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ABSTRACT

Deformation in Happy Valley near Tucson, Arizona, has been in

terpreted as a superposition of regional Laramide thrusting and local 

mid-Tertiary gravity gliding. An assessment of the relative roles of 

these tectonic processes was made through detailed geologic mapping and 

structural analysis in the vicinity of Bear Creek. Penetratively devel

oped, strongly overturned to recumbent folding occurs in Paleozoic and 

Precambrian metasedimentary rocks and Precambrian diabase. The Paleozoic 

units comprise a cascade-like stacking that has been extensively trans

posed. Large-scale folding and transposition have led to the formation 

of low-angle reverse faults. Nearly identical folding and transposition 

occur elsewhere within the Happy Valley quadrangle. Pegmatites dated as 

24.8 + 0.5 m.y. (K-Ar) are folded, boudined, and transposed coevally with 

the metasedimentary rocks which they intrude. Folding associated with 

the transposition and faulting is asymmetric onto the crystalline mountain 

high. The physical characteristics of the deformation, combined with 

kinematic data, suggest southeastward transport from the slopes of the 

nearest culmination in the granitic-gneissic complex, Mica Mountain. 

Metamorphism appears to be related to the thermal regime of the under

lying crystalline rocks. Deformation continued after the climax of pro

gressive metamorphism, disrupting the original metamorphic aureole. 

Mountainward asymmetry folding and transposition appears to be a direct 

reflection of the thermal and deformational history of the underlying
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crystalline rocks. The deformation is interpreted as a result of the 

dynamic interaction of mantling rocks over a rising granitic-gneissic 

complex, rather than regional thrusting.



INTRODUCTION

The Rincon Mountains near Tucson, Arizona, form the southern 

portion of a granitic-gneissic complex which has an exposed length of 

about 90 km (Fig. 1). This complex, which also includes the Tortolita, 

Santa Catalina, Tanque Verde, and Little Rincon Mountains, is composed 

of multiple, elongate domal uplifts. With exposed amplitudes in excess 

of 1 km, these doubly plunging antiforms trend northeast-southwest in 

the Rincon Mountains and plunge at 15 to 20° (Pashley, 1964, 1966).

North-trending, high-angle faults of Miocene(?) to Pleistocene age trun

cate these uplifts, separating the Tortolita Mountains from the Santa 

Catalina Mountains (Wallace, 1955) and the Little Rincon Mountains from 

the Rincon Mountains (Drewes, 1971).

Where the margins of the Santa Catalina and Rincon Mountains are 

not truncated by these faults, sedimentary and metasedimentary rocks 

mantle the granitic-gneissic complex. Ranging in age from Precambrian 

to Tertiary, these rocks are exposed in isolated, erosional remnants which 

form foothills around the mountain masses. A dislocation surface desig

nated the Catalina fault by Pashley (1966) separates these mantling 

sheets from the underlying crystalline rocks. Low-angle in most areas, 

this surface, or zone, is subparallel to the foliation within the gneiss 

and is variably developed around the Santa Catalina and Rincon Mountains 

(Pashley, 1966, 1969).

1



Figure 1. Overview of the Rincon-Santa Catalina-Tortolita Granitic-gneissic Complex. —  The exposed 
length of the complex is approximately 90 km. Happy Valley is indicated by the arrow.
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Generation of the Catalina fault and the multitude of other low- 

angle dislocation surfaces around the Rincon Mountains has been attrib

uted to both regional thrusting and gravity sliding. Thrusting has been 

proposed by Moore and others (1949), Brennan (1957), Layton (1957), Acker 

(1958), Kerns (1958), Weidner (1958), and Pashley (1966). Most recently. 

Drewes (1973,1975,1976) has proposed northeast-directed regional thrusting 

with transport distances of at least 16 km and possibly as much as 170 km. 

Gravity sliding has been proposed as the cause of the deformation seen in 

these same areas by McColly (1961a and b), Plut (1970, Arnold (1971), 

Davis, Eliopulos and others (1974), Davis, Frost, and Schloderer (1974), 

Liming (1974), and Schloderer (1974). In a more extensive study Davis 

(1973,1975) has suggested a gravity-slide origin for the exquisite fold

ing developed in the mantling sheets around the Rincon dome. To facili

tate this gravity-induced motion, Davis (1975, p. 989) has suggested that 

"during uplift and gravity gliding, the Catalina fault served as a decol- 

lement separating the underlying Catalina Gneiss from the overlying sedi

mentary rocks."

Faulting, as mapped by Drewes (1974), has been attributed to re

gional thrusting. However, folding, as studied by Davis (1975), has been 

attributed to gravity sliding. Geologic mapping by Drewes (1972,1974) in 

the Happy Valley quadrangle and elsewhere around the Rincon complex 

(Drewes, 1973) has delineated several hundred low-angle faults imbri- 

cately ringing the Rincon and Little Rincon Mountains (Fig. 2). Drewes 

(1973) has interpreted these as thrusts of Laramide age. He has also 

suggested a three-plate model for this thrusting consisting of a lower
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Figure 2. Generalized Geologic Map of a Portion of the Happy Valley
Quadrangle (Modified after Drewes, 1974). —  Bear Creek domain 
is shown by the arrow.

4

EXPLANATION

IQ"1 1 Quaternary Alluvium nn Pioneer Shale
PRECAMBRIAN Y

nn Rantano Formation
MIOCENE TO OllGOCENE

■HD Rincon Valley Grano- 
diorite, p r ec a m b r ia n  y

i ti,° i Aplite FROM CRANODIORITE 
OF HAPPY VALLEY, OllGOCENE

1 Y w o ..J Aplite FROM CRANODIORITE 
OF WRONG MOUNTAIN 
PRECAMBRIAN Y (?)

[ID Bisbee Formation
LOWER CRETACEOUS

EH3 Continental Grano- 
diorite, p r e c a m b r ia n  v

1 1 Earp Formation
LOWER PERMIAN & UPPER PENN.

nn Pinal Schist 
p r e c a m b r ia n  x

1 1 Horquilla Limestone
UPPER & MIDDLE PENN.

THRUST FAULT-SOLID TEETH 
INDICATE MAJOR FAULT; 
OPEN TEETH INDICATE 
m in o r  FAULT.

1 *. 1 Escabrosa Limestone
MISSISSIPPIAN A " NORMAL FAULT; UP & DOWN

[HI Martin Formation
UPPER DEVONIAN

CONTACT -  DASHED WHERE 
INFERRED OR GRADATIONAL; 
DOTTED WHERE CONCEALED

nn Abrigo Formation
UPPER & MIDDLE CAMBRIAN -17 STRIKE & DIP OF BEDDING

1 € b  | Bolsa Quartzite
MIDDLE CAMBRIAN “m ' ^22

FOLIATION & FOLIATION 
WITH LINEATION

SCALE
1/2 MILE________  ,________ 1 KM



5

plate of chiefly metamorphic rocks, a middle plate of Precambrian Rincon 

Valley Granodiorite and an upper plate of mainly unmetamorphosed Paleozoic 

rocks (Drewes, 1971, 1976). Davis (1973, 1975) determined the tectonic 

transport directions for rocks in five domains around the Rincon Moun

tains, using fold orientations and asymmetries as guides. From this he 

concluded (1975, p. 987) that folding is due to "low-angle displacement 

accompanying local gravitational tectonics." Incorporating this into his 

model, Drewes (1975, p. 1959) proposed that""gravity-propelled masses 

moved along reactivated segments of the thrust faults." Two fundamen

tally different processes are used to explain different aspects of the 

observed deformation. However, where the interrelationship of folding 

and faulting has been studied in detail (Davis, Frost, and Schloderer, 

1974; Davis and Frost, 1976), the two appear to be coeval.

Determination of the relationship between folding and faulting 

around the Rincon granitic-gneissic complex is the purpose of this study. 

The three-plate, imbricate stacking mapped by Drewes (1972, 1974) is best 

exposed on the eastern flank of the Rincon Mountains in Happy Valley 

(Fig. 3). Gravity-induced folding as described by Davis (1973, 1975) is 

also present in Happy Valley. Detailed examination of this area con

taining both "gravity folds" and "regional thrusts" is used to delineate 

the kinematic and dynamic relationships between folding and faulting.

The results of this study are used to test the viability of the presently 

proposed model of Laramide-age, regional thrusting with the later pro

duction of pervasive folding by gravity sliding.



6

Figure 3. View Looking West over Happy Valley with the Rincon Granitic- 
gneissic Complex (Mica Mountain) on the Skyline. —  Bear Creek 
domain forms the low foothills at the base of the mountain 
(note arrow). Light colored, forested rocks forming the 
mountain mass are the granitic-gneissic complex, red rocks in 
foreground are the Rincon Valley Granodiorite, and the rounded 
foothills are variably metamorphosed Paleozoic and Mesozoic 
rocks.



LITHOLOGIC UNITS

Granitic-Gneissic Rocks

The main mountain masses of the Rincon, Little Rincon, Tanque 

Verde, Santa Catalina, and Tortolita Mountains are composed of gneissic 

and granitic rocks. Best studied of these areas are the Santa Catalina 

Mountains, which are criss-crossed by several roads. DuBois (1959) was 

the first to provide a detailed summary of rock types in the Santa 

Catalina Mountains. He distinguished three general types of gneissic 

rocks— banded augen gneiss, augen gneiss, and granitic gneiss-gneissic 

granite— all of which he grouped under the name "Catalina Gneiss."

DuBois described both the banded augen gneiss and the augen gneiss as 

being cataclastic with locally developed mylonites. Peterson (1968) 

further subdivided the gneiss into six mappable units with which he de

lineated large-scale folding within the eastern forerange. Shekel (1974) 

similarly subdivided the gneisses of the western forerange into mappable 

units whose correlation with Peterson's (1968) units is as yet unknown. 

Little work has been done in attempting to carry these units through the 

remainder of the granitic-gneissic complex.

Within the Rincon, Tanque Verde, and Little Rincon Mountains, the 

term "Catalina Gneiss" is used simply as a general term for granitic- 

gneiss ic rocks following Davis (1975). Drewes (1972, 1974) has used more 

specific units, the Continental Granodiorite and the Quartz Monzonite of 

Wrong Mountain, in his mapping of the Rincon and Little Rincon Mountains.

7
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Creasey (1975), in extending his mapping from the Santa Catalina Moun

tains into the northern Rincon Mountains, has used still other units, 

the Quartz Monzonite of Samaniego Ridge and highly deformed Precambrian 

Oracle Granite. Creasey and others (1976) have interpreted some of the 

Catalina Gneiss as being a protoclastically deformed batholith of mid- 

Tertiary age. In part at least, the Catalina Gneiss is also equivalent 

to the Precambrian Johnny Lyon Granodiorite in the Dragoon quadrangle 

(Cooper and Silver, 1964) and has been so mapped by Drewes (1972, 1974). 

Correlation of these different lithologic units is imperfectly known and 

remains the chief obstacle to our understanding of the genesis of the 

crystalline rocks within the complex.

The Catalina Gneiss contains both a foliation and a lineation. 

Mayo (1964) has described the foliation as consisting of aligned mica, 

quartz, and feldspar grains and accentuated by augen of quartz and feld

spar, pegmatitic layers, and other distinctive mineral layering. The 

degree of cataclasis reflected in this foliation increases toward the 

outer edges of the gneissic complex (Peterson, 1968). Elongate quartz, 

feldspar, and mica clusters, as well as pegmatitic material and slicken- 

side striae, define a lineation within the foliation plane. Trending 

N60°E in most areas, this lineation is subparallel to the axis of the 

major, elongate domal uplifts within the complex (Pashley, 1966;

Peterson, 1968).

Past workers have emphasized that two periods of metamorphism 

appear to be responsible for generating the Catalina Gneiss, one an older 

Precambrian event and the other a Cretaceous-Tertiary episode. The
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initial metamorphism is thought by some to be recorded in the 1650 m.y. 

zircon date (Cantazaro, 1963) on Catalina Gneiss. Geologic support for 

this date is given by the presence of younger Precambrian sediments un- 

conformably overlying the gneiss (Pilkington, 1962; Waag, 1968). Deriva

tion of the Catalina Gneiss from the Pinal Schist has been advocated by 

Peirce (1958), DuBois (1959), Peterson (1963, 1968), Mayo (1964), and 

Sherwonit (1974). Shakel, Livingston, and Pushkar (1972) and Shakel 

(1974) have obtained rubidium-strontium ages of 2.4 b.y. from the Catalina 

Gneiss. Based on these ages and field data, they have suggested that the 

Catalina Gneiss is pre-Pinal Schist and represents some of the oldest 

rocks in Arizona. However, clear interpretation of the rubidium-strontium 

data is a major problem in the complex and is being studied by several 

workers.

A much younger thermal event is also manifest in the granitic- 

gneiss ic complex and its overlying rocks. Extensive potassium-argon age 

dating of the Catalina Gneiss by Paul Damon and co-workers has yielded 

consistent ages of 26.8 + 1.7 (s.d.) million years (Damon, Erickson, and 

Livingston, 1963). Damon and others have interpreted these upper 

Oligocene-lower Miocene dates as recording the time of cessation of meta

morphism. On the basis of both field evidence and potassium-argon and 

fission track dating, Creasey and others (1976) have suggested that this 

mid-Tertiary heating event reflects the intrusion of a large composite 

batholith. Creasey and others have also suggested that the pervasive 

northeast lineation found within the crystalline rocks of the complex 

was formed during the intrusion of this batholith.
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Rincon Valley Gfanodiorite

The Rincon Valley Granodiorite of Moore and others (1949) is a 

medium- to coarse-grained rock containing potassium feldspar, oligoclase, 

biotite, and quartz. Pervasive weathering of the highly fractured or 

jointed unit produces a distinctive greenish-gray color. The unit typi

cally forms topographic lows and has poorly exposed contacts with other 

units. The granodiorite rests either directly atop the granitic-gneissic 

complex or above variably metamorphosed Precambrian through Mesozoic 

sediments. Rocks above the granodiorite are nearly all unmetamorphosed 

and vary in age from Precambrian through Tertiary. This tripartite 

stacking of predominantly metamorphosed rocks, Rincon Valley Granodiorite, 

and unmetamorphosed rocks forms the geometric basis for Drewes’ (1971,

1973, 1975, 1976) regional thrusting model.

As mapped by Moore and others (1949), Acker (1958), McColly (1961a 

and b), Plut (1970), Arnold (1971), Drewes (1972, 1974), Liming (1974), 

and Davis,Eliopulos and others (1974), the granodiorite is exposed in 

discontinuous sheets around the Rincon, Tanque Verde, and Little Rincon 

Mountains. These sheets vary in thickness up to a maximum of several hun

dred meters. Sheets only a few meters to a few tens of meters thick are 

characteristic of exposures on the east, south, and west sides of the 

Rincon Mountains. Thicker sheets are present on the east and west flanks 

of the range. Both the upper and lower contacts of the granodiorite sheets 

appear to be low-angle faults which are curviplanar and subparallel to the 

foliation of the granitic-gneissic complex and the metasediments.
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An allochthonous origin has been ascribed to the granodiorite, 

partially on the basis of this fault-bounded character of the unit 

(Drewes, 1971, 1976). An intrusive contact of the Rincon Valley Grano- 

diorite into other rocks has•never been found. Drewes has postulated, 

therefore, that the unit is everywhere allochthonous to the range. Trans

port by regional thrust faulting was presumably from the southwest, al

though no source area has ever been found.

Correlation of the Rincon Valley Granodiorite with other units 

may be possible, especially with the aid of radiometric age data. Plut 

(1970) suggested that the Happy Valley Granodiorite was equivalent to the 

Rincon Valley Granodiorite and it has been so mapped by Drewes (1972,

1974). Marvin and others (1973) have obtained potassium-argon ages of 

1540 + 60, 1450 + 50, and 1560 + 100 m.y. from the granodiorite. These 

ages are similar to the 1600 + 30 m.y. zircon age of the Johnny Lyon 

Granodiorite in the neighboring Dragoon Mountains (Silver and Deutsch,

1961). The Johnny Lyon Granodiorite has been mapped in the Little Rincon 

Mountains by Drewes (1972, 1974). Both Plut (1970) and Drewes (1972, 1974) 

have suggested that the Rincon Valley Granodiorite may be correlative with 

the Johnny Lyon Granodiorite.

Sedimentary and Metasedimentary Rocks

Overlying the granitic-gneissic complex is a sequence of sedimen

tary and metasedimentary rocks ranging in age from older Precambrian to 

Tertiary. The oldest of these rocks is the Pinal Schist which has been 

studied and described in detail by Cooper and Silver (1964, p. 11) in 

the Dragoon quadrangle. Composed of "schists and slates derived from



12

graywacke, shale, siltstone, and minor lenses of conglomerate"•the Pinal 

Schist also "contains at least one rhyolite flow, lenses of amphibolite 

and chlorite schist probably derived from basic volcanic rocks." When 

the post-Pinal Schist, pre-Apache Group unconformity is rotated to the 

horizontal, the average dip of the foliation is 65°, markedly discordant 

with the overlying units (Cooper and Silver, 1964, p. 100).

Overlying the Pinal Schist and Catalina Gneiss are Younger Pre- 

cambrian rocks of the Apache Group. Cooper and Silver have described the 

Apache Group in the neighboring Dragoon quadrangle as consisting of basal 

Scanlan Conglomerate, Pioneer Shale, Barnes Conglomerate, Dripping Springs 

Quartzite, and Troy Quartzite. Two large diabase sills intrude the sec

tion between the Pioneer Shale and Barnes Conglomerate and the overlying 

Dripping Springs Quartzite. Cooper and Silver (1964, p. 42) describe the 

stratigraphic position of these sills as being "remarkably constant." 

Within the Happy Valley quadrangle. Pioneer Shale, Barnes Conglomerate, 

and Dripping Springs Quartzite have been mapped by Miles (1965), Plut 

(1970), and Drewes (1972, 1974). Schistose rocks containing large diabase 

sills near their top and overlain by Dripping Springs Quartzite have been 

mapped by Drewes (1972, 1974) as Pinal Schist. Miles (1965) and Plut 

(1970) have both identified these same rocks as Pioneer Shale. The foli

ation within these schistose rocks is roughly parallel to the foliation 

within overlying rocks (Miles, 1965; Plut, 1970; Drewes, 1972, 1974), 

also suggesting that they are Apache Group rocks, not Pinal Schist. 

Identification of these rocks as Pioneer Shale rather than Pinal Schist 

removes the need for inferring major low-angle dislocation surfaces to
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explain the juxtaposition of Pinal Schist and Paleozoic rocks. Reinter

pretation of the identity of these rocks makes cross-sections of Happy 

Valley (Drewes, 1974) resemble relatively complete sections dipping off 

the crystalline mountain mass.

Paleozoic and Mesozoic sedimentary and metasedimentary rocks over- 

lie the Apache Group rocks and are exposed around the flanks of the crys

talline complex and as roof pendants. Of particular concern in this study 

are the Cambrian Bolsa Quartzite and Abrigo Formation, the Pennsylvanian 

Horquilla Limestone, and the Cretaceous Bisbee Group. Lithologic and 

paleontological descriptions of the Paleozoic units are summarized by 

Bryant (1968). The Paleozoic and Mesozoic section varies considerably 

from being essentially unmetamorphosed to displaying what Miles (1965) 

has described as the almandine-amphibolite facies of metamorphism.

Drewes (1971, 1972, 1973, 1974, 1975, 1976) has separated the predomi

nantly metamorphic rocks from the unmetamorphosed rocks by regional 

thrust faults.

Thick sections of Tertiary units are present around the perimeter 

of the Santa Catalina, Rincon, Little Rincon, Tanque Verde, and Tortolita 

Mountains. Brennan (1962, p. 46) described the Pantano Formation as "a 

group of maroon-colored continental deposits" and correlated it tenta

tively with the Mineta Formation of Chew (1952, 1962) and the lower member 

of the Rillito Formation of Voelger (1953). Pashley (1966) also corre

lated the Pantano at least partially with the Rillito. Moderately to 

steeply dipping in most areas, the Pantano Formation consists of over 

1950 m of sandstones, mudstones, conglomerates, thin andesite flows, and
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a volcanic agglomerate (Brennan, 1962; Finnell, 1970). Finnell (1970, 

p. A36) reported that "the subangular to well-rounded pebbles, cobbles, 

and boulders in the Pantano Formation were mainly derived from the Bisbee 

Formation, but partly from the Precambrian, Paleozoic, lower Tertiary(?), 

and Upper Cretaceous rocks of the region."

Brennan (1962) suggested that the Pantano was at least partially 

Miocene in age. He based this on his correlation with the Mineta Forma

tion which contained a rhinoceros of upper Oligocene to middle Miocene 

age (Chew, 1962; Lance, 1960). Potassium-argon dating of a rhyolite ash 

flow within the lower Pantano Formation yielded a date of 36.7 + 1 . 1  m.y. 

on sanidine and 32.8 + 2.7 m.y. on biotite (Damon and Bikerman, 1964; 

Finnell, 1970). Finnell (1970) reported a potassium-argon date of 24.4 + 

2.6 m.y. on an andesite flow within the upper Pantano Formation. On the 

basis of these age dates, he suggested that the Pantano Formation ranged 

in age from early Oligocene to early Miocene.



FOLDING

Folding is exquisitely developed within the Happy Valley area 

and is spectacularly exposed in several cliff sections. One such expo

sure, the Bear Creek domain of Figure 1, contains thousands of folds 

ranging in amplitude from less than 1 cm to greater than 100 m (Fig. 4). 

Most of the folds vary from 10 cm to 1 m in amplitude and are well- 

exposed in three dimensions. Differential weathering of more resistant 

calc-silicate and siliceous layers contained within the marble cliffs is 

primarily responsible for producing such fine exposures. Dark brown to 

reddish-brown, the calc-silicate and siliceous interbeds stand out promi

nently against the nearly white marbles. Fold hinges developed within 

these interbeds are exposed for as much as several meters in the study 

area (Fig. 5).

These folds are exposed in almost true cross-sectional form and 

protrude nearly, at right angles from the steep cliff face. This facili

tated mapping of the cliff section using side-looking photos at a vari

able scale ranging from 1:60 to 1:240 (Plates 1 and 2, in pocket). Mapping 

of distinctive stratigraphic units ranging from a few centimeters to sever

al meters in thickness helped in delineating the geometry of deformation. 

Exposure within the one-kilometer long map area is approximately 80%, 

making the area ideal for detailed structural study.

Most of the folds within this area are very tight (Fig. 6) and 

many are near isoclinal (Davis, 1975). Davis has compared these folds 

with other folds around the Rincon Mountains. Within the Bear Creek

15
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Figure 4. Small-scale Folds Developed within the Bear Creek Domain
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Figure

Figure

5. Brown Calc-silicate Layers in Lighter Color Marble Displaying 
Excellent Exposure of the Fold Hinges.

6. Isoclinal Folds of Siliceous Beds in Marble Typical of Many 
of the Folds within the Bear Creek Domain.
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domain of Happy Valley, the folds have more rounded forms, with smaller 

amplitudes than most other folds around these mountains (Davis,.1975;

Fig. 5). As Davis also describes, the Bear Creek folds are contained 

within metamorphosed rocks, whereas many of the other intensely folded 

rocks around the Rincon Mountains are predominantly unmetamorphosed.

Davis' Martinez Ranch domain also consists mostly of metamorphosed 

Paleozoic rocks, although the degree of metamorphism is less than in 

Happy Valley.

Within the metamorphosed Paleozoic limestones, the precise fold 

morphology varies systematically, depending on both lithology and layer 

thickness. Several prominent calc-silicate layers approximately one- 

half meter thick fold in a distinctly different style than the thinner 

layers of identical lithology. These thick layers have deformed by a 

buckling process (Hudleston, 1973) and form larger, more open folds (Fig. 

7). In contrast, those calc-silicate layers which are only a few centi

meters thick have deformed into smaller amplitude, tighter folds. Fold

ing is also apparent within the marbles devoid of calc-silicate and 

siliceous interlayers, as compositional and color changes readily display 

(Fig. 8). These folds approximate the geometry of ideal similar folds. 

They appear to have been formed by simple shear flow (Hudleston, 1973) 

and reflect rock motion, rather than controlling it.

Fold Orientations and Asymmetries

The asymmetry of the folds in Happy Valley presents an intriguing 

problem when used to infer the genesis of the deformation. The folds 

have axial surfaces dipping moderately to the east as shown in Figure 9a.



Figure 7. Open Fold Formed by a Buckling Process. —  Trowel lies on 
the transposition surface. Mountain high is to the right.

Figure 8. Near Similar Folding within Happy Valley Rocks which are nearly 
Devoid of Calc-silicate Layers or Siliceous Interbeds. —  
Mountain high is to the right (Sec. 30, T. 14 S., R. 19 E.).



20

Figure9 • ssSiEiupper diagram. Fold axes are plotted in tne
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Fold axes have variable orientations as indicated by the girdle of Fig

ure 9b, but with a maximum plunging gently to the southeast. Nearly all 

the thousands of folds are strongly asymmetric and overturned toward the 

west (Fig. 10). A notable exception occurs at the gneiss-metasediment 

contact where a large-amplitude (20 m) fold is overturned, toward the east. 

This eastward overturning is separated from structurally higher, westward 

overturning by a zone of pronounced flowage and phyllonitization.

Because the mountain high, rather than the basin, is to the west, 

the predominant westward overturning is "backward" from other folds 

around the Rincon Mountains (Davis, 1975). When viewed as normal 

gravity-induced folds (de Sitter, 1954), this asymmetry indicates motion 

of upper layers not off, but onto, the mountain with respect to lower 

layers. Similarly» these folds have the opposite asymmetry which 

northeast-directed overthrusting would produce. The Happy Valley folds 

appear to have the wrong asymmetry for models employing either northeast- 

directed overthrusting (Drewes, 1973, 1975, 1976) or gravity sliding off 

the uplift (Davis, 1973, 1975). To explain this asymmetry Drewes (1976, 

p. 161) has proposed that "the lower major thrust plate was underthrust 

beneath the other plates."

The mountainward overturning of the folds is spectacularly ac

centuated by the development of discrete slip, or transposition, sur

faces within the marbles (Fig. 11). Produced by extreme overturning and 

consequent rupture, these transposition surfaces are mappable disloca

tion surfaces, especially where they separate rocks of varying litholo

gies (Fig. 12). Where marbles are juxtaposed against marbles, these
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Figure 10. Z-shaped Fold Overturned toward 
of Most of the Folds in the Bear

the Mountain Mass and Typical 
Creek Domain.
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Figure 11. A Portion of the Southern Canyon Wall in the Bear Creek Do
main Illustrating the Intensity of Deformation by Mountain- 
ward Folding and Transposition. —  Note the folded pegmatites 
and the difference in fold forms on opposite sides of the 
pegmatite. Mountain high is to the right.
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B. Hinge B of Figure 11.

Figure 12. Once Continuous Bed which was Folded and then Transposed. —  
A and B show the fold hinges which are separated along a 
planar transposition surface marked by the red pencil.
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C. Transposition surface between the hinges of A and B. Pencil 
eraser lies on the transposition surface which juxtaposes 
marble against marble. Foliation within the lower limb can 
be seen and is truncated at a high angle to the transposition 
surface.

Figure 12, continued.
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discontinuities are difficult to define, primarily because the transpo

sition surfaces, S^, are nearly parallel to the original sedimentary 

layering, SD. In many areas, these dislocation surfaces are clearly 

marked by transposed boudins of pegmatitic and more resistant strati

graphic layers. Figure 13 shows on a small scale this pattern of moun- 

tainward folding, disruption, and attenuation of a siliceous interbed 

within the marbles.

This mountainward folding appears to be present throughout many 

of the other metamorphic rocks of Happy Valley. Within two of the largest 

marble sheets in the quadrangle (Drewes, 1972, 1974), reconnaissance ex

amination reveals folds with the same mountainward asymmetry. Folds are 

much less abundant in these two sheets, but are still overturned moun

tainward with east-dipping axial planes. Of particular interest are such 

folds in a unit mapped as Precambrian diabase (Plut, 1970; Drewes, 1972, 

1974). Hundreds of folds, several with amplitudes exceeding 20 m, are 

developed approximately 4 km east of the Bear Creek domain. Spectacular 

in outcrop, these folds within the diabase appear to mimic the deformation 

within the marbles. This mountainward overturning of nearly all the folds 

examined in the Happy Valley rocks poses a perplexing problem if either 

gravity sliding as envisaged by Davis (1973, 1975) or northeast-directed 

thrusting as postulated by Drewes (1973, 1975) produced these folds.

Slip-Line Direction

Insight into the genesis of these folds may be gained by close 

examination of their orientations and asymmetries. Using Hansen's (1971) 

method for determining the slip-line direction, 176 folds from the Bear
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Figure 13. Small-scale Example of Mountainward Asymmetry Folding Fol
lowed by Disruption and Attenuation of the Bed. —  The crys
talline complex is to the right.
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Creek domain were plotted on a lower-hemisphere, equal-area net. As 

Figure 14 illustrates, most of the fold axes plot at a maximum of S20°E. 

The presence of this maximum alone would suggest, as Hansen (1971, p.

172) indicates, a slip-line 90° away and along the axial plane, or ap

proximately N70°E (Davis, 1975). Such a direction is subparallel with 

the adjacent mountain front and suggests motion from one of the lower 

portions, both topographically and structurally, of the Rincon granitic- 

gneissic complex. If these rocks were emplaced from a position off the 

Rincon dome (Davis, 1975), then a N65°E slip-line seems to suggest an 

unlikely source area. However, such a northeast direction of transport 

would lend support to Drewes1 (1973, 1975, 1976) regional thrusting 

model.

Folds with an S-shaped asymmetry are also present, though not 

numerous, in the Bear Creek domain. Combined with the S25°E maximum, 

they indicate a slip-line direction of S63°E (Fig. 15). This is almost 

exactly off the present peak of Mica Mountain, the tallest and nearest 

peak in the Rincon Mountains (Fig. 16). This is also nearly at right 

angles, or down the dip, from the nearby gneiss-marble contact. Further 

support for such a slip-line direction is the N30°E maximum for the long 

axes of quartz rods and stretched pebbles in the Bolsa Quartzite sand

wiched between gneiss and marble. Horizontal mullion structures in 

steeply tilted Bolsa Quartzite near the crystalline contact also trend 

N30°E.
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N

FOLD AXES

Figure 14. Inferred Slip-line Direction Based Solely on the Fold Axes
Maximum for the Bear Creek Domain. —  Lower hemisphere, equal 
area plot of 176 folds. All folds show unequivocal asymmetry, 
are not parasitic folds on larger folds, and are not 
transposed.



30
N

FOLD AXES and 
X  ASYMMETRIES

•. •
176 POINTS

Figure 15. Inferred Slip-line Direction Indicated by Folds of Opposing
Asymmetries within the Bear Creek Domain. —  Lower hemisphere, 
equal area plot of 176 folds. All folds show unequivocal 
asymmetry, are not parasitic folds on larger folds, and are 
not transposed.



Figure 16. Mica Mountain, from which the Rocks of the Bear Creek Domain 
Appear to Have Originated. —  Bear Creek domain is in the 
foothills in the foreground, just to the left of center as 
marked by the arrow.
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Megascopic Folding

Detailed study of the small-scale folds has delineated the pres

ence of much larger scale folds within the Happy Valley quadrangle. One 

such fold is well-exposed in the Bear Creek domain and has an amplitude 

in excess of 100 m (Fig. 17). This fold mimics the small folds with its 

southeast-plunging axis and east-dipping axial plane and forms the domi

nant structural element within the domain. Overturned toward the moun

tain, this fold has undergone transposition identical to that seen in the 

smaller folds. This transposition zone is marked by extremely well- 

developed surfaces, truncation and transposition of distinctive 

stratigraphic units within the Paleozoic rocks, and boudinage of more 

resistant and pegmatitic layers. The calc-silicate and siliceous layers 

shown in Figure 11, for example, are truncated against and transposed 

along this zone. Approximately 15 m wide, the transposition zone con

tains marbles that appear exceptionally pure and completely recrystal

lized. So pronounced is the foliation that it could easily be mistaken 

for well-developed bedding, except for the highly contorted siliceous 

and calc-silicate interlayers.

Marbles and quartzites of the Cambrian Abrigo Formation(?) occur 

along the nose and eastern limb of the anticlinal fold (Fig. 17). The 

structural position of this older unit, transposed and folded atop 

younger Paleozoic marbles, displays the same geometric pattern seen in 

the smaller scale folding and transposition. Geometrically, this trans

position of older units atop younger units would seem to be a thrust 

fault and resembles transposed folds around the Chattolanee and Woodstock 

domes in Maryland (Broedel, 1937).



Figure 17. Cross-section through the Bear Creek Domain Showing Large-scale Folding and 
Transposition of the Metasediments. —  Mountain high is to the west.
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The transposition zone is nearly completely contained within 

marbles and is not immediately obvious if the truncation and transposi

tion of units is not recognized. Much more obvious is this same trans

position zone in the south-facing slope of Bear Creek (Fig. 18). There 

the transposition zone is clearly marked by the discontinuous exposure 

of several lithologies other than marble. The most common of these rock 

types is dark brown biotitic schist, probably slices of metamorphosed 

Younger Precambrian Pioneer Formation. Slices of the Cambrian Bolsa and 

Abrigo(?) Formations also help delineate the fault zone. Ranging from 

less than a meter to several meters in thickness, these slices are len

ticular in form and are confined to a well-defined boundary zone between 

the large transposed fold limbs. In areas devoid of these transposed 

slices, clear evidence of a transposition zone almost disappears. Be

cause SQ and are nearly parallel, the dislocation surface appears to 

be little more than a small break in slope. Thus, the illusion of a 

homoclinally dipping section is given. Another zone containing both 

tectonic slices of Bolsa Quartzite and Pioneer Formation(?) is exposed 

near the top of the Bear Creek domain and has been mapped as a klippen 

of Bolsa Quartzite by Drewes (1972, 1974). The recognition of alloch

thonous slices, especially of schist or quartzite, appears to be a key 

to recognizing the presence of large-scale transposed folds.

Lithologically similar tectonic slices of schist are contained 

within another of Drewes1 (1972, 1974) thrust plates three kilometers 

east of the Bear Creek domain. Exposed along another cliff section are 

three separate zones .containing discontinuous slices of schistose
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PALEOZOIC MARBLES

ABRIGO (?) 
FORMATION

Figure 18. Transposition Zone in the South-facing Wall of Bear Creek 
Showing Mountainward Folding between Upper and Lower Limbs 
of the Transposed Antiform. —  Folds are diagrammatically 
shown above. Greenish outcrops defining the folds are tec
tonic slices of Younger Precambrian Pioneer Formation(?).
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material in dislocational zones within marbles mapped as Horquilla Lime

stone (Drewes, 1972, 1974). Drewes has mapped one of these zones as a 

fenster composed of tectonic slices of various Paleozoic rocks surrounded 

by Horquilla Limestone. The dislocational contacts are again difficult 

to locate where marbles are juxtaposed against marbles. Where differing 

rock types occur across the contact, brecciation, folding, and boudinage 

are well-developed. The presence of three such imbricate zones suggests 

that mountainward asymmetry, transposed folding was a major factor in 

the deformation of the Happy Valley rocks.

Folding of the marble-schist contact is exposed along the north 

wall of Bear Creek (Fig. 18). With amplitude varying from a few centi

meters to over five meters, the folds clearly extend into both schist 

and marble, deforming the foliation in both. Individual SQ surfaces, 

as defined by siliceous interbeds, display this folding well. These 

interbeds are quite discontinuous, the folds being defined by the folded 

surfaces along which the remnants of original bedding have also been 

deformed. Small domes and basins characteristic of superposed folding 

are present, as are rootless folds and boudined siliceous layers. Epi- 

dote is commonly developed near the schist slices and stains the over- 

lying marble. The lower contact of this transposition zone is not well 

exposed, but the large folds within the zone are apparently confined to 

the zone itself.

These folds within the transposition zone have the same asymmetry 

as the more abundant folds above and below the zone. Their axial planes 

dip to the east, away from the mountain, and their fold axes are oriented
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S25 E at 15°. Because all the folds seen have the same asymmetry, a 

slip-line direction defined by folds of opposing asymmetry was not found. 

However, the coincidence in orientations of these folds with folds out

side the transposition zone and with the large-scale fold suggest a com

mon transport direction.



PEGMATITES

Within the Happy Valley quadrangle, Tertiary pegmatites are wide

spread . On his map Drewes (1972, 1974) notes the presence of several of 

the larger bodies. He correlates them with the Granodiorite of Happy 

Valley on which he reports potassium-argon dates of 27.3+1.1 and 26.3 + 

0.9 m.y. These agree well with a 25.4 + 0.5 m.y. potassium-argon date 

obtained on a biotite separate from the large pegmatite shown in Figure 11 

(M. Shafiqullah and P. Damon, written communication, 1974). The pegma

tites occur both within the gneiss complex and the metamorphic rocks over- 

lying them. However, they appear to be almost absent from the Rincon 

Valley Granodiorite and the overlying unmetamorphosed rocks.

Pegmatites are very abundant in the Bear Creek domain and are 

intimately involved in the deformation. Composed of quartz-plagioclase- 

orthoclase-biotite-muscovite-garnet, these bodies are folded in the same 

manner as the marbles (Fig. 11). Cataclastic textures are not charac

teristic of the pegmatites within the marbles, although the garnets are

broken, quartz shows undulatory extinction, and plagioclase twins are
\

slightly bent. Original flow layering defined by marked differences in 

grain and porphyroblast size is truncated by the marble-pegmatite 

contacts.

The pegmatite bodies occur in two principal structural positions. 

One is within the central portions of folds and the other is along trans

position surfaces. Folding of the pegmatites/^is best exemplified by the 

large fold in Figure 11. This anomalously large fold is unbroken by

38
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transposition surfaces and yet folds within the marbles above and below 

it are transposed. Slightly discordant to S0, the pegmatite cross-cuts 

several stratigraphic layers. As can be seen in Figure 11, the fold 

forms of once continuous units clearly developed independently of each 

other on opposite sides of the pegmatite. Thus, the pegmatite exerted 

a controlling influence on the style and amplitude of folding. Pegmatite 

stringers only a few centimeters across are also folded and transposed, 

but their fold forms are controlled by adjacent calc-silicate and sili

ceous layers.

Along transposition surfaces the lenticular pegmatite bodies vary 

in thickness from a few centimeters to several meters. These white to 

light-orange bodies are nearly all parallel to and resemble the white 

marbles at a distance. This accentuates the illusion of a homoclinally 

dipping section created by the foliation surface. The pegmatite lenses 

are discontinuous in outcrop and are more abundant near the lower por

tion of the marble sheet.

The discontinuous nature of the pegmatites is due principally to 

extensive boudinage. Spectacularly formed boudins can be seen in all 

stages of development and at nearly all scales (Fig. 19). Necking-down 

is widely apparent in the pegmatites, and tails are present at the ends 

of many boudins. Between boudins the marble has flowed inward to fill 

the space, clearly ruling out injection of the pegmatites after deforma

tion (Fig. 20). Pegmatites which are folded are nearly all boudined 

along their limbs, as in the large fold of Figure 11.
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Figure 19. Large Pegmatite 3 Km East of the Bear Creek Domain. —  Ap
proximately 15 m thick, it has been boudined as have the

Figure 20. Pegmatite within Marble in the Bear Creek Domain. —  Note
flow layering within the marble, necking down of pegmatite, 
and flow of the marble to fit irregularities of pegmatite 
surface. Scalloped edge of pegmatite is further indication 
that the two were deformed together.
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Pegmatites of the same composition and field appearance occur 

within the crystalline rocks of the Rincon Mountains. Both a foliation 

and a lineation are present in some of these pegmatites, but not in 

others. West of the Bear Creek domain within the profoundly cataclastic 

rocks on which the metasediments rest, nearly all the pegmatites cut the 

foliation surfaces of their host. These pegmatites are also devoid of 

a secondary foliation. These undeformed pegmatites, therefore, were ap

parently injected after the formation of the cataclastic fabric within 

the gneissic rocks (Precambrian Continental Granodiorite as mapped by 

Drewes, 1972, 1974).

Between the metasedimentary rocks and the gneissic rocks is a 

large body of identical pegmatitic material but which is profoundly cata- 

clasized. Both a foliation and a lineation are well-developed. Quartz 

forms thin, wavy stringers and the feldspar forms rounded porphyroclasts 

with distinct trails. The lineation is defined by elongate quartz grains. 

This large pegmatitic body was clearly present during the development of 

the cataclastic fabric characteristic of the Rincon-Santa Catalina- 

Tortolita complex. The presence of both deformed and undeformed pegma

tites suggests that their intrusion may have been nearly synchronous with 

the development of the cataclastic fabric of the granitic-gneissic 

complex.



METAMORPHISM AND STRUCTURAL PETROLOGY

The Pennsylvanian Horquilla Limestone is the most widespread 

metamorphic rock structurally above the gneisses (Drewes, 1972, 1974).

As mapped by Drewes, this is the principal unit present within the Bear 

Creek domain. Study of this unit was undertaken to better understand 

the temperature and pressure conditions of metamorphism and its variation 

away from the gneiss-marble contact. Samples were selected incrementally 

away from this contact both horizontally and vertically. Comparison was 

then made with samples collected from other metamorphosed and unmeta

morphosed exposures of the Horquilla Limestone within the quadrangle.

In outcrop the marbles of Bear Creek are white to gray, with vary

ing degrees of yellow, red, or brown staining on weathered surfaces. A 

few layers are blue to black and some are partially translucent. Brown

weathering, siliceous interlayers are abundant and average several centi

meters in thickness. Gnarley, light brown weathering layers rich in 

diopside form prominent ledges. Radiating needles of tremolite are 

sparsely distributed, as is epidote staining. Although massive cliffs 

are formed in several areas, ledge-slope topography predominates.

Ledge-slope topography is characteristic of the Horquilla Lime

stone because it is composed of alternating layers of limestone and mud

stone (Bryant, 1968). In the Bear Creek domain, this ledge-slope outcrop 

pattern is produced primarily by the differential weathering of marble, 

calc—silicate layers, and pegmatites. It is not an original sedimentary
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characteristic of the marbles and its use to identify these rocks as 

Horquilla Limestone is questionable.

Near the contact with the crystalline rocks, both Cambrian Bolsa 

Quartzite and Abrigo Formation crop out (Drewes, 1972, 1974). No marked 

dislocation surface or change in degree of recrystallization or meta

morphism separates these units from the overlying marbles. This same 

relationship is seen on the upper limb of the large transposed fold (Fig. 

17). A major," low-angle dislocation surface must be present, however, 

if Horquilla Limestone rests atop Cambrian rocks. Another possibility 

is that at least some of the marbles in the Bear Creek domain represent 

the Devonian Martin Formation and the Mississippian Escabrosa Limestone 

which normally overlie the Cambrian rocks. Correct identification of the 

marbles in Bear Creek is made particularly difficult by their metamorphic 

character and intense deformation.

Examination of these marbles in thin—section demonstrates a dis

tinct variation in the degree of metamorphism with proximity to the 

gneiss. Marbles adjacent to the gneiss exhibit the most pronounced meta

morphism and clash sharply with marbles just beneath the overlying Bisbee 

Group rocks. Massive in outcrop, marbles composed almost completely of 

diopside occur near the gneiss contact. In contrast, siliceous marbles 

containing a few percent muscovite and epidote form platy outcrops be

neath the Bisbee Group rocks. Where individual stratigraphic layers can 

be traced from near the base of the "Horquilla" plate to its upper sur

face, they display nearly the same degree of metamorphism throughout. 

Layers which occur stratigraphically high within the plates are the
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least metamorphosed, even though more metamorphosed sediments may be at 

the same structural level. Vertical position stratigraphically, rather 

than strueturally, appears to have influenced the observed metamorphic 

grade.

The highest grade of metamorphism observed in the Bear Creek 

domain is marked by the assemblage gamet-diopside-quartz-calcite. This 

assemblage occurs only in marbles immediately adjacent to the granitic- 

gneissic complex. Diopside-quartz-calcite is the most widespread as

semblage along the contact and throughout much of the domain. Within 

quartzites along this contact the assemblage quartz-diopside-tremolite- 

calcite J.s characteristic. These mineral assemblages indicate temperature- 

pressure conditions of the hornblende—homfels facies of Turner (1968). 

Marbles near the top of the Bear Creek domain consist of quartz-calcite- 

dolomite-talc. These minerals indicate the presence of the albite- 

epidote hornfels facies of Turner. Transition from the hornblende-hornfels 

facies to the albite-epidote hornfels facies is marked by the gradual 

disappearance of diopside and the appearance of epidote and talc.

Variation in the degree of metamorphism is quite evident within 

the Bear Creek domain. Elsewhere within the Happy Valley quadrangle, 

similarly metamorphosed rocks are also present (Miles, 1965; Plut, 1970). 

Reconnaissance examination of these rocks in outcrop and thin section 

suggests that their metamorphic grade is directly related to the proximity 

of the underlying granitic-gneissic complex. Metamorphic zonation away 

from the crys talline complex is disrupted by widespread low—angle fault— 

ing. Clearly, however, heat flow from the granitic-gneissic complex was
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not uniformly distributed. Different mineral assemblages are thus present 

in units which are otherwise identical in stratigraphic and structural 

positions.

This variation in the degree of metamorphism is also evident in 

the Precambrian crystalline rocks. Where the Precambrian and Paleozoic 

sedimentary rocks rest upon Precambrian Rincon Valley Granodiorite in 

Happy Valley, they are invariably unmetamorphosed (Plut, 1970; Drewes, 

1971, 1976). Wherever a relatively complete section of Precambrian or 

Paleozoic rocks rests atop crystalline rocks other than the Rincon Valley 

Granodiorite, they are metamorphosed. The Rincon Valley Granodiorite 

itself appears to grade into deformed and recrystallized rocks of the 

granitic-gneissic complex in at least two areas (Sec. 27, T. 14 S., R.

18 E. and Sec. 4, T. 15 S., R. 19 E.). Variation in the degree of meta

morphism related to the granitic-gneissic complex thus appears to be 

present in the Precambrian crystalline rocks as well as the metasediments.

Temperature-pressure conditions during metamorphism are suggested 

by the mineral assemblages within the Bear Creek domain. Assemblages 

indicative of the pyroxene-homfels facies of Turner (1968) are not pres

ent within the domain. Temperatures of the marbles at the granitic- 

gneissic contact were therefore less than 675°C (Turner, 1968, p. 258). 

Temperatures of 550-600°C and less were probably more characteristic of 

the domain as indicated by the typical assemblage of diopside-calcite- 

quartz with occasional tremolite (Turner, 1968, p. 245). Temperatures 

near the top of the Bear Creek plate probably reached 350-400°C. Pres

sure conditions within the domain were probably between one and two
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kilobars during metamorphism (Turner, 1968, p. 258). This is consistent 

with the stratigraphic section present during metamorphism using the 

thickness estimates of Drewes (1974).

Variation in the degree of tectonism is also readily apparent 

from the base of the Bear Creek plate to its top. Near the base of the 

plate, the surfaces are sharply defined, producing a phyllitic tex

ture (Fig. 21). Varga (1975, p. 28) described the fabric as "that of a 

phyllonitic marble and of an S-tectonite." The surfaces are defined 

by large (4 mm), lensoidal, calcite grains in a finer grained matrix.

Many of the larger grains contain deformed twin lamellae and undulatory 

extinctions. This zone of phyllonitic marble separates basinward asym

metry folding at the gneiss-metasediment contact from structurally higher 

mountainward asymmetry folding.

Higher on the cliff face, in the area of Figure 11, calc-silicate 

minerals are deformed along these same surfaces. Diopside and 

diopside-quartz layers are boudined into rectangular and augen-shaped 

porphyroclasts (Fig. 22). Calcite from adjacent layers has flowed into 

the spaces between boudins, rounding the edges into crude barrel shapes. 

Individual diopside crystals and augen are broken into many pieces. The 

detached clasts are still in optical continuity but are separated by a 

calcite matrix material. Twin lamellae are abundant in the diopside 

crystals and are slightly bent (Fig. 23).

Near the top of the Bear Creek plate, just below strata of the 

Bisbee Group, the marbles have a definite foliation and contain alter

nating layers of quartz and carbonate of variable grain size (Fig. 24).



Figure 21. Zone near the Base of the Bear Creek Plate Characterized 
by Extremely Well Developed Surfaces. —  Crystalline 
complex is to the right.
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Figure 22. Photomicrograph Showing Boudinage of Diopside and Diopside- 
quartz Layers.

Figure 23. Photomicrograph Showing Twin Lamellae in Deformed Diopside.
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Figure 24. Deformed Marble near the Top of the Bear Creek Plate Con
sisting of Alternating Layers of Quartz and Carbonate. —  
surfaces are well developed, but folds (except small ones)
are absent.
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The surfaces parallel SQ, producing apparent flattening of the car

bonate and quartz parallel to the foliation. Quartz displays undulatory 

extinction and calcite and dolomite have slightly bent twin planes. In 

thin-section, the break-up or boudinage of individual crystals or of 

layers is not apparent. However, in outcrop, boudinage and folding of 

thin (1 cm) siliceous layers are present in several places. The bound

aries between larger (1-2 m) stratigraphic layers are nearly planar and 

appear little deformed.

Rocks of the overlying Cretaceous Bisbee Group are essentially 

unmetamorphosed. Fossil debris is not recrystallized nor are shale and 

siltstone hornfelsed. Similarly unmetamorphosed Bisbee Group rocks are 

seen elsewhere within Happy Valley, nearly all as tectonic slices just 

beneath the Rincon Valley Granodiorite and within one kilometer of the 

presently exposed granitic-gneissic complex (Drewes, 1972, 1974). By 

their presence beneath the granodiorite, these unmetamorphosed rocks are 

a constituent of Drewes’ (1971, 1976) predominantly metamorphosed lower 

plate. These Bisbee Group rocks, however, differ very markedly in their 

degree of metamorphism and recrystallization from other units within 

Drewes * lower plate.



INTERPRETATION

Reconnaissance mapping of the Happy Valley quadrangle by Drewes 

(1972, 1974) has delineated a complex imbrication of Precambrian to Meso

zoic units. As the results of his mapping demonstrate, there units can 

be separated into three plates, a lower plate of predominately metamor

phosed rocks, a middle plate of Rincon Valley Granodiorite, and an upper 

plate of unmetamorphosed sediments (Fig. 25). To account for this im

bricate stacking and for other regional relations, Drewes (1973) has 

proposed northeast-directed regional thrusting of Laramide age. Overlap 

of unmetamorphosed rocks with equivalent metamorphosed sediments is used 

by Drewes (1973, 1975, 1976) to suggest transport distances of at least 

16 to 32 km.

Within these imbricately stacked plates are large- and small- 

scale folds formed by gravity sliding (Davis, 1975). In his structural 

analysis of the folds surrounding the Rincon Mountains, Davis finds 

radially directed slip-line directions centered on the Rincon dome. The 

asymmetry of these folds is "unequivocally basinward" in four of the five 

domains he studied. The fold forms, the "cascades of overturned and re

cumbent folds," and the complete reversed flanks all point to a gravity- 

induced origin for these folds (Davis, 1975, p. 987). The fault 

separating these folded sediments and the granitic-gneissic rocks is 

interpreted by Davis (1975, p. 979) as "a decollement, above which the 

sedimentary and metasedimentary rocks folded independently of their 
substratum."

51
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Figure 25. Tripartite Stacking Seen in Happy Valley (Looking East- 
southeast) . —  Layered rocks forming the top of the hill 
are Horquilla Limestone. Red slopes are the Rincon Valley 
Granodiorite. White and dark rocks in the foreground are 
the metamorphic rocks.
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Integration of these two•models can be superficially accomplished 

by calling upon gravity-induced sliding along original thrust surfaces 

(Drewes, 1975). Such a model assumes:

1. Regional thrusting is responsible for the tripartite stacking;

2. The "thrusts" seen today are due to the regional event or simple 

reactivation along old surfaces;

3. Initial low-angle faulting is not genetically related to folding;

4. Gravity-induced folding has not been sufficient to fold original 

thrust surfaces;

5. Metamorphism is pre- or syn-thrusting;

6. Metamorphism bears no relationship to the mid-Tertiary heating 

of the underlying crystalline rocks;

7. Rincon Valley Granodiorite is allochthonous to the Rincon 
granitic-gneissic complex; and

8. Disruption of the three plates by gneiss domes is simply a local 

aid in exposing the thrust surfaces.

Analysis of these assumptions provides insight into the viability of the 

presently proposed model (Drewes, 1973, 1975, 1976).

Folding and Transposition

The complexity of low-angle faulting within the metamorphic rocks 

of Happy Valley can be at least partially explained by large-scale trans

position structures. Penetratively developed on a small scale, folds are 

asymmetric toward the mountain and are accentuated by mountainward trans

position of the upper limb. Developed on a larger scale involving
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entire "thrust" sheets, transposed folds displace older rocks atop 

younger ones, producing a geometric thrust relationship. Several such 

transposed limbs are imbricately stacked above one another in Sec. 24,

25, and 26, T. 14 S., R. 18 E. and in Sec. 28, 29, 30, and 31, T. 14 S., 

R. 19 E. Tectonic slices of Precambrian Pioneer Shale(?), Cambrian Bolsa 

Quartzite and Abrigo Formation(?), and other units mark these transposi

tion zones. This imbricate stacking of low-angle reverse faults is a 

reflection of large-scale folding and transposition, not regional 

overthrusting.

Low-angle,, reverse faulting within the metamorphic rocks of 

Happy Valley, therefore, appears to have developed coevally with fold

ing. Any inferences as to the dynamic origin of these low-angle reverse 

faults must also account for the folding from which the faults developed. 

A history of regional thrusting cannot be inferred based on faulting 

alone without accounting for the folds. The kinematic history of these 

folds is critical, then, for distinguishing northeast-directed regional 

thrusting (Drewes, 1973, 1975, 1976) from radially directed gravity- 

induced motion (Davis, 1973, 1975).

Several kinematic indicators are present within the Bear Creek 

domain and collectively define the direction of tectonic transport. The 

pervasive folding in the domain provides a S63°E slip-line direction 

when their asymmetries and orientation are plotted using Hansen’s (1971) 

method. This direction points to the structural culmination now repre

sented by the nearest and the highest peak in the Rincon Mountains, Mica 

Mountain. It is supported by the N30°E maximum for quartz rods and
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stretched pebbles along the gneiss-metasediment contact and the N30°E 

orientation of mullion structures near this same contact. This direc

tion is also almost perpendicular to the local marble-gneiss contact and 

the strike of the foliation within the gneiss. Taken as indicators of 

the direction of tectonic transport,, these- features indicate that folding 

and transposition within the metamorphosed rocks of Happy Valley are re

lated to the topographic and structural high produced by the Rincon 

granitic-gneissic complex.

Metamorphism

The metamorphism within these rocks also appears to be related to 

the granitic-gneissic complex. The highest grade of metamorphism, repre

sented by the assemblage gamet-diopside—quartz-calcite, occurs in marbles 

immediately adjacent to the gneiss. Corresponding to the homblende-

hornfels facies of Turner (1968), similarly metamorphosed rocks are seen/
elsewhere in Happy Valley (Miles, 1965; Plut, 1970) and around the Rincon 

and Santa Catalina Mountains (Peirce, 1958; Raabe, 1959; Pilkington, 1962; 

Waag, 1968; Liming, 1974; and Schloderer, 1974). At the top of the Bear 

Creek plate, the assemblage calcite-quartz-dolomite-talc is present plac

ing the rocks in the albite-epidote hornfels facies. Vertical rise in 

stratigraphic, rather than structural, position appears to produce the 

most pronounced change in metamorphic grade. The progressive change 

stratigraphically from hornblende-homfels facies to the albite-epidote 

hornfels facies has been disrupted by the deformation within the Bear 

Creek domain. This suggests that folding and transposition, as shown in 

Figures 11 and 17, occurred after- the peak of progressive metamorphism.
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Further insight into the relative timing of metamorphism and 

deformation is provided by both the tectonite fabric and the style of 

deformation. Break-up and boudinage of single diopside crystals and 

calc-silicate mineral layering (Fig. 26) with pronounced deformational 

twinning of the diopside indicates that deformation occurred after the 

climax of metamorphism. The apparent absence of annealing of the diop

side also suggests that deformation occurred in the waning stages of 

metamorphism. The abundant flowage present in the folds (Fig. 27), 

around boudins (Fig. 28), and in transposition zones indicates that the 

marbles were still ductile during deformation. Folding and attenuation 

of pegmatite bodies indicates that they were also relatively ductile at 

the time of deformation. Deformation within the metamorphic rocks, 

therefore, occurred after the climax of metamorphism by a combination of 

brittle failure and plastic flow.
Juxtaposition of unmetamorphosed Bisbee Group rocks atop recrys

tallized limestones requires that metamorphism preceded the development 

of the present structural stacking. This marked difference in degree of 

recrystallization is also evident where small tectonic slices of Bisbee 

Group rocks are sandwiched between marbles and Rincon Valley Granodiorite. 

Disruption of the original metamorphic isograds is required, therefore, 

to intermix rocks displaying such variable degrees of metamorphism.

Around the Santa Catalina-Rincon-Tortolita complex, the degree of 

metamorphism within units overlying the Catalina Gneiss is variably de

veloped. Both highly metamorphosed (e.g., Pilkington, 1962; Miles, 1965) 

and nearly unmetamorphosed (e.g., Wallace, 1955; Braun, 1969) areas
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Figure 26 B o u dinage of Calc-silicate Layering Indicating that Defer-
mation Occurred after the Climax of Metamorphism.
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Figure 27. Flowage of Marble and Brittle Deformation of Calc-silicate 
Layers. —  Note the detachment and rotation of the end of 
the calc-silicate layer. Crystalline complex is to the right 
of the photo.

Figure 28. Flowage of Marble around Boudins Indicating Ductile Behavior 
of Marble during Deformation. —  Mountain high to the right.
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consist of essentially complete sections of Younger Precambrian through 

Paleozoic rocks dipping off the mountain mass. Although a detailed study 

of the variance in metamorphism around the complex has not been done, it 

seems apparent that the degree of metamorphism is related to heating of 

the Catalina Gneiss in post-Cretaceous (Bisbee Group) time. It also 

seems probable that heat flow from the underlying crystalline complex 

was not uniform, leaving sections of the overlying sedimentary rocks un

metamorphosed or only slightly metamorphosed. The metamorphic character 

of the mantling sedimentary and metasedimentary sheets may be simply a 

reflection of the thermal regime of the underlying rocks, not a signature 

of allochthonous versus autochthonous plates, as Drewes' (1973, 1975,

1976) model suggests.

Intrusion of a large mid-Tertiary composite batholith as recently 

suggested by Creasey and others (1976) may account for this variability 

and localization of metamorphism. Although their work was primarily in 

the Santa" Catalina and Tortolita Mountains, they suggested that the bath

olith extends into the Rincon Mountains. The near coincidence in appar

ent age between their Quartz Monzonite of Samaniego Ridge and Drewes* 

(1972, 1974) Granodiorite of Happy Valley and Quartz Monzonite of Wrong 

Mountain suggests that they may be phases of the same composite batholith. 

Based upon both potassium-argon and fission track dating, Creasey and 

others (1976) suggested that deformation closely followed crystallization 

of the batholith. Deformation produced by intrusion of the batholith is

apparently present up to "3 km beyond the limits of the batholith"
/

(Creasey and others, 1976, p. 5) and is gradational into undeformed



rocks. Recrystallization and shearing related to the batholith are so 

intense locally that the original sedimentary formations are not recog

nizable (Creasey and others, 1976).

Age of Deformation 
within Metamorphic Rocks

As seen earlier, deformation within the metamorphic rocks of 

Happy Valley occurred after the climax of metamorphism. The absolute 

age of this deformation is indicated by a potassium-argon age date on 

the deformed pegmatite shown in Figure 9. On a biotite separate from 

the pegmatite, M. Shafiqullah obtained a date of 25.4 +0.5 m.y. 

(Shafiqullah and Damon, written communication, 1974). This date agrees 

well with the 26.3 +0.9 and 27.3 + 1.1 m.y. potassium-argon ages (Marvin 

and others, 1973) obtained by Drewes (1972, 1974) on granodiorite from 

which he has suggested the pegmatites originated. This date also agrees 

well with the 26.8 (1.7 s.d.) m.y. potassium-argon ages of the Catalina 

Gneiss in the Santa Catalina and Rincon Mountains (Damon and.others,

1963). Damon and others (1963, p. 118) have interpreted these ages as 

a reflection of the uplift of the Santa Catalina-Rincon Mountains and as 

recording "that the uplift had progressed to the point that metamorphism 

had terminated by upper Oligocene-lower Miocene time." They also inter

preted the consistency of the ages (1963, p. 120) as an "indication that 

the uncovering and cooling was not a slow process."

This lower Miocene age on the deformed pegmatite suggests a mini

mum age for the folding and coeval low-angle faulting within the meta

morphic rocks. Damon (personal communication, 1974) has suggested that

60
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the Santa Catalina-Rincon complex reached a thermal high at about 33 mil

lion years ago, after which cooling began. Based upon fission track 

dating of different minerals, Creasey and others (1976) have suggested 

that cooling of the Quartz Monzonite of Samaniego Ridge had reached 500°C 

by 28 million years ago and 100°C at about 21 million years ago. If this 

thermal high also represents the climax of metamorphism, then deformation 

of the metamorphic rocks in Happy Valley occurred between approximately 

33 and 25 million years ago. Uplift of the crystalline complex produced 

folding and faulting within the metamorphic aureole, resulting in disrup

tion and imbricate stacking of the aureole. The absence of recrystalli

zation of the cataclastic textures produced during this deformation and 

the lack of any other apparent polymetamorphic effects suggest that the 

Oligocene heating event did not simply reheat previously deformed rocks. 

Disruption of the mantling sedimentary and metasedimentary sheets in re

sponse to uplift of the crystalline complex may well have contributed to 

the rapid cooling of the complex.

Uplift of the mountain mass together with break-up of the upper

most, brittle mantling rocks would also have provided the source for the 

Fantano Formation and its equivalents, which surround the Rincon Mountains. 

Pebbles, cobbles, and boulders within the Fantano Formation were derived 

primarily from the Bisbee Group (Finnell, 1970), which was probably the 

uppermost stratigraphic unit when uplift of the Rincon Mountains occurred. 

The early Oligocene to early Miocene age of the Fantano Formation (Finnell, 

1970) is compatible with the mid—Tertiary uplift and denudation of the 

Rincon Mountains.
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Rincon Valley Granodiorite

Within Happy Valley the Rincon Valley Granodiorite is sandwiched 

between underlying predominantly metamorphic rocks and overlying unmeta

morphosed rocks (Plut, 1970; Drewes, 1972, 1974). The low-angle faults 

which juxtapose the granodiorite over metamorphic rocks are subparallel 

to the surfaces within the metasediments. Tectonic slices of nearly 

all the Precambrian and Paleozoic metasedimentary rocks are present along 

these fault surfaces. Slices of the Cretaceous Bisbee Group are also 

present beneath the granodiorite and are nearly all within one kilometer 

of the presently exposed granitic-gneissic complex (Drewes, 1972, 1974).

In many parts of Happy Valley a nearly complete section of Younger 

Precambrian through Permian sedimentary rocks overlies the granodiorite 

(Drewes, 1974). As shown by Drewes * (1974) cross-sections, a dislocation 

surface separates the Rincon Valley Granodiorite from the overlying sedi

mentary section. The common presence of nearly complete sections of un

metamorphosed and nearly undeformed rocks above the granodiorite may be a 

key to deciphering the structural history of Happy Valley. Wherever 

Rincon Valley Granodiorite is present, unmetamorphosed rocks occur above 

it, just as would be expected in a normal stratigraphic section.

Close examination of the relative positioning of the Rincon Valley 

Granodiorite with respect to unmetamorphosed and metamorphosed rocks 

demonstrates that Drewes * (1972, 1974) three-plate model is not wholly 

satisfactory. As Drewes has mapped, the Rincon Valley Granodiorite is 

separated from the underlying metamorphic rocks by slices of Bisbee Group 

limestones, conglomerates, and siltstones in several areas. These slices
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are largely unmetamorphosed, making their identification as lower plate 

rocks dependent solely on their geometric position below the granodio- 

rite. In the Martinez Ranch area at the southern end of the Rincon 

Mountains, a thick section of metamorphic rocks occurs above the Rincon 

Valley Granodiorite (Liming, 1974). The identification of these rocks 

as lower plate is incompatible with their geometric position above the 

granodiorite. The three-plate thrusting model, in itself, does not 

fully explain the interrelationship of deformation and metamorphism 

around the Rincon Mountains. However, the occurrence of unmetamorphosed,
t

nearly undeformed rocks above and metamorphosed, highly deformed rocks 

below the Rincon Valley Granodiorite (Plut, 1970; Drewes, 1971, 1976) is 

clearly of fundamental significance in deciphering the deformation around 

the Rincon Mountains.

Where the granodiorite rests directly atop Catalina Gneiss, a 

clear-cut fault surface is not present in several areas. Rather, a pro

gressive increase in mylonitization within the granodiorite is evident 

beginning a few meters to a few tens of meters from Catalina Gneiss. Plut 

(1970) noted that a foliation occurred within the Rincon Valley Granodio

rite in many places, usually within 50 ft of the contact with Catalina 

Gneiss. An intrusive contact of the granodiorite into other Precambrian 

crystalline rocks has never been found. On this basis Drewes (1973) has 

suggested that it is everywhere allochthonous to the Rincon Mountains. 

Regional thrusting is therefore attractive as a mechanism for bringing 

this unit from elsewhere, presumably the southwest.

. Such regional thrusting, however, poses several problems. Em

placement of a regional thrust sheet only a few meters to a few tens of
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meters thick seems highly improbable. Yet slices with such dimensions 

occur on the east, south, and west sides of the Rincon Mountains. The 

Rincon Valley Granodiorite is present in its correct stratigraphic posi

tion immediately atop Catalina Gneiss (Continental Granodiorite and 

Johnny Lyon Granodiorite of Drewes, 1972, 1974) in areas on the east, 

south, and west sides of the Rincon Mountains. This seems highly fortui

tous if it is everywhere allochthonous to the range as Drewes (1973) has 

advocated. An equivalent unit, or source terrane, for the Rincon Valley 

Granodiorite has not been found and its relationship.to other Precambrian. 

crystalline rocks in the region is not clear. Both Plut (1970) and 

Drewes (1972, 1974) have suggested that it may be correlative with the 

Johnny Lyon Granodiorite which is present both in the Little Rincon Moun

tains and the Dragoon quadrangle to the east (Cooper and Silver, 1964).

The faults which bound the Rincon Valley Granodiorite appear to 

be curviplanar both in the field and on cross-sections illustrating them 

(Plut, 1970; Drewes, 1974; Davis, Eliopulos and others, 1974). Large- 

scale disruption by folding and faulting in response to uplift of the 

Rincon complex has occurred in these same areas. If gravity-induced mo

tion occurred along reactivated thrust faults, then folding and faulting 

associated with it was insufficient to alter the original curviplanar 

thrust faults. Piling up of large-scale cascades of overturned and recum

bent folds or the production of large-scale folds and transposition sur

faces seems highly improbable without deforming the curviplanar thrust 

faults. Because a thrust fault has no inherent strength which should 

prevent it from being deformed by later folding and faulting, the fault 

geometries do not support a two episode model.



65

An alternative to the thrust origin for the Rincon Valley Grano- 

diorite is suggested by the age, fabric, and contact relationships of 

the unit. Development of the penetrative cataclastic fabric within the 

crystalline rocks of the Rincon-Santa Catalina-Tortolita complex during 

mid-Tertiary time (Creasey and others, 1976) is variably developed in 

the mantling sedimentary and metasedimentary rocks. Where unmetamor

phosed, lower Paleozoic rocks are exposed around the Rincon Mountains, 

the mid-Tertiary cataclastic fabric has obviously not been imposed upon 

them. Most of these lower Paleozoic rocks rest on similarly undeformed 

and unmetamorphosed Rincon Valley Granodiorite. Development of this 

fabric, therefore, terminated near the contact of the crystalline rocks 

with their overlying rocks. The Rincon Valley Granodiorite might, then, 

be simply the undeformed rind on structurally lower crystalline rocks, 

the Johnny Lyon Granodiorite and the Continental Granodiorite. The Pre- 

cambrian potassium-argon ages on Rincon Valley Granodiorite (1540 +60,. 

1450 + 50, and 1560 + 100 m.y.) found by Marvin and others (1973) would 

be compatible with such an interpretation. Failure of the mid-Tertiary 

thermal event to impart a mid-Tertiary potassium-argon age to the grano

diorite would be consistent with the failure of the associated deforma

tion to impart a cataclastic fabric on the unit. Loss of fluid pressure 

near the outer margin of the crystalline complex might account for the 

difference in the fabric and structural behavior of the Rincon Valley 

Granodiorite and its deformed equivalent. Progressive cataclasis of the 

Rincon Valley Granodiorite into the gneissic complex (Sec. 27, T. 14 S., 

R. 18 E., and Sec. 4, T. 15 S., R. 19 E.) supports this conclusion.
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The great variance in thickness of the unit, its general lack of a cata- 

clastic fabric except at its base, and its almost universal presence be

neath unmetamorphosed rocks are also compatible with this interpretation. 

The Rincon Valley Granodiorite is also roughly time equivalent with both 

the Johnny Lyon Granodiorite (1600 + 30 m.y. on zircon. Silver and Deutsch, 

1961) and the Continental Granodiorite (inferred age by Drewes, 1972,

1974). These are the two crystalline units which Drewes has mapped be

neath the Rincon Valley Granodiorite and which are here interpreted as 

its deformed equivalents.

Mountainward Folding

The "backward” asymmetry folding present within Happy Valley does 

not seem to fit either a regional thrusting model or a gravity sliding 

model. These folds do, however, seem to be directly relatable to the 

tallest and nearest peak in the Rincon Mountains, Mica Mountain. A 

single, very large hasinward asymmetry fold at the gneiss contact (Fig. 

29) appears to further complicate any genetic interpretation of the fold 

asymmetries. Separating these areas of opposite asymmetry folding is a 

zone of pronounced flow characterized by extremely well-developed 

surfaces (Fig. 21).

Folds with mountainward asymmetry indicate motion of lower layers 

relatively off the mountain and of upper layers onto the mountain. This 

is the same relative motion as would be expected in the familiar para

sitic fold on the limb of an antiform. Large-scale transposition is an 

accentuation of this asymmetry and resembles cross-sections of the Chat- 

tolanee and Woodstock domes in Maryland as drawn by Broedel (1937).
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GNEISS1C AND 
A PUTIC ROCKS

SCHIST AND
Quar tz ite

COARSEGRAINED, NEARlV 
PURE DIOVSIDE MARBLES \

MULLION
STRUCTURES

Figure 29. Large, Basinward Asymmetry Folding at Gneiss Contact. —  
Upper limb is visible; lower limb is hidden in the stream. 
Well-developed mullion structures are present within the 
quartzite. Marble is very coarse-grained, nearly pure 
diopside.
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Model studies by Ramberg (1967, p. 108, 139, 142; 1973, p. 55) of domal 

uplifts into layered sequences demonstrate this same "mountainward" asym

metry of folds and "mountainward" transposition. As indicators of rela

tive motion, mountainward folding and transposition do not require actual 

tectonic transport onto the mountain. Rather, they simply define the 

force couple which produced the deformation. Mountainward transport is 

not a unique generator for this force couple and northwestward motion 

onto the mountain does not seem geologically reasonable.

Increased Ductility Model

Mountainward asymmetry folding and transposition could also be 

produced by motion of the mantling metamorphic rocks down the slope of 

the 20 to 30° crystalline rampart. Rocks low in the section would be 

required to move relatively farther downslope than rocks higher in the 

section. Such an increase in downslope motion with depth would be re

lated to the proximity of the crystalline complex. This increased ve

locity gradient with depth could be a direct reflection of the ductility 

of the mantling rocks. The most ductile rocks, probably marbles near 

the crystalline heat and fluid source, would be expected to move farthest
I

downslope. Rocks higher in the section would also move downslope, but by 

a lesser amount, thus creating the necessary force couple to produce 

mountainward asymmetry folding.

Such a model totally dependent on the relative ductility of the 

rocks seems unlikely because of the uniformity of the fold asymmetry in 

Happy Valley. Nearly all the folds are asymmetric onto the mountain re

gardless of whether they are in marble, quartzite, schist, or diabase.
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Because the ductilities of the rocks were probably very different from 

each other at the time of deformation, variance in the fold asymmetry . 

would be expected. Yet, the asymmetries do not vary within individual 

lithologic units or at the boundaries between these units. Therefore, a 

model relying solely on the increased ductility of rocks at depth does 

not seem applicable.

Intrastratal Flow Model

Insight pointing to a more applicable model is provided by model 

studies of domal uplifts (Bamberg, 1967, 1973), mathematical studies of 

the rise of mantled gneiss domes (Fletcher, 1972), analysis of strain 

surrounding diapiric structures (Dixon, 1975), and geologic study of 

rocks mantling a small pluton (Sylvester and Christie, 1968). These 

studies collectively suggest the strain history and probable dynamic 

forces involved in deformation of a mantling sequence by an intrusive 

body.

Uplift or intrusion of a granttic-gneissic body into the Precam- 

brian and Phanerozoic rocks would necessarily increase the area which the 

host rocks would cover. The resultant behavior of the mantling rocks 

would depend on their temperature, pore-fluid pressure, ductility, and 

boundary conditions. Tectonic thinning, or flattening perpendicular to 

the foliation, would be expected to occur (Dixon, 1975). Such tectonic 

thinning has been well documented by Sylvester and Christie (1968) 

around the Papoose Flat Pluton in the Inyo Mountains, California. They 

suggest that the original Paleozoic formations surrounding the pluton 

were attenuated at least 80%. Such thinning, or attenuation, would
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facilitate the formation of large "boudins" or tectonic slices of rela

tively more competent formations within more ductile units as demonstrated 

by Bamberg's (1967, p. 108) modelling. Such formational disruption, es

pecially near the base of the section, would explain the lenticular pat

tern of low-angle faulting and unit distribution as mapped by Drewes 

(1972, 1974) within the metamorphic rocks of Happy Valley. The penetra

tively developed foliation surface subparallel to the gneiss contact, 

the anomalous thinness of formations, and the presence of chocolate- 

block boudinage (Fig. 26) are all explicable by this mechanism.

Fletcher (1972) developed a mathematical model for the emplace

ment of mantled gneiss domes which bears a striking similarity to the 

deformation present in Happy Valley. By attempting to reproduce the 

deformation in natural domes, Fletcher (1972, p. 197) proposed an intra- 

stratal flow model "in which the flow in a low viscosity layer of the 

mantling rocks is constrained by an overlying, effectively rigid layer.11 

From his study Fletcher (1972, p. 214) concluded that, "Perhaps the most 

intriguing aspect of the intrastratal model is the pattern of internal 

rotations in the mantling rocks . . . .  This shows a reversal in shear 

and rotation sense between the mantling rocks adjoining the core gneiss 

and those adjoining the overlying rigid layer." This same reversal in
I

the sense of asymmetry can be seen from Dixon's (1975) modelling of the 

finite strain associated with diapiric uplift.

The apparently enigmatic reversal in fold asymmetries in Happy 

Valley has the correct sense of asymmetry for both Fletcher (1972) and 

Dixon's (1975) models. Separating the zones of reversed fold
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asymmetries is the zone of pronounced flow characterized by extremely 

well-developed surfaces. Basinward asymmetry folding is present at 

the gneiss contact, but comprises a relatively narrow zone compared to 

the far thicker zone of mountainward asymmetry folding. By analogy with 

Fletcher's (1972) model, the highly ductile, or low viscosity, marbles 

of Happy Valley were deformed by domal rise of the Rincon complex with 

an overlying, more rigid layer constraining the downslope flow. Gravity- 

induced, domal rise of the Rincon complex with the resulting downslope 

motion of crystalline rocks would provide the driving force for the 

deformation in Happy Valley.

Ramberg's (1967, p. 108, 139, 142; 1973, p. 55) modelling studies 

illustrate how this downslope motion of crystalline rocks would produce 

the deformation in the overlying layered sequence (Fig. 30). Ramberg 

(1967, p. 133) points out that subsidence of a volume of rock nearly 

equal to that of the rising diapir actually provides the energy to ele

vate the rising mass; Subsidence of a pre-intrusive body of rock is, 

therefore, the more fundamental process in the domal rise of a gneiss 

dome. Downslope motion of such a preexisting body of rock in Happy 

Valley (rocks mapped as Precambrian Continental Granodiorite and Johnny 

Lyon Granodiorite by Drewes, 1972, 1974) would produce the mountainward 

asymmetry folding and transposition in the overlying marbles.

Basinward asymmetry folding indicative of such downslope motion 

has been documented in the Santa Catalina Mountains in both gneissic 

rocks (Quartz Monzonite of Samaniego Ridge of Creasey and others, 1976) 

and metasedimentary rocks (Waag, 1968; Peterson, 1968). Within the Santa
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Catalina forerange, Peterson has further substantiated the downslope mo

tion of gneissic rocks by demonstrating thinning of gneissic units over 

the crests of major folds. Both Waag (1968) and Peterson (1968) have re

lated this basinward motion to the vertical rise of the Santa Catalina 

Mountains which terminated in Miocene time. Such evidence for basinward 

motion (Peterson, 1968; Waag, 1968) is characteristic of other gneiss 

domes as in British Columbia (Reesor, 1965; Reesor and Moore, 1971) and 

Vermont (Skehan, 1961). Basinward asymmetry folding within mantling 

sheets has also been described by Davis (1975) around the Rincon Mountains. 

Such folding does indeed reflect downslope motion but by free-gliding in

dependent of the motion of the underlying crystalline rocks.

Downslope motion of the granitic-gneissic rocks in Happy Valley 

may well have occurred in response to gravity-induced uplift of the 

Rincon-Santa Catalina-Tortolita complex. Basinward motion of the crystal

line rocks would provide the mechanism for deformation of the overlying 

low viscosity metasediments. Penetratively developed, mountainward asym

metry folding and transposition would be produced. This motion would be 

accentuated by large-scale folding and multiple imbrication of transposed 

fold limbs, or "thrust" sheets.

Model for Tripartite Stacking

Tripartite stacking of predominantly metamorphosed rocks, the 

Rincon Valley Granodiorite, and unmetamorphosed rocks may also have been 

produced by the downslope motion of the crystalline basement. If the 

Rincon Valley Granodiorite is simply the undeformed rind on the newly re

crystallized Precambrian granodiorites, the tripartite stacking is a
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direct reflection of the metamorphism and uplift of the Rincon Mountains. 

Large-scale, mountainward asymmetry folding accentuated by transposition 

of one limb over another will also produce the tripartite stacking as 

illustrated in Figure 31.

Development of the tripartite stacking by large-scale, mountain- 

ward asymmetry folding and transposition integrates the metamorphic and 

deformational histories of the mantling rocks. This mechanism also re

lies exclusively on the dynamics of domal uplift of the Rincon Mountains. 

Metamorphism and deformation within the mantling rocks are, therefore, 

interpreted as a direct reflection of the thermal and deformational his

tory of the underlying granitic-gneissic complex. This mechanism provides 

an overlying rigid layer for the low viscosity metasedimentary rocks and 

helps explain the pervasive presence of mountainward asymmetry folds 

(Fletcher, 1972). The motion imparted to this rigid layer by the under

flowing metamorphic rocks could account for the minor disruption of the 

Rincon Valley Granodiorite and its overlying sedimentary rocks. The ob

served juxtaposition of Rincon Valley Granodiorite atop both gneissic 

rocks and metasedimentary rocks, but never beneath metasedimentary rocks, 

is a natural conclusion of this model. The emplacement of relatively 

unmetamorphosed Bisbee Group rocks beneath the granodiorite and their 

localization near the gneissic complex are also explicable as a response * 

to domal uplift.

The presence of highly deformed, Younger Precambrian and Phanero- 

zoic metasediments beneath the Precambrian Rincon Valley Granodiorite 

clearly implies that detachment of undeformed basement occurred from
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deformed basement. This detachment, or decollement, surface is seen 

elsewhere around the Rincon Mountains, where it enabled the mantling 

sheets to glide freely downhill (Davis, 1975). In Happy Valley, however, 

the rocks did not glide freely downslope, but were forced downhill by 

motion of the underlying crystalline rocks. This downhill motion may 

also have helped initiate the downslope gliding of mantling shears else

where around the Rincon Mountains.

Mountainward asymmetry folding and transposition may also explain 

why the deformation in Happy Valley differs from that seen elsewhere 

around the Rincon Mountains (Davis, 1973, 1975; Davis, Eliopulos and 

others, 1974; Davis, Frost, and Schloderer, 1974; Davis and Frost, 1976; 

Liming, 1974; Schloderer, 1974). In Happy Valley basinward asymmetry cas

cades of overturned and recumbent folds indicative of free gliding (de 

Sitter, 1954; Davis, 1975) have not been observed. Failure of the unmeta

morphosed Rincon Valley Granodiorite and sedimentary rocks to glide down- 

slope may be largely responsible for the unique style of deformation 

present in Happy Valley. Interference by the Little Rincon Mountains or 

simply the .configuration of the syncline marginal to the dome may account 

for the near autochthonous nature of the unmetamorphosed rocks.

Downslope motion of metasedimentary rocks beneath the Rincon 

Valley Granodiorite demonstrates a response to the uplift of a granitic- 

gneissic complex, or gneiss dome, that is of fundamental significance in 

structural geology. The pentratively developed folding and transposi

tion and large-scale imbrication of units reflects the magnitude of the 

forces involved in uplift of the Rincon-Santa Catalina-Tortolita complex.



Deformation within the mantling metamorphosed, unmetamorphosed, and 

crystalline rocks can be seen to be a direct reflection of the dynamics 

of domal uplift. As such, their interpretation as the products of re

gional thrusting does not appear valid.



SUMMARY

Both regional thrusting and gravity sliding have been proposed 

as the causes for the exquisite deformation seen around the Rincon Moun

tains. Drewes (1971, 1972, 1973, 1974, 1975, 1976) has been the princi

pal advocate of regional thrusting based on his interpretation of the 

several hundred low-angle faults which ring the Rincon Mountains. Davis 

(1973, 1975) has been the chief proponent of gravity sliding based on 

his structural analysis of folds exposed around the Rincon Mountains. 

Recently, Drewes (1975, 1976) has proposed a combined model of regional 

thrusting with later gravity sliding along reactivated thrust faults.

In Happy Valley both "regional thrusts" and "gravity-induced 

folds" are spectacularly exposed and provide insight into the validity 

of the presently proposed model of regional thrusting with later gravity 

sliding along the same surfaces (Drewes, 1975, 1976). Detailed mapping 

in Davis' (1975) Bear Creek domain and reconnaissance examination of much 

of the rest of the Happy Valley quadrangle have led to several conclu

sions. These conclusions provide insight into the genesis of not only 

the Rincon Mountains but also the entire Rincon-Santa Catalina-Tortolita 

complex.

Folding within the metamorphic rocks of Happy Valley appears to 

be genetically related to the structural high now represented by the 

nearest and tallest peak in the range. Mica Mountain. Mountainward asym

metry folding accentuated by large-scale transposition is responsible 

for the small-scale disruption of the metamorphic aureole around the

78
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Rincon granitic-gneissic complex. Identical large-scale folding and 

transposition have produced at least some of the low-angle reverse faults 

and imbrication of units. This mountainward asymmetry folding is inter

preted as a direct reflection of the downslope motion of the underlying 

crystalline rocks in response to the diapiric rise of the mountain mass. 

Tripartite stacking of metamorphosed, unmetamorphosed, and crystalline 

rocks was produced by motion of metamorphosed rocks beneath unmetamor

phosed crystalline and sedimentary rocks. Model studies by Ramberg 

(1967, 1973) demonstrate the viability of such a process and display in

tense mountainward folding and transposition similar to that in Happy 

Valley. Mathematical modeling of the emplacement of mantled gneiss 

domes by Fletcher (1972) predicts the presence of basinward asymmetry 

folds overlain by mountainward asymmetry folds, as seen in Happy Valley. 

Study of the finite strain around such bodies by Dixon (1975) makes the 

same prediction. The intrastratal flow model of Rosenfeld (1968) and 

Fletcher (1972) appears to accurately portray the deformational mechanism 

operative in Happy Valley.

This deformation occurred after the peak of progressive metamor

phism but while the metasediments were still able to flow. Metamorphism 

and variation in metamorphic grade appear directly relatable to the re

crystallization, or gneissification, of the underlying crystalline rocks. 

The metamorphic aureole and surrounding unmetamorphosed rocks were dis

rupted by rise of the Rincon-Santa Catalina-Tortolita complex. Intrusion 

of the large composite batholith of Creasey and others (1976) into the 

core of the complex appears responsible for this uplift.
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' Dating of a deformed pegmatite by M. Shafiqullah and P. Damon 

(written communication, 1974) yielded a potassium-argon age of 24.8 +

0.5 m.y. This age suggests that deformation occurred during late Oligo- 

cene or early Miocene time as has been suggested by Damon and others 

(1963), Damon and Bikerman (1964), and Creasey and others (1976) based on 

extensive potassium-argon and fission-track dating of the granitic- 

gneissic complex. Uplift and the resultant tectonic denudation of the 

crystalline complex produced cooling of both the mantling rocks and the 

granitic-gneissic complex.

Metamorphism and uplift of the Rincon-Santa Catalina-Tortolita 

complex appears to be the cause of the folding and complex imbrication 

of units which are particularly well displayed around the Rincon Moun

tains. The well-developed low-angle faults are not an indication of 

regional thrusting but rather reflect the vertical rise of a granitic- 

gneissic complex. This complex has had a profound effect on its mantling 

rocks and should not be viewed as a random uplift fortuitously exposing 

regional thrust faults. Including the Rincon-Santa Catalina-Tortolita 

complex in regional correlation of thrusting between the foreland fold 

and thrust belt and the Mexican geosyncline (Drewes, 1973, 1976) does 

not appear valid. Serious doubt is cast on any model advocating major 

regional compression based upon the low-angle faults exposed around the
Rincon Mountains.



REFERENCES

Acker, C. J., 1958, Geologic Interpretations of a siliceous breccia in 
the Colossal Cave area, Pima County, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 50 p.

Arnold, L. C., 1971, Structural geology along the southeastern margin of 
the Tucson Basin, Pima County, Arizona: unpublished Ph.D. Dis
sertation, The University of Arizona, 99 p.

Braun, E. R., 1969, Geology and ore deposits of the Marble Peak area,
Santa Catalina Mountains, Pima County, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 92 p.

Brennan, D. J., 1957, Geologic reconnaissance of Cienga Gap: unpublished 
Ph.D. Dissertation, The University of Arizona, 53 p.

________ , 1962, Tertiary sedimentary rocks and structures of the Cienga
Gap area, Pima County, Arizona: Arizona Geol. Soc. Digest, v. 5, 
p. 45-57.

Broedel, C. H., 1937, The structure of the gneiss domes near Baltimore, 
Maryland: Maryland Geol. Surv., v. 13, p. 149-187.

Bryant, D. L., 1968, Diagnostic characteristics of the Paleozoic forma
tions of southeastern Arizona: Arizona Geol. Soc. Guidebook III, 
p. 33-47.

Cantazaro, E., 1963, Revision of interpretation of zircon discordance
patterns observed in several Precambrian areas, in Investigations 
in isotopic geochemistry, J. L. Culp (ed.): U.S.A.E.C. Ann. Prog
ress No. 8, Appendix C, p. 25-26.

Chew, R. T., III, 1952, Mid-Tertiary rock unit from southern Arizona
(abs.): Geol. Soc. America Bull., v. 63, no. 12, pt. 2, p. 1324.

________ , 1962, The Mineta Formation, a middle Tertiary unit in south
eastern Arizona: Arizona Geol. Soc. Digest, v. 5, p. 35-43.

Cooper, J. R. and Silver, L. T., 1964, Geology and ore deposits of the 
Dragoon quadrangle, Cochise County, Arizona! U. S. Geol. Surv. . 
Prof. Paper 416, 196 p.

Creasey, S. C., 1975, Preliminary reconnaissance geologic map of the 
Bellota Ranch fifteen-minute quadrangle: U. S. Geol. Surv. 
Open-file Map 75-295.

81



82

Creasey, S. C., Banks, N. G., Ashley, R. P., and Theodore, T. G., 1976, 
Middle Tertiary plutonism in the Santa Catalina and Tortolita 
Mountains, Arizona: U. S. Geol. Surv. Open-file Report 76-262,
20 p.

Damon, P. E. and Bikerman, H., 1964, Potassium-argon dating of post-
Laramide plutonic and volcanic rocks within the Basin and Range 
province of southeastern Arizona and adjacent areas: Arizona 
Geol. Soc. Digest, v. 7, p. 63-78.

Damon, P. E., Erickson, R. C., and Livingston, D. E., 1963, K-Ar dating 
of Basin and Range uplift, Catalina Mountains, Arizona: Nuclear 
Geophysics, NAS-NRC Publ. 1075, p. 113-121.

Davis, G. H., 1973, Mid-Tertiary gravity-glide folding near Tucson, 
Arizona: Geol. Soc. America Abs. with Programs, v. 5, no. 7, 
p. 592.

________ , 1975, Gravity-induced folding off a gneiss dome complex,
Rincon Mountains, Arizona: Geol. Soc. America Bull., v. 86, 
p. 979-990.

Davis, G. H., Eliopulos, G. J., Frost, E. G., Goodmundson, R. C., Knapp,
R. B., Liming, R. B., Swan, M. M., and Wynn, J. C., 1974, Recum
bent folds— focus of an investigative workshop in tectonics:
Jour. Geol. Education, v. 22, p. 204-208.

Davis, G. H. and Frost, E. G., 1976, Internal structure and mechanism of 
emplacement of a small gravity-glide sheet, Saguaro National 
Monument (East), Tucson, Arizona: Arizona Geol. Soc. Digest, 
v. 10, p. 287—304.

Davis, G. H., Frost, E. G., and Schloderer, J. P., 1974,.Scrutiny of
folded gravity-glide sheets in Saguaro National Monument, Arizona: 
Geol. Soc. America Abs. with Programs, v. 6, p. 439.

de Sitter, L. U., 1954, Gravitational gliding tectonics, an essay on
comparative structural geology: Am. Jour. Sci., v. 252, p. 321- 
344.

Dixon, J. M., 1975, Finite strain and progressive deformation in models 
of diapiric structures: Tectonophysics, v. 28, p. 89-124.

Drewes, H., 1971, Road log for Rincon Mountains field trip: Handout for 
Arizona Geol. Soc., 9 p.

_______> 1972, Preliminary geologic map of the Happy Valley quadrangle,
Cochise County, Arizona: U. S. Geol. Surv. Open-file Map.



83

Drewes, H., 1973, Large-scale thrust faulting in southeastern Arizona: 
Geol. Soc. America Abs. with Programs, v. 5, no. 1, p. 35.

________ , 1974, Geologic map and sections of the Happy Valley quadrangle,
Cochise County, Arizona: U. S. Geol. Survey Misc. Geol. Inv.
Map 1-832.

________ , 1975, Tectonic development of southeastern Arizona in Mesozoic
and Tertiary time: Geol. Soc. America Abs. with Programs, v. 7, 
no. 7, p. 1959.

, 1976, Laramide tectonics from Paradise to Hell's Gate, south
eastern Arizona: Arizona Geol. Soc. Digest, v. 10, p. 151-167.

DuBois, R. L., 1959, Geology of the Santa Catalina Mountains: Arizona 
Geol. Soc. Guidebook II, p. 107-116.

Finnell, T. L., 1970, Pantano Formation, in Cohee, G. V., Bates, R. G., 
and Wright, W. B. (eds.), Changes in stratigraphic nomenclature 
by the U. S. Geol. Surv., 1968: U. S. Geol. Surv. Bull. 1294-A, 
p. 28—35.

Fletcher, R. C., 1972, Application of a mathematical model to the emplace 
ment of mantled gneiss domes: Am. Jour. Sci, v, 272, p. 197-216.

Hansen, E., 1971, Strain facies: New York, Springer-Verlag, 207 p.

Hudleston, P. J., 1973, Fold morphology and some geometrical implica
tions of theories of fold development: Tectonophysics, v. 16, 
p. 1—46.

Kerns, J. R., 1958, Geology of the Agua Verde Hills, Pima County, Arizona: 
unpublished M.S. Thesis, The University of Arizona, 69 p.

Lance, J. F., 1960, Stratigraphic and structural position of Cenozoic 
fossil localities in Arizona: Arizona Geol. Soc. Digest, v. 3, 
p. 155-160.

Layton, D. W., 1957, Stratigraphy and structure of the southwestern foot
hills of the Rincon Mountains, Pima County, Arizona: unpublished 
M.S. Thesis, The University of Arizona, 87 p.

Liming, R. B., 1974, Geology and kinematic analysis of deformation in the 
Martinez Ranch area, Pima County, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 86 p.

Marvin, R. F., Stern, T. W., Creasey, S. C., and Mehnert, H. H., 1973, 
Radiometric ages of igneous rocks from Pima, Santa Cruz, and 
Cochise Counties, southeastern Arizona: U. S. Geol. Surv. Bull. 
1379, 27 p.



84

Mayo, E. B., 1964, Folds in gneiss beyond North Cambell Avenue, Tucson, 
Arizona: Arizona Geol. Soc. Digest, v. 7, p. 123-145.

McColly, R. A., 1961a, The geology of the western portion of the Saguaro 
National Monument: Arizona Geol. Soc. Digest, v. 4, p. 87-92.

________ , 1961b, Geology of the Saguaro National Monument area, Pima
County, Arizona: unpublished M.S. Thesis, The University of 
Arizona, 80 p.

Miles, C. H., 1965, Metamorphism and hydrothermal alteration in the
Lecheguilla Peak area of the Rincon Mountains, Cochise County, 
Arizona: unpublished Ph.D. Dissertation, The University of 
Arizona, 96 p.

Moore, B. N., Tolman, C. F., Butler, B. S., and Hemon, R. M., 1949, 
Geology of the Tucson quadrangle, Arizona: U. S. Geol. Surv. 
Open-file Report, 20 p.

Pashley, E. F ., Jr., 1964, Folds in the Tanque Verde, Rincon, and south
ern Santa Catalina Mountains, Pima County, Arizona (abs.):
Geol. Soc. America Spec. Paper 76, p. 289.

________ , 1966, Structure and stratigraphy of the central, northern, and
eastern parts of the Tucson Basin, Arizona: unpublished Ph.D. 
Dissertation, The University of Arizona, 273 p.

________ , 1969, Origin of the frontal fault of the Santa Catalina and
Rincon Mountains, Arizona (abs.): Geol. Soc. America Spec. Paper
121, p. 620.

Peirce, F. L., 1958, Structure and petrography of part of the Santa
Catalina Mountains: unpublished Ph.D. Dissertation, The University 
of Arizona, 86 p.

Peterson, R. C., 1963, Structural geology of the Sabino Canyon fold,
Santa Catalina Mountains, Arizona: unpublished M.S. Thesis, The 
University of Arizona, 37 p.

________ , 1968, A structural study of the east end of the Catalina fore
range, Pima County, Arizona: unpublished Ph.D. Dissertation, The 
University of Arizona, 105 p.

Pilkington, H. D., 1962, Structure and petrology of a part of the east 
flank of the Santa Catalina Mountains, Pima County, Arizona: 
unpublished Ph.D. Dissertation, The University of Arizona, 120 p.



85

Pint, F. W., 1970, Geology of the Eagle Peak-Hells Gate area, Happy 
Valley quadrangle, Cochise County, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 78 p.

Raabe, R. B., 1959, Structure and petrology of the Bullock Canyon- 
Buehman Canyon area, Pima County, Arizona: unpublished M.S.
Thesis, The University of Arizona, 50 p.

Ramberg, H., 1967, Gravity, deformation and the earth's crust as studied 
by centrifuged models: New York, Academic Press, 241 p.

________ , 1973, Model studies of gravity controlled tectonics by the
centrifuge technique, in Gravity and tectonics, DeJong, K. A., 
and Scholten, R. (eds.): New York, John Wiley & Sons, p. 49-66.

Reesor, J. E., 1965, Structural evolution and plutonism in Valhalla
gneiss complex, British Columbia: Geol. Surv. Canada Bull. 129,
128 p.

Reesor, J. E. and Moore, J. M., Jr., 1971, Petrology and structure of
the Thor-Odin gneiss dome, Shuswap metamorphic complex, British 
Columbia: Geol. Surv. Canade Bull. 195, 149 p.

Rosenfeld, J. L., 1968, Garnet rotations due to the major Paleozoic 
deformations in southeast Vermont, in Studies of Appalachian 
geology— northern and maritime, Zen, E-an, and others (eds.):
New York, Wiley-Interscience, p. 185-202.

Schloderer, J. P., 1974, Geology and kinematic analysis of deformation 
in the Redington Pass area, Pima County, Arizona: unpublished
M. S. Thesis, The University of Arizona, 60 p.

Shakel, D. W., 1974, The geology of layered gneisses in part of the
Santa Catalina forerange, Pima County, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 233 p.

Shakel, D. W., Livingston, D. E., and Pushkar, P. D., 1972, Geochronology 
of crystalline rocks in the Santa Catalina Mountains, near Tucson, 
Arizona. A progress report: Geol. Soc. America, Abs. with Pro
grams, v. 4, no. 6, p. 408.

Sherwonit, W. E., 1974, A petrographic study of the Catalina Gneiss in 
the forerange of the Santa Catalina Mountains, Arizona: unpub
lished M.S. Thesis, The University of Arizona, 165 p.

Silver, L. T. and Deutsch, S., 1961, Uranium-lead method on zircons:
N. Y. Acad. Sci. Annals, v. 91, p. 279-283.

Skehan, J. W., 1961, The Green Mountain anticlinorium in the vicinity of 
Wilmington and Woodford, Vermont: Vermont Geol. Surv. Bull. 17, 
156 p.



86

Sylvester, A. G. and Christie, J. M., 1968, The origin of crossed-
girdle orientations of optic axes in deformed quartzites: Jour. 
Geol., v. 76, p. 571-580.

Turner, E. J., 1968, Metamorphic petrology: New York, McGraw-Hill, 403 p.

Varga, R., 1975, Petrofabric-dynamic analysis of a decollement zone 
marble (abs.): The University of Arizona, Department of Geo
sciences 3rd Annual Geoscience Daze, p. 28.

Voelger, K., 1953, Cenozoic. deposits in the southern foothills of the 
Santa Catalina Mountains near Tucson, Arizona: unpublished M.S. 
Thesis, The University of Arizona, 101 p.

Waag, C. J., 1968, Structural geology of the Mount Bigelow-Bear Wallow-
Mount Lemmon area, Santa Catalina Mountains, Arizona: unpublished 
Ph.D. Dissertation, The University of Arizona, 133 p.

Wallace, R. M., 1955, Structure of the northern end of the Santa Catalina 
Mountains, Arizona: unpublished Ph.D. Dissertation, The Univer
sity of Arizona, 45 p.

Weidner, M. I., 1958, Geology of the Beacon. Hill-Colossal Cave area,
Pima County, Arizona: unpublished M.S. Thesis, The University of 
Arizona, 34 p.



2 2 4 8  4
P-



PLATE 2

C r o s s - s e c t i o n a l ,  G e o l o g i c  Map (Par t  2) 
of a Por t ion of the Bear  Creek  Domain 
in Happy Val ley, Pima C o u n t y , A r i z o n a



PLATE 1

C r o s s - s e c t i o n a l ,  G e o l o g i c  Map (Par t  1) 

of a Por t ion of the Bear  Creek  Domain 

in Happy Val ley, Pima County ,  A r i z o n a

E x p l a n a t i o n

B A S A L T I C  A N D E S I T E  D A RK  G R E E N ,  C R U M B L Y .  P O S T -  T E C T O N  IC

I N T R U S I V E S ,  M O S T L Y  D I K E S .  W H O L E  R O C K  K - A R  A G E  2 4 .3  ±  0 .5  M.Y. 
( D A M O N  A N D  S H A F I Q U L L A H ,  W R I T T E N  C O M M U N I C A T I O N ,  1 9 7 7 ) .

P E G M A T I T E S  T W O - M I C A ,  G A R N E T  -  B E A R I N G .  D E F O R M E D  W I T H  

M A R B L E S .  K - A R  A G E  ON B I O T I T  E S E P A R A T E  2 5 .4  ±  0 .5  M.Y.

( D A M O N  A N D  SH A F I Q U L L  A H z W R I T T E N  C O M M U N I C A T I O N ,  1 9 7 4 ) .

C R E T A C E O U S  B I S B E E  G R O U P  R E D  S A N D S T O N E S  A N D  S I L T -

S T O N E S  W I T H  M I N O R  C A R B O N A T E  I N T E R B E D S ,  U N M E T A M O R 

P H O S E D ,  A N D  I N L O W - A N G L E  FAULT C O N T A C T  W I T H  

U N D E R L Y I N G  M A R B L E S .

C A L C -  S I L I C A T E  A N D  S I L I C E O U S  I N T E R B E D S  W I T H I N  M A R B L E .  
M A R B L E S  P R O B A B L Y  D E R I V E D  F R O M  D E V O N I A N  M A R T I N  

F O R M A T I O N  (?) A N D  M I S S I S S I P P I A N  E S C A B R O S A  L I M E S T O N E  (?),

C A M B R I A N  A B R I G O  F O R M A T I O N  (?) G R E E N I S H ,  C A L C -

S I L I C A T E  R I C H  M A R B L E .  A L S O  C O N T A I N S  Q U A R T Z I T E  B E D S  

AT B A S E  W H I C H  MAY BE E Q U I V A L E N T  TO C A M B R I A N  B O L S A  

Q U A R T Z I T E  (?)

C O N T A C T S ,  S O L I D  W H E R E  K N O W N ,  D A S H E D  W H E R E  

I N F E R R E D .

F A U L T S ,  S O L I D  W H E R E  K N O W N ,  D A S H E D  W H E R E  I N F E R R E D .  

A R R O W S  S H O W  S E N S E  OF D I S P L A C E M E N T .

Scale  ~1 :100
S m a l l e r  s c a l e  t o w a r d  t o p  o f  t h e  h i l l .  

L a r g e r  s c a l e  t o w a r d  b a s e  of  t h e  h i l l .

0 5 m

C e n t e r  of  m a p  l o c a t e d  at  a p p r o x i m a t e l y  L at .  3 2 °  1V 2 5 11 N . , 

L o n g .  110° 2 8' 1 0 "  W.

S i d e - l o o k i n g  p h o t o s  u s e d  a s  a b a s e  m ap .

F i e l d  w o r k  b y  E r i c  F r o s t ,  1 9 7 3 - 1 9 7 4 .


