-area projection showing 
poles to bedding in the Paige gravels -- Contours, 1%-2.5%-5%-7.5%, 
per 1% area. 
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26° eastward block rotation about an axis oriented N. 7° W. Rotation 

about this axis is compatible and logical for dip-slip displacement on 

north-striking, west-dipping listric (?) normal faults. 

Age of Faulting 

Phase III listric (?) normal faulting pre-dates the younger (pre

dominately 13-5 m.y.b.p.) Basin and Range normal faulting and post

dates the earlier (26-17 m.y.b.p.) fault emplacement of the 

allochthon. Age of faulting is probably most closely delimited by the 

age of the mid-Miocene (?) Paige gravels. These units in part pre

date and in part are synchronous with Phase III normal faulting. If 

correlation of the Paige gravels with the Big Dome Formation (Krieger 

and others, 1973) is correct, then the Phase III deformation probably 

occurred about 18-17 m.y.b.p. 

Basin and Range Faulting 

Geometric Description 

Phase IV faulting correlates with the Basin and Range tectonic 

event manifest widely throughout the western United States and 

northern Mexico (Stewart, 1978). Regional studies of late Cenozoic 

stratigraphy in southern Arizona demonstrate a horst-and-graben style 

block faulting which produced uplifts and depressions (Eberly and 

Stanley, 1978; Scarborough and Pierce, 1978; Menges, 1981). The scale 

rf Basin and Range block faulting is large, especially relative to 

that seen in the Phase III block faulting. Spacing between major 
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fault block is usually 20 km or more. The depressions formed centers 

of deposition for frequently thick (several km) accumulations of 

non-marine clastics, evaporites, and occasional volcanic rocks (basin 

fill). In general, the uplifts correspond to the present-day mountain 

ranges and the depressions correspond to the intervening valleys. 

While pedimentation may expand the width of the valley at the expense 

of the mountain range, the tectonic boundary is fixed by the marginal 

faults which separate bedrock of the uplift from the basin fill of the 

graben. 

Along the eastern and northeastern limit of the northeastern 

Rincon Mountains and facing the drainage channel of the San Pedro 

River, is a complex fault zone which reflects Basin and Range 

tectonism (Figs. 42 and 46). The fault zone separates bedrock 

exposures on the west from flat-lying late Cenozoic alluvial gravels 

on the east. The fault zone does not mark a continuous margin. 

Within the study area it can be divided into northern and southern 

segments. The southern segment strikes virtually due north extending 

continuously from the southern boundary of the map area to the mouth 

of Teran Wash where it either dies out or continues east of the San 

Pedro River. The northern segment strikes northwest, originating near 

the mouth of Paige Canyon, and extending beyond the northern boundary 

of the map area. The two fault segments overlap by at least 4 km. 

The northern segment lies 6 km west of the southern segment and no 

explicit connection between the two fault zones is obvious (Fig. 42). 
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Figure 46. Along strike view of Phase IV normal fault (southern 
segment) -- View is to the south. 
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The zone of fault overlap may represent a transfer zone in the sense 

developed by Dahlstrom (1969) for overlapping thrust faults in the 

Canadian Rocky Mountains. That displacement diminishes to the south 

on the northern segment and appears to diminish to the north (?) on 

the southern segment supports this supposition. 

Attitudes of Phase IV faults within the fault zones are charac

teristically very steeply dipping (75-900 E. or NE.). Slickenside 

striae are typically pure dip-slip. Fault polarity and steepness of 

dip usually allow easy distinction of Phase IV faults from Phase III 

faults. While east of the fault zone marking the southern segment the 

bottom of the basin fill is not exposed, within the fault zone occur 

slivers which frequently reveal the basal contact of the basin fill. 

This contact forms an angular unconformity atop Paige gravels, 

carapace marbles of the metamorphic basement, or unmetamorphosed rocks 

of the allochthon (Fig. 10). The depositional contact beneath the 

basin fill clearly truncates structural elements formed during 

Phase I, II, and III deformations. 

The distinction between the Phase III normal faults and the 

Phase IV normal faults is important. Along the base of the steep 

east-facing slope extending from Mica Mountain in the north to past 

Rincon Peak in the south, Drewes (1974; 1977) has mapped a high-angle 

fault interpreted here as a Basin and Range (i.e., Phase IV) normal 

fault. Thus the bold relief of the east face of the Rincon Mountains 

descending into the San Pedro Valley is believed to be the product of 
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the younger Phase IV faulting. Indeed, the present topography is 

antagonistic to the Phase III normal fault displacements, virtually 

all of which displace hanging walls down to the west. The high eleva

tion of the central Rincon Mountains probably did not exist during the 

Phase III deformation, nor during the previous deformations. Paleo

currents in the Paige gravels (Fig. 11) support this view as they 

indicate a west-northwestward sediment transport which effectively did 

not IIsee" the Rincon Mountains. Interestingly, the sedimentary flow 

gradient is not too different from the tectonic gradient determined 

for the allochthon and for hanging wall blocks of Phase III deforma

tion. 

Age of Faulting 

Basin and Range (Phase IV) faulting in southern Arizona took 

place dominantly in the Late Miocene, i.e. 13-5 m.y.b.p. (Eberly and 

Stanley, 1978; Scarborough and Pierce, 1978; Menges, 1981). Damon 

(Damon and others, 1973; Shafiqullah and others, 1976; 1978) has 

described a "regional angular unconformity of local construction" 

within late Tertiary stratal sequences. This surface seems to mark 

the conclusion of earlier deformations (e.g. Phase III-type tilt block 

faulting) and the inception of Basin and Range deformation (e.g. 

graben formation and deposition of basin fill). Dating the youngest 

units below the unconformity and the oldest above it, Damon and others 

(1973) have been able to bracket the age of formation of these uncon

formities at approximately 17-13 m.y.b.p. A majority of the Basin and 
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Range fault displacements were largely completed by 5 m.y.b.p. and 

late Cenozoic deposits younger than 5 m.y. commonly overlap Basin and 

Range faults (Scarborough and Pierce, 1978; Menges, 1981). 

Kinematic Synthesis 

In order to reconstruct the structural evolution of the north-

eastern Rincon Mountains and to accurately evaluate the origins of the 

observed structural elements, it is necessary to first pursue a 

kinematic synthesis. Progressive deformation has sequentially altered 

the spatial orientations of earlier structures. Two processes are 

considered to be important in this synthesis: Phase II (?) arching 

and Phase III tilt block faulting. Both of these processes are con

sidered rigid body rotations at the scale of individual sections (i.e. 

1 mi 2 or 1.6 km2). For this kinematic synthesis, the orientation, 

magnitude, and direction of rotation is estimated and its effect on 

the general orientation of pre-existing structural elements is 

removed. 

The orientation of the metasedimentary carapace or Phase I 

decollement zone has been modified by Phase II and III deformations. 

Present attitudes of the transposition foliation (i.e. slip plane) 

reflect rotations by Phase II (?) arching and Phase III tilt block 

faulting. Phase III deformation has rotated elongate north-trending 

fault blocks eastward. Using the bedding of the Paige gravels as a 

marker of minimum rotation, removal of the effects of the listric (?) 

normal faulting is accomplished by a 26° anticlockwise (viewed towards 
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north) rotation about an axis oriented N. 7° W. Figure 47 is a plot 

of poles to carapace foliation in a restored (pre-Phase III) state. 

The plot shows foliation attitudes that are more nearly flat-lying. 

Subtraction of the effects of Phase II (?) arching would further 

concentrate and flatten foliation attitudes. These reconstructions 

emphasize that the foliation must have been a sub-horizontal feature 

during its formation. 

A similar reconstruction is possible for the attitudes of small 

scale and mesoscopic folding in the carapace. In Figures 48 and 49 

the effects of Phase III rotational block faulting have been removed 

and in Figures 48b and 49b both block faulting and Phase II (?) 

arching have been removed. Arching effects were removed by restoring 

the San Pedro basal detachment fault to a horizontal plane. The 

reconstructions show that during their formation, the axes of folds 

lay within a sub-horizontal plane. Axial surfaces were inclined, 

dipping gently to the north-northeast. Interestingly, these recon

structions are seen to have almost no significant influence on the 

trend of the slip line direction. They do, however, mark a very 

significant change in plunge; the restored (pre-Phase II) slip line 

attitude is flat-lying to very gen~ly southwest plunging: 0-5°, 

S. 29° W. This reconstruction of the slip line suggests that the 

decollement zone accomodated slip on a flat-lying to gently west-, 

southwest-, or southdipping surface. The direction of slip may have 

been, albeit ever so gently, down dip. 



Figure 47. Lower-hemisphere equal-area projection showing 
rotated poles to foliation in carapace rocks -- See text for dis
cussion. 
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Figure 48. Lower-hemisphere equal-area projections showing: 
(a) and (b) reconstructed fold axes, and (c) reconstructed axial surfaces 
for small-scale and mesoscopic folds in carapace -- Contours, 1%-2.5%-
5%-7.5%-10%, per 1% area. See text for discussion. 
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Figure 49. Lower-hemisphere equal-area projections showing 
reconstructed axes and their asymmetries for folds in carapace -- See 
text for discussion. 
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The attitude and continuity of the unmetamorphosed allochthonous 

terrane and the San Pedro basal detachment fault have been disrupted 

by the Phase III tilt block faulting. This is a significant geometric 

feature: when the present attitudes are reconstructed by removal of 

Phase III block rotations, the surface of the San Pedro fault displays 

a general westward dip of 5-15°. This is considered to reflect its 

probable attitude during formation. Thus, the reconstructed slip line 

lying within the basal detachment fault is oriented 5-15°, S. 80° W. 

Fault displacement of this orientation is very low-angle normal-slip. 

The orientation of bedding in the allochthon has also been 

modified by the Phase III deformation. In Figure 50, the poles to 

bedding have been rotated to remove the Phase III block rotations. 

The restored attitudes show moderate east to northeast dips. What is 

apparent in this analysis is that much of the inclination of bedding 

observed in the allochthon pre-dates Phase III deformation. Thus, it 

is reasonable to associate the tilting of strata in the allochthon 

with the Phase II emplacement of the allochthon. The kinematic 

interpretation of antithetic eastward rotation of fault blocks on 

west-dipping Phase II normal faults is considered to be the likely 

cause of this tilting. 

Interpretation of Structural Elements 

The structural elements of the northeastern Rincon Mountains 

record predominately a Tertiary history of tectonic evolution. 
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Figure 50. Lower-hemisphere equal-area projection showing 
reconstructed poles to bedding in the allochthon -- Contours, 1%-2.5%-
5%-7.5%, per 1% area. See text for discussion. 
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Earlier deformations probably affected the area, but evidence for 

these events is largely circumstantial. The great thickness of Lower 

Cretaceous Glance Conglomerate (>1 km) implies a substantial, proximal 

block uplift during its deposition. Presumably, this occured across a 

fault margin, perhaps similar to relationships found elsewhere in 

southeast Arizona for Bisbee Group rocks (Bilodeau, 1978). Thus, 

while the influence of this Mesozoic tectonic event is felt within the 

study area, the structural elements characterizing it must lie outside 

of the study area. 

Laramide deformation does not appear to have imposed any con

spicuous structural element(s) on the northeastern Rincon Mountains. 

Davis (1979) has recently analyzed the nature of Laramide deformation 

in southeastern Arizona, a regional study of a area fully south of the 

Rincon Mountains. As recognized by Davis, Laramide tectonism records 

regional compression which created crustal fault blocks defined by 

discrete regions of uplift. Associated Laramide age deposition was 

provincial and restricted to local depressions flanking the uplifts. 

The tectonic definition of Laramide deformation is confined to 

northwest-striking; moderately to steeply southwest- and northeast

dipping reverse fault zones. Regions between major Laramide faults 

show only indirect indication of the tectonic event, e.g., deposition 

on downthrown blocks or erosion on upthrown blocks. It is my opinion 

that Laramide (and earlier Mesozoic) deformation certainly affected 

the eastern Rincon Mountains, but that the loci of this deformation 

occurred on major fault zones outside of the study area. The fault 
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contact in the allochthon where unmetamorphosed Precambrian basement 

(Johnny Lyon granodiorite and Pinal Schist) overlie Cretaceous Bisbee 

Group rocks is potentially a Laramide structure. In its present 

exposure, however, it is a detached element incorporated in a mid

Tertiary allochthon. The prominent structural elements exposed in the 

metamorphic basement of the northeastern Rincon Mountains are inter

preted to have formed after Laramide compressional deformation. 

Mapping and regional synthesis of southeastern Arizona geology 

has convinced Drewes (1976; 1978; 1981) that the predominant Laramide 

structural geologic elements are overthrust faults. The geology of 

the eastern Rincon Mountains is an important factor in his regional 

interpretation. The low-angle faults in the northeastern Rincon 

Mountains and elsewhere about the Rincon Mountains are interpreted as 

surfaces of Laramide-age, northeast-directed regional thrust faulting. 

The Johnny Lyon granodiorite (Rincon Valley granodiorite of Drewes, 

1974) is believed to be a wholly exotic unit derived from perhaps over 

100 km to the southwest. Drewes recognized mid-Tertiary faulting and 

metamorphism, but considered this an overprint on or a minor reactiva

tion of previously formed structural elements (Drewes and Thorman, 

1978). Drewes' interpretation is, herein, considered unfavorable. 

For the following reasons, a post-Laramide genesis of the marble 

tectonites, the San Pedro basal detachment fault, and the unmetamor

phosed allochthon is considered to be more probable: 
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(1) timing limits on the age of formation of the metasedimentary 

tectonites (decollement zone) and the San Pedro basal 

detachment fault suggest that they were formed no earlier 

than 50 m.y.b.p.1 and 26 m.y.b.p. respectively; 

(2) K-Ar dates on plutonic rocks of the metamorphic basement 

appear to reflect cooling ages which suggest metamorphism, 

and presumably attendant ductile deformation, persisted into 

the late Oligocene (30-25 m.y.b.p.); 

(3) nature of strain expressed in the metasedimentary carapace 

(Phase I tectonites) is interpreted as that of vertical 

flattening, southwest-directed simple shear, and probably, 

northeast-southwest extension; the reconstructed slip line 

is horizontal to gently down dip (i.e., normal-slip); 

(4) nature of strain expressed in the unmetamorphosed allochthon 

(Phase II) is that of east-northeast - west-southwest exten-

sion; reconstructed fault slip line on the San Pedro basal 

detachment fault underlying the allochthon is low-angle 

normal and southwest vergent; 

(5) correlation of the Precambrian granitic rocks of the 

allochthon with the Johnny Lyon granodiorite suggest that 

it need not be exotic (Silver, 1978); 

1The interval of time 50-40 m.y.b.p. is sometimes considered to fall 
within the latest Laramide. In such a case, the origins of the 
Phase I ductile deformation possibly began in the latest Laramide. 
Damon and others (1981), however, temporally limit the Laramide to 
pre-50 m.y.b.p. based on the classical structural-stratigraphic 
relations in Wyoming. 



(6) structural style of Laramide deformation observed in 

southeastern Arizona (Davis, 1979) is dissimilar to the 

structural style of the eastern Rincon Mountains. 
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The deformations recorded in Phases I, II, and III maintain a 

kinematic similarity which suggests they may be related to a single, 

evolving structural event. To be sure, the three phases represent 

distinct, chronologically separate episodes of deformation. The 

deformations represent a span of time at least 15 m.y., and perhaps as 

much as 30 m.y., in length. The effect of the deformations, however, 

is the same: east-west to northeast-southwest horizontal extension 

with hanging walls southwest vergent. The nature of deformation shows 

a remarkable change in structural style representing a change from 

ductile to succeedingly more brittle deformation. 

The Phase I ductile deformation is the earliest Phanerozoic 

tectonic event explicitly recorded in the northeastern Rincon 

Mountinas. Prior to the inception of deformation, the area probably 

consisted of a relatively undisturbed, flat-lying Phanerozoic section 

overlying Precambrian cratonic basement. The Paleozoic strata was 

approximately 2 km thick and overlying Mesozoic strata probably added 

another 2 km, perhaps more. Up to 150 m of Younger Precambrian strata 

may underlie the Paleozoic rocks. 

Metamorphism and synchronous ductile deformation is defined by 

flat-lying equipotential surfaces above a sill-like (?) igneous 

intrusion. Metamorphic grade increases uniformly downward; low 

(greenschist) grade metamorphism is seen to reach as high as the 
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Pennsylvanian-Permian Earp Formation. In contrast, the strain gradi

ent is non-uniform; it is almost exclusively confined within a flat

lying, crudely tabular decollement zone where strain is intense and 

penetrative. The nature of the strain is best represented by simple 

shear flow of upper layers directed southwestward relative to lower 

layers. Shearing variably produced folding and boudinage, probably as 

a function of layer inclination with respect to the slip plane. A 

concomitant vertical thinning and northeast-southwest extension is 

also present. The variety of response to carapace attenuation appears 

to be similar to that produced experimentally by Ramberg (1955) in 

studies of boudinage and pinch-and-swell structure. The relatively 

more brittle layers fractured and segmented into boudins while the 

relatively more ductile layers flowed plastically. Contacts between 

the relatively brittle layers and relatively ductile layers in 

Ramberg's experiments are analogous to the ductile faults observed 

between units of the "carapace stratigraphy" (e.g., between the basal 

quartzite layer and the marble layer). During its formation, the 

decollement zone possessed a shallow, west to southwest dip. As such, 

the sense of displacement must have contained a component of very 

low-angle normal-slip. 

The lower limit of the decollement zone in the northeastern 

Rincon Mountains corresponds, more or less, to the unconformity under

lying Younger Precambrian or Paleozoic strata. The upper limit of the 

decollement zone is obscured by subsequent deformation. It probably 

lay within the uppermost Paleozoic section or perhaps near the base of 
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the Mesozoic strata. Thus, Phase I deformation created a structural 

stacking from bottom to top of an autochthonous, largely metaplutonic 

basement, a ductile shear zone (metasedimentary carapace), and an 

inferred allochthon of uppermost Paleozoic and Mesozoic strata. 

Translation between autochthon and allochthon is uncertain, but most 

certainly exceeded a few kilometers. 

The Phase II deformation constitutes a brittle successor to the 

preceding ductile deformation. The emplacement of the unmetamorphosed 

allochthon along the San Pedro basal detachment fault cuts in detail, 

but parallels in general the slip planes of the decollement zone 

(carapace foliations). Most of the allochthon (Precambrian basement 

and overlying Paleozoic) appears to have been derived from a source 

area located east of the study area and just west of the northern 

exposures of the allochthon, however, may be remnants of earlier 

formed ailochthonous units which lay above the Phase I decollement 

zone. They have been over-ridden by (?) and incorporated into the 

Phase II allochthon. 

At the time of its creation, the San Pedro basal detachment fault 

was a gently curviplanar surface dipping shallowly (5-150 ) westward. 

The allochthon constitutes a thin (1-3 km thick) upper plate formed of 

north-trending fault blocks bounded by west-dipping normal faults. 

Each block has b~en rotated eastward, and shifted westward relative to 

blocks to the east. Faults within the allochthon either merge with or 

are truncated by the basal detachment. The general northward strike 

of normal faults indicates east-west extension. Predominance of west 
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dips and eastward block rotations indicate transport of the allochthon 

to the west. Extension within the allochthon appears to be at least 

20 percent and probably much greater. 

Armstrong (1972) and Wright and Troxel (1973) have described 

fault geometries and kinematics associated with low-angle detachment 

(or denudational) f?ults in the Sevier hinterland and Death Valley, 

respectively. Analyses in these terranes reveal that movement on 

curviplanar faults (listric normal faults) which flatten at depth 

cause the blocks overlying the fault (hanging wall) to be rotated or 

tilted in a direction opposite to the sense of actual movement. The 

concentration of east- or northeasterly dip~ing strata in the alloch

thon is believed indicative of this type of rotation on west-dipping 

(possibly listric?) faults. Repetition of these faults in adjacent 

blocks creates a shingled pattern above the basal detachment surface. 

The structural style and fault mechanics appear similar to that 

described for allochthonous terranes of the Colorado trough area of 

California, Nevada, and Arizona (Anderson, 1971; G. A. Davis and 

others, 1977; 1980). 

Horizontal dislocation between the allochthon and the metamorphic 

basement is appreciable. Calculations of the limits concerning net 

slip can be made by means of horizontal overlap and recognition of 

probable source area. Horizontal overlap of the metamorphic basement 

by the allochthon measured parallel to the approximately east-west 

(N. 80° E.) slip line within the study area suggests a minimum net 

slip of 11 kID. Extension on Phase III normal faults has probably 
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exaggerated this measurement by at least 10%, so the minimum net slip 

may be less than 10 km. Determination of maximum net slip is less 

certain, yet can be estimated by delimiting the possible source area 

of the allochthon. Since Precambrian granitic basement and overlying 

Paleozoic section define the majority of the allochthon, it is reason

able to assume that the allochthon presently extant in the north

eastern Rincon Mountains was derived from a source area no further 

east than the basal contact of Paleozoic strata in the northern Johnny 

Lyon Hills and Kelsey Canyon. Measured from that point, maximum net 

slip is probably no greater than 20 km. The preceding analysis 

assumes the Johnny Lyon Hills are autochthonous; if this is not the 

case, the maximum net slip would have to be increased according to the 

amount of displacement present in the Johnny Lyon Hills. It should 

also be noted that as southwest directed extensional strain is 

recorded within the allochthon, net slip measured along the San Pedro 

basal detachment fault should increase to the west. 

The Phase III deformation records brittle block faulting of the 

northeastern Rincon Mountains. The faulting is kinematically sympa

thetic to the preceding deformations. Its occurrence, however, has 

geometrically fragmented the continuity of the earlier structures. 

The geometry and kinematics of faulting is in many respects similar to 

that described within the allochthon. Elongate, north-trending blocks 

have been rotated eastward and displaced westward r~lative to footwall 

(eastern) blocks on listric (?) normal faults. The vertical scale of 

faulting, however, covers all exposed structural levels. Phase III 
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listric (?) normal faults, therefore, represent a more thick-skinned 

extensional deformation. It is unclear whether these faults merge 

with or truncate against a basal dislocation surface at depth. 

Over the width of the study area, the calculated dip-slip 

displacements on major Phase III normal faults collectively indicate 

an east-west extension of 8-10%. Reconstruction of the San Pedro 

basal detachment fault on the east-trending cross-section (Fig. 37) 

achieves a comparable result (11% extension). Consideration of small

scale fault displacements between the major faults suggests that 10% 

extensional strain is probably a minimum value. 

The Phase IV (Basin and Range) faulting marks a fundamental 

structural break in the tectonic evolution of the northeastern Rincon 

Mountains. While east-west horizontal extension is manifest, the 

directionality and thin-skinned nature of the strain is lost. The 

present physiography of the Rincon Mountains, particularly the steep 

east-facing slope stretching from Mica Mountain to Rincon Peak, is due 

to this younger episode of block faulting. 



CHAPTER 5 

TECTONIC EVOLUTION AND REGIONAL CONSIDERATIONS 

Plate Tectonic Framework 

The plate tectonic evolution of the southern Cordillera provides 

a framework within which the more focused tectonic evolution of the 

northeastern Rincon Mountains can be evaluated. A plate tectonic 

backdrop helps to place constraints on the nature of dynamic stresses 

which have evolved regionally. The chronology of inferred crustal 

stresses and the observed kinematic evolution of structural elements 

should be mutually dependent; episodes of deformation should be cor

relative with specific regimes of plate interactions. 

The following summary of the general plate tectonic evolution of 

the southern Cordillera, from the Mesozoic to the present, has been 

derived largely from the plate reconstructions of Coney (1972; 1976; 

1978) and tectonic syntheses of Burchfiel and Davis (1972; 1975), 

Cross and Pilger (1978), and Dickinson (1979). Coney (1978) has 

partitioned Mesozoic-Cenozoic geologic history according to five plate 

tectonic regimes. Each regime represents a certain span of time that 

is characterized by a known kinematic plan. Changes in the rate 

and/or orientation of either absolute or relative plate motions 

account for transitions from one regime to the next. 

170 
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From Late Triassic-Early Jurassic time to Early Miocene time, the 

western margin of North America was the site of a convergent Andean

type continental margin (first four regimes of Coney, 1978). Subduc

tion of the Farallon plate progressively occurred along an east

dipping Benioff zone. Transitions at 155, 80, and 40 m.y.b.p. evince 

changes in the orientation and magnitude of the convergence and in the 

absolute motion of the North American plate. Changes in relative and 

absolute motion vectors at 80 and 40 m.y.b.p. are considered to be 

especially important as they mark the initiation and cessation of a 

period of rapid convergence (~14 cm/yr). From 20-15 m.y.b.p., the 

intersection of the Pacific-Farallon ridge with the subduction zone of 

western North America generated triple junctions which governed 

evolution of a dextral transform margin between the North American and 

Pacific plates (Atwater, 1970). The transition from Farallon subduc

tion to transform motion with the Pacific plate was evolutionary in 

space.and time. By 15.10 m.y.b.p., the western margin of the southern 

North American Cordillera was no longer characterized by convergent 

plate tectonics. 

Faulting and folding, magmatism, and sedimentation within the 

southern Cordillera mirror the plate tectonic evolution. Figure 51 is 

a sequence of diagrams, adapted from Coney (1980), which illustrate 

the major features of tectonic evolution for the southern Cordillera. 

The plate tectonic regimes and their times of transition are found to 

correlate with spatial and temporal patterns in the geology (Coney, 

1972; 1978; Burchfiel and Davis, 1972; 1975; Cross and Pilger, 1978). 
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b. 

Cretaceous Laramide Eocene 

Figure 50. Plate tectonic evolution of the southwestern North American Cordillera -- Symbols 
are as follows: heavy barbed lines = trench, thin barbed lines = fold-thrust belts, random dashes = 
volcano-plutonic are, lines with sawteeth = Laramide uplifts, unadorned lines = high-angle faults, 
short horizontal dashes = miogeoclinal rocks, light stippling = foreland basin clastics, heavy 
stippling = metamorphic core complexes, parallel lines offset by unadorned lines = East Pacific Rise, 
lines with arrows = strike-slip faults, and ViS = flood basalts. (adapted from Coney, 1980) 
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Between 180 and 80 m.y.b.p., the pattern of southern Cordilleran 

tectonic evolution is dominated by the establishment of an extensive, 

linear belt of arc-related igneous activity (Fig. 51a). Northward 

from Nevada, where a thick section of Paleozoic miogeoclinal strata 

lay behind the arc, an east-vergent fold and thrust belt developed 

(Armstrong, 1968; Burchfiel and Davis, 1972; 1975). Coextensive with 

and east of the thrust belt was an extensive foreland basin 

(Dickinson, 1976). South of Nevada, however, the arc crossed the 

hingeline of the miogeocline and relatively thin platform Paleozoic 

strata lay immediately behind the arc from thereon. Metamorphic and 

thrust faulted terranes in southeastern California, western Arizona, 

and northern Sonora may record this back-arc deformation (Hamilton, 

1971; Reynolds and others, 1980; Corona and Anderson, 1981). Evidence 

of pre-80 m.y.b.p. folding and thrusting in these regions is frag

mentary and of uncertain regional extent and development. Thrust 

sheets involve quartzofeldspathic crystalline basement and are 

associated with thick (several kilometers) Mesozoic clastic basins. 

No evidence for a foreland basin is presently recognized in Arizona or 

northern Mexico. 

The interval of time between 80 and 40 m.y.b.p. corresponds to an 

intriguing departure from the preceding Mesozoic tectonic evolution. 

Deformation which occurred within this interval defines the Laramide 

orogeny in the western U.S. (Fig. 51b; Coney, 1976). Syntheses of 

subduction-related igneous activity show an increase in the arc-trench 

gap. South of western Montana and north of southeastern Arizona, this 
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eastward shift of arc magmatism was so extreme that the continuity of 

the belt was lost (Coney and Reynolds, 1977; Coney, 1978; Cross and 

Pilger, 1978). Increased convergence presumably caused sUbduction 

along a very shallowly dipping surface. Laramide compressional defor

mation shows similar spatial modifications. North and south of the 

region of extreme eastward shift, thrust faulting similar in style and 

form to the pre-80 m.y.b.p. thrusting developed (Armstrong, 1974). In 

the southern Cordillera of the U.S., however, deformation of a style 

characterized by the cl&ssic- Rocky Mountains Laramide uplifts 

developed (Tweto, 1975; Coney, 1976). Deformation of this style 

extended as far south as southeastern Arizona (Davis, 1979). In 

southwestern Arizona, thrust faults involving allochthons of Pre

cambrian and Mesozoic crystalline basement have recently been reported 

(Reynolds and others, 1980; Haxel and others, 1980; Haxel, 1981). 

These structures are unique with respect to the back-arc thrust belts 

and the Laramide uplifts; intriguingly, they lie before (west of) the 

arc. 

Between 50 and 40 m.y.b.p., Laramide igneous and tectonic 

activity abruptly ceased (Fig. 51c; Coney, 1972; 1978). During this 

time plate motions changed and the convergence between the Farallon 

and North American plates diminished considerably. Coney and Reynolds 

(1977) have interpreted this plate evolution in the context of 

changing angle of subduction. They have suggested that the angle of 

subduction progressively increased following 40 m.y.b.p. One of the 

main consequences of a steeper angle of subduction was that the locus 
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of arc magmatism spread westward across the southern Cordillera as 

manifest by the widespread mid-Tertiary ignimbrites (Coney, 1972; 

1978; Noble, 1972; Lipman and others, 1972; Coney and Reynolds, 1977; 

Stewart and Carlson, 1976; Cross and Pilger, 1978). Laramide com

pressional deformation was followed by a period of tectonic quiescence 

which allowed extensive erosion surfaces to virtually abolish Laramide 

physiography in the Late Eocene (Lindgren and others, 1910; Mackin, 

1960; Epis and Chapin, 1975; Shafiqullah and others, 1980). The 

extent and duration of the quiescence is uncertain, but may have 

affected much of the southern Cordillera. 

For the Oligocene-Early Miocene, no well-defined belt of arc 

magmatism was formed in the southern Cordillera, although in general 

centers of volcanism spread from east to west through time (Fig. SId; 

Lipman and others, 1972; Noble, 1972; Coney and Reynolds, 1977; Coney, 

1978; Cross and Pilger, 1978). Deformation was primarily in the form 

of volcano-tectonic depressions (calderas), early indications of 

extensional (normal) faulting, and the development of metamorphic core 

complex terranes. The core complexes lay neither east nor west of the 

mid-Tertiary arc, but rather within the path of its westward migration 

(Coney, 1979; 1980). 

The structural nature of the metamorphic core complexes and the 

significance of their mid-Tertiary evolution relative to earlier, 

inherited structural elements is controversial. While in most cases 

not purely products of mid-Tertiary tectonism, much of their formation 

does appear to undoubtedly relate to mid-Tertiary events (Compton and 



177 

others, 1977; Coney, 1979; 1980; G. A. Davis and others, 1980; 

Reynolds and Rehrig, 1980). Emplacement of brittley distended alloch

thons by flat-lying basal detachment (decollement) surfaces and the 

thermal cooling of the underlying metamorphic terranes are demon

strably mid-Tertiary (Damon and Mauger, 1966; Armstrong, 1972; G. A. 

Davis and others, 1977; 1980; Coney, 1980). 

Roughly coincidental with the development of the San Andreas 

transform margin along the southern Cordillera, calc-alkaline vol

canism began to wane to a low in the Middle Miocene (-15 m.y.b.p.) and 

was replaced by active eruption of a bimodal suite of basalt (primi

tive, mantle derived) and rhyolite (Christiansen and Lipman, 1972; 

Noble, 1972; Cross and Pilger, 1978; Shafiqullah and others, 1980; 

Dickinson and Snyder, 1979). Contemporaneous with this volcanic 

transition was the onset of active Basin and Range normal faulting. 

Basin and Range extensional tectonism (deep crustal block faulting on 

high-angle normal faults) appears to have been most active in the Late 

Miocene-Pliocene (Stewart, 1971; 1978; Gilbert and Reynolds, 1973; 

Eberly and Stanley, 1978; Scarborough and Pierce, 1978), although 

studies of contemporaneous seismicity suggest that some tectonism is 

still operating presently. 

Tectonic Evolution of the Rincon Mountains 

The tectonic evolution of the northeastern Rincon Mountains 

records the development of a flat-lying, shallowly west to southwest

dipping surface (or zone) of normal-slip shear strain. Presently 
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exposed are a succession of structural elements in which early ductile 

deformation is superseded by progressively more brittle deformation. 

The succession of structural elements is exposed in chronologie order 

by: tectonite fabrics in the metasedimentary carapace, low-angle 

normal faulting along foliation-parallel ductile faults, fracture 

boudinage, brecciation and detachment faulting, and, lastly, rota

tional block faulting on listric (?) normal faults. The focal element 

of this deformation is presently represented by the San Pedro basal 

detachment fault. This discrete shear surface succeeded and cut 

gently into a ductile shear zone defined primarily by marble tec

tonites. The basal detachment loosely marks a physical boundary 

between metamorphic, predominately ductiley deformed rocks below and 

non-metamorphic, predominately brittley deformed rocks above. Dis

placement on the San Pedro fault has created an older-over-younger 

stratigraphic repetition over much of its trace. This repetition is 

normally incongruous for a normal-slip detachment fault, but the 

internal structure of the allochthon overlying the San Pedro fault 

convincingly argues for a fundamentally denudational faulting origin. 

The package of structural elements in the northeastern Rincon 

Mountains is characteristic of the recently defined structural associa

tion referred to as metamorphic core complex terranes (Davis, 1977; 

1980; Coney, 1980). 

The nature of strain and the kinematic motions indicated by the 

succession of structural elements is remarkably consonant. The strain 

consistently expresses horizontal extension oriented northeast-
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southwest to east-west. The movement picture is similarly consistent; 

the vergence of upper plates (or hanging walls) is invariably to the 

west or southwest. 

Initiation of the deformation probably closely followed the 

extensive intrusion of the leucocratic muscovite granite into the 

Precambrian crystalline basement in the Eocene. The attendant meta

morphism and hence thermal softening of the Paleozoic strata (in 

particular the carbonate-rich horizons) made this zone susceptible to 

failure at the inception of the stress field which engendered 

northeast-southwest extensional strain. In contrast, the dominantly 

quartzofeldspathic Precambrian basement was able to maintain a 

physical rigidity even at higher metamorphic grade. Strain was thus 

concentrated in the Paleozoic units and these rocks were converted to 

metamorphic tectonite within a ductile shear zone. Metamorphism and 

ductile deformation probably persisted throughout much of the 

Oligocene. Intrusions of pegmatite, aplite, and quartz monzonite 

subsequent to the main phase of muscovite granite intrusion complexly 

interlock with the ductile deformation. Although some of these 

intrusions cross-cut tectonite fabrics low in the carapace, the upper 

portions of the carapace (upper part of the marble layer, the inter

bedded marble and calc-silicate layer, and the upper calc-silicate 

layer) are not truncated and may have still been deforming. Cooling 

below metamorphic temperatures in the Late Oligocene must have 

effectively halted ductile deformation in the metasedimentary tec

tonites. Succeeding deformation was dominated by brittle phenomena. 
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The formation of a widespread basal detachment surface marks the 

most prominent brittle structure formed following the ductile deforma

tion. The San Pedro basal detachment fault is sub-parallel to the 

metasedimentary carapace, yet in detail the carapace foliation and 

folds are cut by the detachment surface. The fault cuts down carapace 

section to the west. Detachment accomodated displacement and thin

skinned attenuation of a slender upper plate (allochthon). Extension 

within the upper plate created a shingled pattern of imbricated, 

tilted fault blocks. Portions of the extant upper plate were likely 

inherited from the inferred upper plate above the ductile shear zone. 

By the mid-Miocene the effective rigidity of the crust beneath 

the northeastern Rincon Mountains must have become too great to permit 

continued thin-skinned deformation. Kinematically and dimensionally 

sympathetic extensional strain, however, persisted through rotational 

block faulting on west-dipping listric (?) normal faults. The faults 

cut into the deepest structural levels presently exposed. It is 

uncertain as to whether or not these faults descend onto a flat-lying 

dislocation in the subsurface. 

The most recent phase of block faulting, associated with the 

Basin and Range distrubance in the Late Miocene-Pliocene, is believed 

to mark a fundamentally different episode of deformation. Associated 

sedimentation along with the breadth and style of deformation can be 

easily contrasted with the earlier deformations. Nevertheless, the 

Basin and Range faulting manifests general east-west extension roughly 

parallel to the preceding strain pictures, albeit without obvious 
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directional preference of hanging wall vergence. In the northeastern 

Rincon Mountains, displacement of hanging wall blocks down to the east 

on steeply east-dipping Basin and Range faults is opposite to the 

previous fault block displacements. 

The interpretation of prominent structural elements in the north

eastern Rincon Mountains and elsewhere in the Rincon Mountains and the 

adjacent Santa Catalina Mountains has been diverse and in fact remains 

at present controversial. Three major viewpoints have recently been 

put forth: 

(1) Drewes (1976; 1978) argues that the formation of tectonitic 

fabrics in both metasedimentary rocks and the quartzofeld

spathic gneiss is of compressional origin and formed during 

Laramide overthrust faulting. Furthermore, the flat-lying 

faults underlying unmetamorphosed allochthons are essen

tially surfaces of Laramide construction; evidence of 

mid-Tertiary displacement is considered to record local 

reactivation on a pre-existing surface. Southwest-vergent 

folds in the eastern Rincon Mountains are explained as 

having formed by the underthrusting of the leading edge of 

the overthrust sheet into the autochthon. 

(2) Creasey and others (1977) and Banks (1980) argue that much 

of the interior (core) of the Rincon and Santa Catalina 

Mountains is composed of a composite batholith intruded in 

the mid-Tertiary. Gravitational flattening about the 
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perimeters of the intrusions during their diapiric emplace

ment in concert with the influence of a regional deviatoric 

stress field produced the prevalent lineated and foliated 

mylonitic fabrics. 

(3) Davis (1977; 1980; 1981) argues that the tectonitic fabrics 

and fault juxtapositions relate to ductile through brittle 

deformation in the mid-Tertiary. The deformation of the 

tectonites constitute zones of distributed shear accomodat

ing normal-slip translation. Most surface manifestations of 

strain are thin-skinned and denudational, but regionally the 

phenomenon may involve crustal extension through mega

boudinage of the crust. 

It is the conclusion of this study, as outlined in the tectonic evolu

tion described above, that the interpretation of Davis most reasonably 

explains the array of structural elements found in the northeastern 

Rincon Mountains. 

Reasons for the rejection of Drewes· (1976; 1978) interpretation 

for the northeastern Rincon Mountains has been enumerated in Chapter 4 

(Structure). Briefly, the timing presents a problem for the inter

pretation of the allochthon as Laramide, although the concept of local 

reactivation could potentially avoid this. More critical, however, is 

the strain and movement picture revealed through the structural 

analysis of the metamorphic tectonites and the internal geometry of 

the allochthon. These data suggest northeast-southwest extension and 

southwest vergence in contradistinction to the northeast-southwest 
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compression and northeast vergence proposed by Drewes. The idea of an 

underthrust toe into the autochthon to create localized southwest

vergent structures is considered to be unlikely, both mechanically and 

geometrically. 

Aspects of the interpretation of Creasey and others (1977) and 

Banks (1980) are not incompatible with the interpretation of tectonic 

evolution offered here. Their interpretation, however, does not fully 

deal with or explain the structural geology of the Catalina-Rincon 

Mountains. They, in contrast to the conclusions of Keith and others 

(1980), view the major igneous intrusion in the core of the Catalina

Rincon Mountains as not Eocene, but principally Late Oligocene in age. 

If tr~e, this would compress greatly the suspected time interval of 

tectonic evoluation. 

The structural geology of the northeastern Rincon Mountains and 

its relationship to the rest of the Rincon Mountains and other nearby 

areas can best be explained through the polyphase evolution of a 

shallowly dipping surface (or zone) of normal fault displacement which 

roots into basement down-dip and records mid-Tertiary extension of the 

crust. This idea has been introduced and developed by B. Wernicke 

(1981a; 1981b) for extensional terranes in the Basin and Range 

province of Nevada and Utah. A sequential model for the evolution of 

structural elements in the Rincon Mountains is shown in Figure 52. It 

is similar in some respects to ideas previously expressed for this 

region by Davis (1977; 1980; 1981; Davis and Coney, 1979). 
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The model conceives a surface or zone of very low-angle normal

slip. Early phases of deformation describe a ductile shear zone 

(decollement zone) whose position was probably controlled by ductility 

contrasts localized in part by proximity to early to mid (?)-Tertiary 

intrusion and in part by lithologic layering. The ductile deformation 

signifies structurally deep levels. Continued deformation saw the 

emplacement of a successively thinner, successively more brittle upper 

plate and elevated the shear zone into succeedingly higher structural 

levels. This process, in conjunction with the cooling of the terrane 

in latest Oligocene, caused deformation of progressively more brittle 

character to overprint the earlier formed ductile structures. The 

structural evolution, epitomized by the Phase I and Phase II deforma

tions, probably constitutes several episodes of deformation in an 

evolutionary contimuum. 

Ramsay (1980) and Wernicke (1981b) have speculated about 

moderate- to low-angle normal faults of crustal dimensions. Their 

theoretical-interpretive models anticipated the kinematic-dynamic 

explanation proposed here for the tectonic evolution of the Rincon 

Mountains. In their models, the general rheology of the shearing 

changes systematically as the fault descends in the crust. Brittle 

shear near the surface is replaced by ductile shear at greater depth 

in the crust. Displacement of the wedge-shaped hanging wall 

(allochthon) promotes a commensurate displacement of the region of 

brittle shear. Put more simply, regions of early ductile shear may be 

replaced or reworked by later brittle shear. These hypotheses allow 
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for a rigid autochthon below the low-angle shear zone. Extension 

within the allochthon corresponds to crustal extension, but not within 

the immediate subjacent autochthon. The extension of deeper levels of 

the crust occur down-dip on the low-angle shear zone as it roots into 

the crust. 

The ostensible repetition of units, conspicuous in the eastern 

Rincon Mountains where Precambrian Johnny Lyon granodiorite overlies 

meta-Paleozoic marbles, is believed to be a consequence of Mesozoic 

and/or Laramide structures proximal to the east. The great thickness 

of the Lower Cretaceous Glance Conglomerate, especially when con

sidered relative to the lesser thickness observed by Cooper and Silver 

(1964) in Kelsey Canyon, suggests that an Early Cretaceous fault 

boundary may separate the eastern Rincon Mountains from the northern 

Johnny Lyon Hills. Also, a thrust fault exposed in the northwestern 

Johnny Lyon Hills (Silver, 1955; Cooper and Silver, 1964) and of 

probable Laramide age suggests further the uplift of the region of the 

Johnny Lyon Hills relative to that of the eastern Rincon Mountains. 

With a pre-mid-Tertiary crustal section acknowledging these structures 

(Fig. 52), it becomes geometrically feasible for older rocks to be 

emplaced over younger rocks by low-angle normal faulting. In the 

southern and western Rincon Mountains, younger-over-older relation

ships more characteristic of low-angle normal (detachment) faulting 

predominates. 

One of the most intriguing aspects of the development of the 

Rincon and adjacent Santa Catalina Mountains is the deposition of 
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great thicknesses (up to 3 km or more) of coarse alluvial clastics in 

the mid-Tertiary. Deposition was contemporaneous with the inferred 

development of the metamorphic tectonites (Phase I deformation). 

Also, deposition was probably contemporaneous with the early develop

ment of the San Pedro basal detachment fault (Phase II deformation). 

Coarse clastics of mid-Tertiary age are presently distributed as 

allochthonous and/or fault-bounded bodies about the perimeter of the 

Catalina-Rincon complex. Although allochthonous, the mid-Tertiary 

clastics are not so far travelled as to be exotic; they apparently 

were deposited in the Rincon and the Santa Catalina Mountains. While 

basal depositional contacts are rare, where observable they reveal 

contact with rock units of the unmetamorphosed allochthon. These 

rocks have been studied to great detail at some localities; however, 

regional stratigraphy and environmental basin analysis are just 

beginning to be pursued. Consequently, while the controls of deposi

tion and basin formation most certainly relate to the development of 

the Catalina-Rincon metamorphic core complex, the nature of this 

relationship is uncertain. 

The most important information provided by the mid-Tertiary 

clastic deposits, however, is perhaps the most obvious and simple one. 

Although imperfectly known, the mid-Tertiary clastics suggest that the 

Rincon and Santa Catalina Mountains did not exist at that time as a 

conspicuous physiographic element. Paleocurrents and clast composi

tions indicate eastern to southeastern source areas in which there was 
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no influence by present topography. This is particularly critical for 

the structural interpretation in the eastern Rincon Mountains, as the 

present regional attitude of the basal detachment fault is gently 

east-dipping. This attitude is interpreted to have developed through 

post-detachment listric (?) normal faulting, doming, and Basin and 

Range faulting. 

Large-scale doming and arching of the Rincon Mountains are of 

uncertain origin and time of development, but in part at least must 

post-date the detachment faulting. As has been discussed previously, 

most of the antiformal-synformal arching pre-dates Phase III deforma

tion (and Paige gravels deposition). Colinearity between arching and 

Phase II slip lines may argue for its development contemporaneously 

with the emplacement of the unmetamorphosed allochthon. In this 

context, the arching would be associated with crustal extension, the 

axes of folds paralleling the direction of extension. Tangential 

compression probably was not a factor in the formation of the arches. 

Certainly, no evidence of compression was noted in the allochthon. 

The turtleback (mega-mullion structures) of Death Valley offer a 

potentially attractive analog (Wright and others, 1974). 

A general domal warping of younger age may be superimposed on the 

antiformal-synformal arches. This warping prior to or during the 

Basin and Range uplift of the Rincon Mountains would help explain much 

of the presently high topographic elevation of structurally deep 

levels in the Rincon Mountains. If true, the present arched and domal 
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configuration of the Rincon Mountains represents two (independent?) 

episodes of regional flexing: syn-detachment corrugation of the 

carapace and San Pedro fault (eastern Rincon Mountains) and the 

mylonitic gneisses and Catalina fault (western Rincon Mountains) 

superimposed by younger domal warping. 

The timing of structural evolution in the Rincon Mountains and 

the corresponding plate tectonic evolution provide an intriguing fit. 

The evolution of the metamorphic tectonite and the shallowly dipping 

detachment surface matches the plate tectonic regime between 40-20 

m.y.b.p., during which the angle of sUbduction steepened following its 

nearly flat-lying orientation operative for the Laramide (80-40 

m.y.b.p.). It is provocative that during a time of continued conver

gence between the Farallon and North American plates, deformation 

within the broad diffuse region of arc volcanism is characterized by 

crustal extension. The Rincon Mountains, of course, are not an 

isolated, unique element in the southern Cordillera; metamorphic core 

complex terranes extend as a sinuous belt through much of the southern 

Cordillera as far south as Hermosillo, Sonora, Mexico (Fig. 53d). No 

uniform explanation has yet been proposed which can satisfactorily 

explain the tectonic evolution of all of these complexes, but the 

influence of extensional strain predominates most hypotheses (Coney, 

1980). Furthermore, evidence for extension is also recognized nearby 

the metamorphic core complex terranes where listric normal and low

angle normal faults pre-date Basin and Range faulting (Anderson, 1971; 

Armstrong, 1972; Eberly and Stanley, 1978; Rehrig and others, 1980). 
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Thus, it would appear, a certain amount of crustal extension must have 

accompanied the destruction of the flat-lying Laramide subduction zone 

and pre-dated Basin and Range extension. 

The interval 20-15 m.y.b.p., marked tectonically by the migration 

of Pacific-Farallon-North America triple junctions and the evolution 

of the Pacific-North America transform margin, contains the Phase III 

deformation. The half-graben faulting is kinematically sympathetic to 

the earlier, thin-skinned extension; however, its block faulting 

nature approaches a similarity to the Basin and Range deformation 

style. The development of the Phase III faulting, reaching deeper 

into the crust than the thin-skinned Phase II deformation, may be due 

to an increase in effective crustal rigidity because of the extin

guishing of the mid-Tertiary arc. 

The development of the Basin and Range tectonism seems to cor

relate with the establishment of the Pacific-North American transform 

margin as the major continental margin feature (10-0 m.y.b.p.). 

Detachment faulting and rotational listric (?) normal faulting in 

southern Arizona and also in the Great Basin and the Colorado trough 

does not extend into the Late Miocene. Where juxtaposed, Basin and 

Range faulting invariably post-dates the detachment and associated 

listric (?) normal faults. It thus appears reasonable to mark a major 

change in regional tectonics with the inception of Basin and Range

style faulting. 
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'Y the northeastern Rincon 
leozoic rocks of the carapace 

THICKNESS 

Johnny Lyon Hills: 
complete section 
from autochthon 
(Cooper and Silver, 
1964). * - indi
cates meas. from 
Gunnison Hills 

* 343 m 

* 490 m 

400+ m 

51-57 m 

215-269 m 

73 m 

248 m 

146 m 

183 m 

GENERAL LITHOLOGY 

upper: interbedded dark gray limestone, 
sandstone, and marl; chert pebble intra
formational conglomerate at base. 
lower: interbedded gray to pink limestone, 
sandstone, siltstone, and marl; fossiliferous. 

fossiliferous, medium-bedded blue-gray 
limestone with thin interbeds of shale 
throughout and a few sandstone beds in the 
upper part. 

thin to thick-bedded pinkish gray limestone 
with shale and chert conglomerate at base. 

thick-bedded gray limestone, commonly 
crinoidal; dolomitic at base with some 
dolomite layers in middle and upper parts; 
chert nodules are common. 

thin-bedded gray to tan dolomite, fine- to 
medium-grained; contains sandy and silty 
beds in lower portion and reddish brown 
shale at top. 

interbedded greenish gray shales, reddish 
to brownish siltstone and sandstone, and 
orange to gray clastic-bearing carbonates; 
intraformational conglomerate in middle 
part. 

white, purplish, or brownish banded 
quartzite, medium- to coarse-grained, 
locally pebbly. 

basal conglomerate (Scanlon) of subangular 
quartzite clasts in sandy matrix; overlain 
by thin-bedded purple siltstone (Pioneer) 
with purple sandstone and gray quartzite at 
base; intruded by gray-green diabase 
weathered and altered brown. 

CORRELATIVE UNIT 
IN METASEDIMENTARY 
CARAPACE 
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