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ABSTRACT

A northeast dipping homocline of Precambrian through Mesozoic 

metasedimentary rocks in the lower plate of the Santa Catalina 

metamorphic core complex has been intruded by two Laramide-aged (?) 

plutons, disrupted by the listric and south dipping Geesaman Fault 

system, and sheared and metamorphosed to greenschist grade. The 

Geesaman Fault places places Cretaceous and Upper Paleozoic rocks above 

Proterozoic rocks.

Ductile tectonite fabrics are developed north and south of the 

Geesaman Fault. Asymmetric microstructures in limestone tectonites, S-C 

type relationships in deformed granitoids, tension gashes, and outcrop 

scale shear zones suggest that east-directed shear accompanied fabric 

development.

Two major periods of movement are evident along the Geesaman 

Fault. During Upper Jurassic-Early Cretaceous normal faulting along 

the Geesaman Fault the Naco Group was stripped from the footwall and 

Naco-derived clasts were redeposited on the hanging wall. Wrench folds 

and ductile east-directed fabric developed along the Geesaman Fault 

during Laramide-age reactivation.

xiv



CHAPTER 1
\

Introduction

"A metamorphic core complex is an exposure of rocks that were 

once ductile lower crust, on which shallow brittle extensional features 

have been superimposed" (Armstrong, 1982). Characteristic features 

include normal country rock protolith which is transformed structurally 

upward into mylonitic tectonites (Davis, 1980, 1983; Rehrig and 

Rehnolds, 1980). These tectonites are separated by a low angle 

detachment fault from typically younger, unmetamorphosed tilted and 

faulted upper plate rocks (Fig. 1). Mylonitic foliation of the footwall 

rocks dips gently, and a well developed lineation is regionally 

consistent in orientation (Coney, 1980; Armstrong, 1982).

The Santa Catalina Mountains are the central part of the Rincon- 

Santa Catalina-Tortolita metamorphic core complex located northeast of 

Tucson, Arizona (Davis, 1980). All the typical core complex features 

are exposed on the south flank of the Santa Catalina Mountains (Fig. 2). 

An upper plate of tilted mid-Tertiary gravels is separated from 

mylonitic Precambrian quartz monzonite and Eocene peraluminous granites 

by the Catalina detachment fault (Banks, 1976; Creasey and Theodore, 

1975; Keith and others, 1980; Pashley, 1966).

Nontectonite and regionally metamorphosed protolith underlies 

most of the main range of the Santa Catalina Mountains (Fig. 2).

1
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T i l t  b l o c k s D e t a c h m e n t

UPPER

PLATE

My I o n i t e s L O W E R  P L A T E

FiS. 1* Schematic cross section of distended terrain around a
metamorphic core complex (after Spencer (1984) and Reynolds and Spencer 
(1985)),
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Protolith rocks include igneous rocks from four magmatic episodes (Keith 

and others, 1980), sedimentary rocks ranging from Proterozoic to 

Cretaceous in age and their regionally metamorphosed equivalents. The 

intense mylonitic foliation and lineation characteristic of the Catalina 

forerange dies out northward toward the crest of the range and is 

replaced by a largely crystalloblastic foliation in metasedimentary and 

metaigneous rocks (Waag, 1968; Peirce, 1958; Pilkington, 1962; Bykerk- 

Kauffman, 1983; Naruk, in prep.; this study).

Numerous models have been proposed to explain these features in 

the Santa Catalina-Rincon metamorphic core complex. In most models the 

metamorphic core complex was largely formed during a single episode of 

deformation. Models of this type include 1) Laramide (90-53 my) 

northeast directed regional overthrusting followed by minor mid-Tertiary 

backsliding (Drewes, 1981; Drewes, 1980,) 2) mid-Tertiary ductile 

deformation associated with the intrusion of a composite batholith 

(Banks, 1980; Creasey and others, 1977), 3) mid-Tertiary shearing 

associated with southwest-directed detachment faults (Davis, 1983,

Davis and Hardy, 1981; Lingrey, 1982), 4) northeast-southwest 

megaboudinage of the crust (Davis, 1980, Davis and Coney, 1979) and 5) 

conjugate senses of normal shear during mid-Tertiary extension (Bykerk- 

Kauffman 1983). Keith and others (1980) were the first modern 

investigators to emphasize multiple episodes of deformation within the 

complex. In their model mylonitization followed intrusion of each of 

three temporally separated plutonic suites. In more recent work Keith 

(1983) and Keith and Wilt (1985) propose that the forerange mylonites 

record Eocene southwest directed overthrusting.



The available evidence supports a mid-Tertiary age for the 

ductile deformation and detachment faulting in the forerange of the 

Santa Catalina Mountains (for a different view see Keith and Wilt,

1985). The detachment fault postdates the mid-Tertiary Pantano Formation 

(Pashley, 1966), and the mylonites are younger than the 44-55my old 

Wilderness Suite granites (Keith and others, 1980). In the Tortolita 

Mountains the mylonites may also postdate the 25-27 my old Catalina 

quartz monzonite and Tortolita quartz monzonite (Keith and others, 1980; 

and Banks, 1980). A mid-Tertiary age of the metamorphic core complex 

features in the forerange of the Santa Catalina Mountains is supported 

by geochronology from the nearby South Mountains metamorphic core 

complex (Reynolds and others, 1978, Reynolds and Rehrig, 1980, Reynolds, 

1985) where a mylonitic fabric is superimposed upon a 25 my old pluton 

(Reynolds and others, 1978, Reynolds and Rehrig, 1980, Reynolds, 1985).

Structures within the mylonites consistently indicate southwest 

directed shear (Martins, 1984; DiTullio, 1983). Microstructures in the 

mylonite tectonites (DiTullio, 1983; Martins, 1984), ductile normal 

faults (Davis, 1980), locally overturned intrafolial folds in 

metasedimentary tectonites and mylonitic tectonites (Lingrey, 1982) and 

palinspastic reconstructions of the hanging wallrocks in the southern 

Rincon Mountains all record S60°W-directed shear parallel to the 

penetrative lineation direction. The geochronologic and structural data 

obtained in recent years supports the mid-Tertiary extension model.

This model has been incorporated into evolutionary models of numerous 

ranges throughout the San Pedro River region (Dickinson, 1984; Spencer 

and Reynolds, 1984).

4
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Most modern studies in the Santa Catalina-Rincon metamorphic core 

complex have focused on the relationships between the hanging wall, 

detachment fault and mylonitic tectonites (Davis, 1980; Krantz, 1983; 

DiTullio, 1983; Lingrey, 1982; Martins, 1984). Notable exceptions 

include the work of Suemnicht (1977) in the igneous protolith in Canada 

del Oro, and the theses of Schloderer (1974) and Bykerk-Kauffman (1983) 

in the metasedimentary protolith. Bykerk-Kauffman (1983) identified a 

transition from sedimentary rocks into their sheared and metamorphosed 

equivalents in the Buehman Canyon area. The absence of a detachment 

fault separating the metamorphosed rocks from the sedimentary rocks and 

evidence for east-directed, rather than S60°W-directed, shear throughout 

the area are not readily explained by the generally accepted model of 

the Santa Catalina Rincon metamorphic core complex. The present study 

was undertaken in part to address this problem through further mapping 

and detailed structural analysis in a similar structural setting. The 

location of the study area was therefore chosen within the 

metasedimentary and metaigneous protolith below the projected trace of 

the Catalina-San Pedro detachment fault system (Dickinson, 1984; Spencer 

and Reynolds, 1984).

The second focus of this study has been the enigmatic east-west 

trending Geesaman Fault (Figs. 2,3). The fault juxtaposes younger rocks 

in its hanging wall against older rocks in its footwall. Numerous 

workers have mapped the western high-angle portions of this major fault 

zone (Hanson, 1966; Suemnicht, 1977; Creasey and Theodore, 1975; Banks, 

1976; Peirce, 1958; Braun, 1969; Moore and others, 1941) but the eastern 

low-angle section had only been mapped in reconnaissance fashion
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(Creasey and Theodore, 1975; Moore and others, 1941). It has been 

suggested that the Geesaman fault is a 1) pre Cretaceous normal fault 

(Moore and others, 1941) 2) thrust fault (Creasey and Theodore, 1975),

3) Cretaceous strike-slip fault reactivated with rotational slip during 

the mid-Tertiary (Suemnicht, 1977), 4) mid-Tertiary normal fault 

(Hanson, 1966; Braun, 1969), 5) post metamorphic normal fault with 

repeated movement possibly dating back to Precambrian time (Peirce, 

1958).

In addition, the Geesaman Fault has been described as the 

northern margin of significant synkinematic metamorphism in the Santa 

Catalina Mountains, separating severely disrupted metasedimentary rocks 

in the hanging wall from only mildly metamorphosed rocks in the footwall 

(Peirce, 1958; Budden, 1975; Suemnicht, 1977). The Geesaman fault also 

marks the northern margin of the Leatherwood quartz diorite and the 

southern edge of the Rice Peak granodiorite porphyry (Creasey and 

Theodore, 1975; Moore and others, 1941; Suemnicht, 1977; Banks, 1976). 

Since neither pluton crosses the Geesaman Fault it is difficult to 

determine the relative ages of these two plutons.

The purposes of this study are to 1) characterize the nature 

and timing of motion along the eastern trace of the Geesaman fault, 2) 

investigate the transition from tectonite rocks to nontectonite rocks 

across the Geesaman fault, 3) consider the suggestion of Keith and 

others (1980) that the Rice Peak granodiorite porphyry and Leatherwood 

quartz diorite were comagmatic and correlative, 4) examine the extent 

and kinematic significance of the anomalous east-directed fabrics 

described by Bykerk-Kauffman (1983), and 5) explore the implications of



this work for the evolution of the Santa Catalina Mountains as a whole. 

The Geesaman Wash study area is ideally located to address each of these 

issues. The complexity of the problem has precluded formulation of a 

single rigorously defensible hypothesis for the kinematics and timing of 

deformation in the Geesaman Wash area. Thus, alternative models will be 

discussed in addition to the preferred evolutionary sequence.

7



CHAPTER 2

STRATIGRAPHY AND LITHOLOGY 

General Statement

Rocks in the Geesaman Wash area of the Santa Catalina Mountains 

range from Precambrian to Tertiary in age, and include sedimentary, 

metamorphic and igneous rock types (Fig. 3). Granitic Precambrian 

basement is overlain by a thin metasedimentary succession of mid- 

Proterozoic age, which is in turn overlain by a cratonic Paleozoic 

section. Early Mesozoic rocks are not represented in the area but 

locally Cretaceous continental deposits crop out.

Large volumes of igneous rocks were intruded during Precambrian, 

Mesozoic and Cenozoic time. 1.1-1.2 by old diabase sills inflated the 

Proterozoic sedimentary sequence. North of the Geesaman fault sills of 

the undated Rice Peak granodiorite porphyry invaded the granitic 

basement and the overlying sedimentary sequence, while south of the 

fault the same section is discordantly intruded by the Leatherwood 

quartz diorite. A northeast trending swarm of felsite dikes intruded 

the footwall of the Geesaman fault. A volcanic and volcaniclastic 

package of rocks rests with .angular unconformity on the Paleozoic 

section, and may rest depositionally upon the Rice Peak granodiorite 

porphyry along Stratton Canyon.

8
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This entire package of rocks experienced low-grade regional 

metamorphism between Cretaceous and mid-Tertiary time. After the 

metamorphism, minor mid-Tertiary (?) intermediate volcanics and 

lamprophyre dikes and sills invaded the area. Flat lying Neogene basin- 

fill sediments of the Quiburis Formation onlap the range in the east.

Precambrian Basement

The Precambrian Oracle quartz monzonite (Creasey, 1967; and 

Banerjee, 1957) is the oldest rock exposed in the area. This coarse

grained porphyritic rock crops out in the central belt of the area (Fig. 

3). Within the Santa Catalina complex Oracle quartz monzonite crops out 

in every major fault block (Fig. 2). It is most widely exposed north of 

the Mogul fault, and serves as basement to the Apache Group between the 

Mogul and Geesaman faults. South of the Geesaman fault a nonconformable 

contact with the Apache Group is preserved in the headwaters of Buehman 

Canyon (Creasey and Theodore, 1975; Pilkington, 1962).

The Oracle quartz monzonite has been dated by the K-Ar, U-Pb and 

Rb-Sr methods at 1400-1450 my old (Damon, 1959; Giletti and Damon, 1961; 

Silver, 1968, Silver, 1978).

Large phenocrysts of microperthite and K-feldspar occur in a 

medium-grained hypidiomorphic granular matrix (Creasey, 1967). Less 

stable minerals have been altered by low-grade metamorphism and 

feldspars are characteristically chalky and reduced in size. In 

handsample quartz is the most prominent mineral (Peirce, 1958; this 

study). Pristine outcrops are rare and the Oracle typically appears 

tan, green, and altered.
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Metasedimentary Rocks

Proterozoic Rocks

The Middle Proterozoic Apache Group in the Geesaman Wash area 

consists of the Pioneer Formation and the Dripping Springs Quartzite. 

Each formation is marked by a basal conglomerate— the Scanlan and Barnes 

conglomerates, respectively (Creasey, 1967; Shride, 1967). The youngest 

formations of the Apache Group, the Mescal Limestone and Troy Quartzite 

are not preserved in the area. Mescal Limestone has been mapped to the 

northwest and southeast of the study area (Suemnicht, 1977; Pilkington, 

1962; Moore and others, 1941; Creasey and Theodore, 1975).

The Apache Group crops out north of the Geesaman fault both 

north and south of the Oracle quartz monzonite (Fig. 3). The northern 

belt is easily divisible into Pioneer Shale and Dripping Springs 

Quartzite, but specific formations cannot be distinguished in the 

southern belt due to penetrative deformation.

The Scanlan Conglomerate is a milky quartz and quartzite pebble 

conglomerate which grades upward into a coarse grained pebbly quartzite. 

These quartzites are composed of subrounded grains of quartz, chert, and 

K-feldspar grains up to 5mm im diameter (Creasey, 1967). The upper 

member of the Pioneer Formation is a tuffaceous phyllite and slate 

within the study area (Creasey, 1967; this study). Creasey (1967) 

measured a 450-515 foot (137-157 m) thick section of Pioneer 

Formation in Peppersauce Canyon 8 km north of Geesaman Wash.

The Dripping Springs Quartzite is divided into three members; 

the Barnes Conglomerate member of quartz, quartzite and jasper pebbles 

and cobbles, a middle member of reddish medium grained well sorted



feldspathic quartzite, and an upper member of thinly interbedded 

quartzite and slate (Creasey, 1967). In Peppersauce Canyon Creasey 

measured 350 feet (107 m) of Dripping Springs Quartzite.

Several sills and dikes of the Precambrian diabase dilate the 

Apache Group section and intrude the Oracle quartz monzonite. Similar 

diabasic intrusions are common in Precambrian rocks in Arizona and have 

been dated at 1.1-1.2 by (Damon, Livingston and Erickson, 1962; Silver, 

1978). The diabase is largely a stratiform intrusion in the Apache 

Group, inflating the section 100-200 m (Creasey, 1967). The attitude of 

the diabase within the Oracle quartz monzonite is the same as the 

attitude within the overlying strata.

Paleozoic Rocks

Bolsa Quartzite. The Bolsa Quartzite records the beginning of 

the Middle Cambrian transgression in southeastern Arizona. The Bolsa 

Quartzite occurs only in the northern third of the area (Fig. 3) but has 

been mapped immediately south of the study area by Creasey and Theodore 

(1975), Peirce (1958), and Pilkington (1962).

The thick bedded to massive, well sorted quartzite typically 

forms prominent cliffs. The Bolsa Quartzite, unlike the Dripping 

Springs Quartzite, is over 90% quartz (Creasey, 1967). Creasey measured 

a 305' (93 m) thick section of Bolsa Quartzite in Nugget Canyon.

Abrigo Formation. The Middle and Late Cambrian Abrigo Formation 

conformably overlies the Bolsa Quartzite. The formation crops out in 

the northern third and southern third of the map area (Fig. 3). The 

Abrigo Formation is divided into three members. The thin bedded

11
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sandstones and shales of the Three C Member are overlain by the cliff

forming white quartzites of the Southern Belle member, which is in turn 

overlain by the sandy dolomites, calcsilicates, and coarse grained 

dolomitic sandstones of the Peppersauce Member. In Nugget Canyon the 

section is 735 feet (224 m) thick (Creasey, 1967).

Martin Formation. The Devonian Martin Formation disconformably 

overlies the Abrigo Formation in the northern third and southern third 

of the map area (Fig. 3 ). The nonresistant thin bedded dolomite, 

dolomitic marble and sandstones of the Martin Formation typically form 

slopes beneath cliffs of Escabrosa Limestone (Creasey, 1967). In Nugget 

Canyon the Martin Formation is 252 feet (77 m) thick (Creasey, 1967).

Escabrosa Limestone. The Mississippian Escabrosa Limestone 

forms cliffs along Alder Canyon and Stratton Canyon. It disconformably 

overlies the Martin formation and is unconformably overlapped by the 

American Flag Formation in the northern portion of the area (Fig. 3). 

South of the Geesaman fault, however, the Escabrosa Limestone is 

conformably overlain by the Naco Group, and the American Flag Formation 

is nowhere exposed.

The Escabrosa Limestone consists of thick bedded to massive 

limestone, dolomite and marble. Large chert nodules and abundant 

fossils are characteristic of this formation.

Creasey (1967) measured a 545 foot (166 m) section of Escabrosa 

Limestone in Nugget Canyon between the top of the Martin Formation and 

the slight angular unconformity at the base of the American Flag 

Formation. In Alder Canyon Peirce (1958) measured a section 590 feet 

(180 m) thick between the top of the Martin formation and the base of
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the Horquilla formation in the Naco Group. The section measured by 

Peirce (1958) is deformed and metamorphosed, and its thickness may be 

less than the original stratigraphic thickness of the Escabrosa 

Limestone.

Naco Group. The Pennsylvanian-Permian Naco Group crops out 

extensively south of the Geesaman Fault (Fig. 3). This is the northern 

end of an outcrop belt which extends to the eastern Rincon Mountains 

(Fig. 2). No outcrops of Naco Group have been recognized between the 

Geesaman fault and the Mogul Fault immediately to the north (Creasey, 

1967; Wallace, 1954; Bromfield, 1950; this study). A tiny isolated 

outcrop of Naco Group was mapped in the Black Hills in the San Pedro 

River Valley north of the eastward projection of the Mogul Fault 

(Creasey, 1967).

Formations within the Naco Group were not mapped separately in 

the study area. Thin bedded limestone marbles and very subordinate 

meta-clastic beds of the Horquilla Formation grade upward into limestone 

tectonites, metamorphosed shaley siltstone, fine-grained sandstones and 

hornfels of the lower Earp Formation. Small nodules and lenses of chert 

are common in the Horquilla formation (Cooper and Silver, 1964). Peirce 

(1958) estimated a thickness of 1000 ft (305 m) for the Horquilla 

Formation north of Alder Canyon and a 200 ft (61 m) thickness for the 

Earp Formation.

Typically the Lower Earp Formation is overlain by the Upper 

Earp, Colina, Epitaph, and Scherrer Formations in nearby mountain ranges 

(Cooper and Silver, 1964). The Upper Earp, Colina and Epitaph 

Formations were not recognized in the study area, but two thick
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quartzite ridges and an intervening limestone and dolomite tectonite 

section in section 13 are tentatively correlated with the Scherrer 

Formation (Fig. 3). Evidence for this correlation includes 1) possible 

sheared echinoid spines from the limestone tectonite, 2) phyllites 

possibly derived from the basal siltstone of the Scherrer Formation, and 

3) the absence of such thick quartzitic sandstone members in other 

formations of the Naco Group. It was not possible to determine whether 

the tectonized contact between the Scherrer (?) Formation and the 

adjacent Upper Earp and Horquilla Formations was a depositional or 

structural boundary. The thickness of the Scherrer (?) Formation was 

not estimated due to the structural complexity of the outcrop area.

Mesozoic Rocks

Bisbee Group. The Upper Jurassic to Early Cretaceous Bisbee 

Group stratigraphically overlies the thick quartzites of the Naco Group. 

An angular unconformity may mark the contact but, if so, pervasive 

shearing has overprinted it. Bisbee Group crops out between the 

Geesaman Fault and the Scherrer (?) Formation at the extreme eastern end 

of the Geesaman Fault (Fig. 3). The Bisbee Group does not occur north 

of the Geesaman Fault (this study; Creasey, 1967; Dickinson and others, 

1984M Fig. 2). It is impossible to be completely certain that the 

Bisbee Group does not exist north of the Geesaman Fault since the basal 

limestone pebble conglomerate of the American Flag Formation and the 

Bisbee Group are similar and could be mistaken for one another. The 

overlying lithologies are quite distinctive, however, and it is unlikely



that a significant thickness of either the American Flag Formation or 

Bisbee Group has been misidentified.

At least 300 m of Bisbee Group are preserved in the Buehman 

Canyon area 16 km ESE of the map area (Bykerk-Kauf fra an f 1983). Thorman 

and Drewes (1981) estimate that up to 1500 m of Bisbee Group (including 

as much as 240 m of the Glance Conglomerate Member) are present in the 

Rincon Mountains somewhat further south. These great thicknesses of 

Bisbee Group occur only in the hanging wall of the Geesaman Fault. No 

Bisbee Group has been identified in the footwall of the Geesaman Fault 

(Creasey, 1967; this study; Wallace, 1954; Bromfield 1950). Within the 

study area an indeterminate but relatively thin section of Bisbee Group 

crops out, but the formation is undoubtedly continuous with the thicker 

sections further south beneath the cover of the Quiburis Formation.

The Bisbee Group consists of a basal stretched conglomerate 

overlain by a sequence of interbedded maroon and green phyllites, 

calcareous sandstones, massive to laminated quartzites and local 

conglomerate lenses. A 0.5 m thick basal quartzite cobble conglomerate 

is interpreted as a lag deposit atop the stratigraphically underlying 

Naco Group quartzites (Scherrer (?) Formation). Limestone clasts 

greatly outnumber chert and quartzite clasts in the remainder of the 

conglomeratic section (Fig. 4). This conglomerate probably correlates 

with the Glance conglomerate, the basal conglomerate of the Bisbee 

Group. It was not mapped as a separate unit.

American Flag Formation. Very little American Flag Formation 

crops out within the map area (Fig. 3). Extensive exposures further 

north were mapped by Creasey (1967), Wallace (1954), and Bromfield

15
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Fig. 4. Stretched limestone, chert, and quartzite pebbles in Lower 
Cretaceous Glance Conglomerate.
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(1950). The American Flag Formation is truncated in the north along the 

Mogul Fault and it does not crop out south of-the Geesaman Fault 

(Creasey and Theodore, 1975; this study). The formation rests in slight 

angular unconformity upon the Mississippian Escabrosa Limestone 

(Creasey, 1967 and Bromfield, 1950). The formation also appears to rest 

unconformably upon the Rice Peak granodiorite porphyry.

The age of the American Flag Formation is very poorly known. 

Creasey (1967) suggested a Cretaceous (?) age based on his 

interpretation that the American Flag Formation was intruded by the Rice 

Peak granodiorite porphyry, which he correlated with the 69-64 my old 

granodiorite porphyry in the San Manuel copper deposit. In addition, 

the absence of Triassic and Jurassic strata in this part of Arizona 

suggests a Cretaceous (?) age for the American Flag Formation.

Freshwater pelecypod Unio, and gastropod Vivi Parus fossils recovered 

from near the base of the formation indicate ages between Triassic and 

Recent and Cretaceous and Recent, respectively (Bromfield, 1950). Keith 

and others (1980) correlated the American Flag Formation with the Upper 

Cretaceous volcaniclastic Fort Crittendon Formation because of similar 

lithology.

The lithology of the American Flag Formation varies considerably 

in the study area. The exposures south of Stratton Canyon near Tank 

Well locally has a thin white quartzite pebble conglomerate at the base, 

overlain by a monotonous sequence of cleaved volcanic agglomerate and 

breccia (Fig. 5). The volcanics are intermediate in composition and 

commonly porphyritic. Exposures within Stratton Canyon, however, are 

largely brown and purple siltstones and mudstones, with interbedded
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Fig. 5. a) Cleaved volcanic agglomerate in the American Flag Formation, 
b) Photograph of cleaved grayvacke in the American Flag Formation.
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dirty sandstone and conglomerate beds. Northeast of Stratton Canyon 

poorly exposed clastic beds of the American Flag Formation appear to be 

interbedded with a dark vesicular andesite. This andesite occurs at the 

top of the American Flag Formation exposed in Stratton Canyon and 

appears to be intruded (?) by a flow banded latite porphyry dike dated 

by K-Ar biotite at 27.5 my (Shafiqullah, 1985, pers. .comm.). The 

vesicular andesite does not grade into the flow banded porphyry. The 

vesicular andesite resembles the Late Cretaceous Mule Shoe volcanics 

exposed in Hot Springs Canyon in the southern Galiuro Mountains 

(Dickinson, pers. comm., 1985; Goodlin, 1985; Mark, 1985).

Outside the study area fine to medium grained graywackes 

characterize the lower part of the American Flag Formation and 

conglomerates the upper part (Creasey, 1967; Bromfield 1950). The 

litholigy varies considerably from place to place but a basal limestone 

conglomerate is generally developed (Bromfield, 1950). Pebbles and 

boulders in the lower conglomerate bed are largely volcanic while higher 

in the section quartzite, limestone, granite and diabase clasts are more 

abundant (Creasey, 1967). Creasey described sparse gneiss and quartz 

porphyry clasts in a 2077 ft (633 m) thick section of the American Flag 

Formation in Nugget Canyon.

Boulders of the Oracle granite up to 4-5 ft (1.2-1.4 m) 

(Bromfield, 1950) are well exposed in roadcuts along the Control road 

and indicate a local source area stripped of its Mesozoic, Paleozoic and 

Precambrian sedimentary cover. Sedimentary breccias composed of angular 

Paleozoic rocks and granitic fragments in the American Flag Formation 

along the Mogul Fault (Creasey, 1967) similarly reflect a high relief
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local source area. Bromfield (1950) estimated a 2250 ft (686 m) minumum 

thickness for the American Flag Formation in Nugget Canyon. Creasey 

(1967) measured the same section and described 2077 ft (633 m).

Reconnaissance along the contact between the American Flag 

Formation and the Rice Peak granodiorite porphyry in Stratton Canyon and 

along the Control Road north of the area suggests that the contact may 

be depositional rather than intrusive, as mapped by Creasey (1967) and 

Bromfield (1950). Several clasts of granodiorite porphyry occur in 

conglomerate beds of the the American Flag Formation near the contact 

with the Rice Peak pluton (Fig. 6). Macroscopically these clasts 

resemble samples of the Rice Peak granodiorite porphyry collected 

nearby. Bedding in the American Flag Formation along the contact is 

generally concordant to the steeply dipping pluton margin. No clearcut 

dikes of the Rice Peak granodiorite porphyry were noted in the American 

Flag Formation, nor were xenoliths of the American Flag Formation 

observed in the Rice Peak granodiorite porphyry. No baked zone was 

noted along the contact with the American Flag Formation. Locally an 

altered pink tuff marks the contact between the Rice Peak pluton and the 

American Flag Formation.

In Stratton Canyon the Rice Peak granodiorite porphyry contact 

is not exposed but several features suggest that the American Flag 

Formation may be depositional upon the Rice Peak granodiorite porphyry. 

Bedding in the American Flag Formation strikes subparallel to the trace 

of the contact with the Rice Peak pluton and clasts of the Rice Peak 

granodiorite porphyry occur in the American Flag Formation.
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Fig. 6. Clasts of probable Rice Peak granodiorite porphyry in the 
American Flag Formation. — Arrows point to two large granodiorite 
porphyry clasts.



Furthermore, no dikes or sills of the Rice Peak granodiorite porphyry 

invade the American Flag Formation.

These observations are inconsistent with an intrusive contact 

between the Rice Peak granodiorite porphyry and the American Flag 

Formation, and suggest that the American Flag Formation may postdate 

rather than predate the Cretaceous(?) Rice Peak granodiorite porphyry.

If this is correct the correlation of the American Flag Formation with 

the 85-72 my old Fort Crittenden Formation (Keith and others, 1980) is 

somewhat at odds with the the 65 and 69 my ages (Creasey, 1965; Rose and 

Cook, 1965) obtained from the San Manuel portion of the underlying 

granodiorite porphyry. A critical reexamination of the American Flag 

Formation is sorely needed to resolve these ambiguous relationships.

Cenozoic Rocks

Quiburis Formation. Late Tertiary fanglomerates of the Quiburis 

Formation onlap the metamorphic rocks in the northeastern and eastern 

portions of the area (Fig. 3). A profound buttress unconformity 

separates the flatlying to* slightly east dipping Quiburis Formation from 

the underlying metasedimentary and metaigneous rocks.

Quaternary Alluvium. Several deeply incised valleys are lined 

with Quaternary alluvium. Coarse sand and gravel terraces are best 

developed along Alder and Stratton Canyons.
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Igneous Rocks

Leatherwood Suite

Three plutons exposed on the northeast flank of the Santa 

Catalina Mountains are assigned to the same suite (Keith and others,

1980)— the Rice Peak granodiorite porphyry north of the Geesaman Fault, 

the Leatherwood quartz diorite in the Summerhaven-Marble Peak area, and 

unnamed schistose quartz latite porphyry sills (Moore and others, 1941; 

Pilkington, 1962; Waag, 1968; Creasey and Theodore, 1975) exposed 

between the headwaters of Alder Canyon and Buehman Canyon (Fig. 2). By 

combining the radiometric, stratigraphic, and mineralization data from 

these three plutons with Rb-Sr data from the correlative Chirreon Wash 

Pluton in the Tortolita Mountains Keith and others (1980) argued for a 

75-64 my age for the entire Leatherwood Suite. Stratigraphic and 

structural data presented below suggest that these three bodies may not 

be strictly correlative, however, and data from each pluton will be 

considered separately.

Rice Peak Granodiorite Porphyry

The Rice Peak granodiorite porphyry crops out widely north of 

the Geesaman Fault (Fig. 2,3). The Rice Peak granodiorite porphyry is a 

green, beige, or pink semischist. Relict phenocrysts of plagioclase, 

quartz, biotite, and hornblende (Creasey, 1967) are set in an aphanitic 

groundmass of altered plagioclase, quartz, and mafic minerals 

(Suemnicht, 1977). Sericite, chlorite, epidote, biotite, calcite, 

opaques and iron oxides are the most common alteration products.
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Texturally the Rice Peak Granodiorite Porphryr resembles a metamorphosed 

hypabyssal intrusion.

Pervasive alteration has hindered attempts to date the porphyry 

and its age is consequently poorly constrained. Crosscutting 

relationships within the Mammoth Quadrangle indicate that the intrusion 

is younger than the Mississippian Escabrosa Limestone and older than the 

Plio-Pleistocene Quiburis Formation (Creasey, 1967). The critical 

contact with the Late Cretaceous (?) American Flag Formation is 

ambiguous, and was interpreted as intrusive by Creasey (1967) and Keith 

and others (1980). Based on some reconnaissance I believe that this 

contact may be depositional. The uncertain age of the American Flag 

Formation compounds this problem (see discussion above).

Most age assignments of the Rice Peak pluton have been based on 

correlation with rocks of known age. Creasey (1967) correlated the Rice 

Peak granodiorite porphyry with the radiometrically dated 65-69 my old 

porphyry copper bearing granodiorite at San Manuel (Keith and others, 

1980; Creasey, 1965; Rose and Cook, 1965). Keith and others (1980) 

correlated the skarn-bearing 75-65 my old Leatherwood quartz diorite 

with the Rice Peak granodiorite porphyry, as first suggested by Waag, 

(1968), Moore and others, (1941), and Creasey and Theodore (1975).

Leatherwood Quartz Diorite

The Leatherwood quartz diorite exposed in the southwest corner 

of the area is the northeastern edge of a larger intrusion (Fig. 3 ). 

Several small intermediate plugs or sills which intrude the Paleozoic 

section east of Juan Spring (Fig. 3) appear to correlate with the



Leatherwood quartz diorite because of lithologic similarity. There is 

no continuity of outcrop with the main Leatherwood body, however.

A 64-75 my age is based on a discordant hornblende K-Ar isotopic 

date, the associated copper mineralization, and a 73 my Rb-Sr reference 

isochron which assumes that the Leatherwood quartz diorite and Chirreon 

Wash granodiorite in the Tortolita Mountains are comagmatic (Keith and 

others, 1980). In the northeast the Leatherwood quartz diorite intrudes 

strata as young as Pennsylvanian and Permian. The 44-50 my old 

Wilderness Suite plutons intrude the southern edge of the pluton.

The Leatherwood quartz diorite is remarkably uniform in 

lithology. Typically medium to dark gray and green, medium grained, 

massive to locally foliated, the Leatherwood quartz diorite weathers to 

a gray saprolite (Hanson, 1966). Microscopically the Leatherwood 

consists of plagioclase, quartz, biotite, microcline, and epidote, in 

order of abundance, plus traces of apatite, calcite, chlorite, fluorite, 

opaques, sericite, sphene and zircon (Hanson, 1966). Epidote is 

ubiquitous in the pluton as small euhedral crystals enclosed in 

plagioclase (Hanson, 1966). The form of secondary biotite, hornblende, 

and chlorite suggests that augite was the original mafic mineral 

(Hanson, 1966). The associated copper bearing skarn indicates that the 

Leatherwood quartz diorite was emplaced at shallow depths (Titley, 1982; 

Einaudi, 1982; Keith pers. comm.; 1985).

Schistose Porphyritic Quartz Diorite

A series of schistose porphyritic quartz diorite sills are 

exposed between Alder Canyon and the Korn Kob Mine south and southeast
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of the map area (Fig. 2). These sills have been correlated with the 

main body of the Leatherwood quartz diorite because of similar petrology 

and continutiy of outcrop (Creasey and Theodore, 1975; Moore and Tolman, 

1941; Banks, 1980; Keith and others, 1980; Pilkington, 1962). In the 

following discussion these intrusions will be termed the schistose 

porphyritic sills.

Schistose prophryitic sills resemble deformed Rice Peak 

granodiorite porphyry (Moore and others, 1941). In contrast to the main 

Leatherwood body the schistose porphryitic sills are commonly 

penetratively foliated and porphyritic. The foliation is defined by 

aligned biotite (Hanson, 1966). Quartz and plagioclase phenocrysts up 

to 4 mm are set in a fine grained matrix of recrystallized quartz, 

plagioclase, K-feldspar and biotite (Hanson, 1966). Epidote is less 

abundant than in the main body of the Leatherwood quartz diorite 

(Hanson, 1966).

The age of these sills is very poorly constrained but mapping by 

Creasey and Theodore (1975) in the Bellota Ranch Quadrangle shows the 

sills as intruding the Apache Group and intruded by the Eocene 

Wilderness plutons. In addition, an apparent intrusive contact between 

the schistose porphyritic sills and Mesozoic sediments is shown on their 

map. Wilson (1977), however remapped the Mesozoic sediments as 

Paleozoic and the San Pedro Reconnaissance Compilation geologic map by 

Dickinson (1984) reveals additional structural complexity in this area. 

Hanson (1966) mapped the northwestern end of the sills as part of the 

main body of the Leatherwood quartz diorite but in his text refered to 

the sills as the "cataclastic phase" of the Leatherwood quartz diorite
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because of the penetrative schistosity. Soil and forest cover obscures 

the contact with the main mass of the Leatherwood where Hanson mapped, 

but "the impression of a fairly sharp contact was received" (Hanson, 

1966).

The apparent sharp contact, textural differences and the 

contrasting deformational fabrics prompted Hanson to suggest that the 

schistose porphyritic sills were intruded earlier and deformed prior to 

the genetically related main body of the Leatherwood quartz diorite. If 

this is so, the schistose porphyritic sills must be Mesozoic and older 

than the Leatherwood quartz diorite. Structural relationships discussed 

in chapter 3 and 5 similarly support the interpretation that intrusion 

of the schistose porphyritic sills somewhat predates intrusion of the 

main body of the Leatherwood quartz diorite.

Cretaceous (?) Mafic Intrusives

Foliated mafic igneous rocks crop out along the eastern end of ) 

the Geesaman Fault (Fig. 3). Subsequent tectonism and regional 

metamorphism has obscured the contacts but these bodies appear to 

intrude the Paleozoic section. Proximity to plugs and sills resembling 

the Leatherwood quartz diorite suggests that these may be more mafic 

correlatives of the pluton. Creasey (1967) reported Cretaceous (?) 

diabase dikes in the Mammoth Quadrangle and Moore and Tolman (1941) 

recognized diabase intrusives in the Paleozoic section and the Bisbee 

Group. These dikes and sills may correlate with the mafic, locally 

diabasic intrusions in the Geesaman Wash area.
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Felsic Dikes

A swarm of chalky white felsite dikes is exposed in the footwall 

of the Geesaman Fault (Fig. 3). Typically 1-5 m wide, the dikes are 

most numerous in the Rice Peak granodiorite porphyry and adjacent 

country rock, but also crosscut the Precambrian Oracle quartz monzonite. 

The swarm has an outcrop width of approximately 2.3 km. This compares 

with the outcrop width of a similar swarm intruded into the schistose 

porphyritic sills south of the Geesaman Wash area (Creasey and Theodore, 

1975)(Fig. 2). During reconnaissance south of the area I was able to 

confirm the lithologic and structural similarity of these two dike 

swarms. Braun (1969) described similar white rhyolite dikes intruding 

the Precambrian Oracle quartz monzonite west of Dan's Saddle.

The fine grained leucocratic dikes contain phenocrysts of quartz 

and oligoclase in a ground mass of K-feldspar, plagioclase, quartz and 

abundant sericite (Pilkington, 1962 and this study).

The felsite dikes are younger than the Rice Peak granodiorite 

porphyry and the schistose porphyritic sills but older than the 

tectonite development and motion along the Geesaman Fault. In one 

locality a foliated felsite dike is intruded by an unfoliated 

lamprophyrye dike (Fig. 7). Regionally such lamprophrye dikes are 27.5 

my old (Shafiqullah, pers. comm., 1985). This constrains the age of the 

felsite dike swarm to latest Cretaceous through Middle Tertiary.

Mid-Tertiary Lamprophyrye Dikes and Sills

Dark unfoliated lamprophyrye dikes and sills are common 

throughout the map area. Hornblende phenocrysts are set in a fine
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Fig. 7. Unfoliated lamprophyrye dike (Tl) invading a foliated felsite 
dike.
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matrix of plagioclase, hornblende, K-feldspar, sericite and minor 

chlorite after hornblende. The dikes are unfoliated and clearly post- 

metamorphic. A similar dike from Piety Hill area in the Santa Catalina 

Mountains yielded a 27 my K-Ar age (Shafiqullah, pers. comm., 1985).

The dikes and sills are generally less than 5 ft (1.5 m) thick, 

and are too small and too numerous to map at the scale of 1:12,000.

These intrusions are particularly numerous in the eastern third of the 

Leatherwood quartz diorite (Hanson, 1966). They preferentially invade 

along bedding, foliation and fault surfaces. These mafic dikes d£ not 

crosscut the 25-29my old Catalina Granite (Suemnicht, 1977 and Braun, 

1969). North of the Geesaman Fault the lamprophyrye commonly intrudes 

sheared Precambrian diabase and it is difficult to distinguish these two 

rock types (Braun, 1969; and this study).

Tertiary Volcanic Rocks

A flow banded latite porphyry (Fig. 8) in the northeastern part 

of the area is surrounded on three sides by Quiburis Formation. These 

volcanic rocks were described by Creasey (1967), who suggested that they 

may be interbedded with Neogene basin fill. Alternately they may.be 

part of the underlying American Flag Formation (Creasey, 1967). The 

contact between the porphyry and the vesicular andesite in the American 

Flag Formation (?), though poorly exposed, is not gradational and may be 

intrusive. The latite porphyry is not readily correlated with other 

volcanics outside the area.

A K-Ar biotite separate from this rock yielded a 27.5 my age 

date (Shafiqullah, pers. comm., 1985). This date may well reflect the
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Fig. 8. Flow banding in Tertiary latite porphyry. The foliation is 
parallel to the pen in this cross-sectional view looking NNW.
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true age of the porphyry because the rock is not penetratively deformed 

or metamorphosed. The Galiuro Volcanics are approximately of this same 

age (Creasey and others, 1981).

Metamorphism

Greenschist-grade regional metamorphism is pervasive throughout 

the study area. This event affected sedimentary and igneous rocks as 

young as Late Cretaceous to Early Tertiary in age. Contact metamorphic 

effects are associated with some of the intrusions in the area.

Contact Metamorphism

Metasedimentary rocks intruded by the Leatherwood quartz diorite 

are easily divided into three zones based on the type and extent of 

metamorphic transformations which have occurred. Zone 1 is 

characterized by abundant large calcsilicate minerals and complete 

overprinting of primary structures. This zone is restricted to a thin, 

sporadically developed band along the Leatherwood/country rock contact. 

The aureole is 0-20 ft (0-6 m) thick and contains andradite garnet, 

diopside, hedenbergite, epidote, calcite and tremolite at Marble Peak, 

west of the study area (Braun, 1969). Within the study area the zone 

contains talc, tremolite, diopside-hedenbergite, epidote and garnet.

This mineral suite indicates a low to lower-middle grade of metamorphism 

(Winkler, 1976). The contact metamorphic aureole is particularly well 

developed adjacent to apophyses of the Leatherwood quartz diorite along 

the northern margin of the intrusion in Geesaman Wash. The size of 

metamorphic minerals in this zone suggests that metasomatism may have 

operated.
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Zone 2 is characterized by bleached, coarse grained marbles, 

moderately abundant calcsilicate minerals, hornfels, and reaction rims 

on chert nodules and silicious dolomite. This zone is 1-2000 ft (305- 

610 m) wide. Talc, tremolite, and diopside are disseminated throughout 

samples from the bleached zone. Talc is locally concentrated along 

pressure solution seams.

Foliation and lineation is weakly to moderately developed in 

zone 2. Asymmetric microstructures such as elongate calcite grains 

oriented oblique to the macroscopic foliation, and sheared chert nodules 

indicate that these rocks have been tectonized. Deformational fabrics 

are less well developed in recrystallized zone 2 rocks than in the finer 

zone 3 tectonites. Limestone tectonites in zone 3 are typically 

colorbanded, and finer grained than those from zone 2. Calcsilicate 

minerals are less abundant and smaller in grain size. Chert nodules do 

not exhibit reaction rims. Foliation and lineation are typically well 

developed.

A contact metamorphic aureole is absent to very weakly developed 

adjacent to the Rice Peak granodiorite porphyry. No chilled margin was 

observed in the Rice Peak granodiorite porphyry along the intrusive 

contact.

Contact metamorphic minerals are locally associated with 

unfoliated lamprophyryre dikes and faults (Braun, 1969 and this study). 

Large metamorphic minerals in these zones are randomly oriented and 

crosscut the preexisting fabric. This contact metamorphism clearly 

postdates the ductile deformation.
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Regional Metamorphism

The entire stratigraphic column up to the Cretaceous (?)

American Flag Formation has been regionally metamorphosed in the 

Geesaman Wash area. All the rocks experienced low-grade (greenschist 

facies) conditions but the metamorphic mineralogy and textures varies 

considerably from place to place. In chemically stable rocks such as 

the Bolsa Quartzite, metamorphic effects are not discernible. Silicious 

dolomites, fine grained elastics and plutonic rocks are particularly 

reactive. The mafic minerals in the Leatherwood quartz diorite and the 

Rice Peak granodiorite porphyry are pervasively altered to chlorite, 

epidote, and biotite while the felsic fraction consists of abundant 

muscovite, phengite and sericite. Fine grained elastics were converted 

to muscovite, biotite, and chlorite phyllites.

Metamorphic textures and mineralogy vary not only from lithology 

to lithology but also from place to place within the map area. The 

Abrigo Formation, for instance, displays the highest metamorphic grade 

in Alder Canyon where it is a fine grained quartz muscovite biotite 

schist. A penetrative crystalloblastic foliation completely obscures 

original bedding. Immediately south and southeast of this area the 

Abrigo Formation is only slightly baked. Primary sedimentary structures 

such as worm burrows, fine laminations and intraformational 

conglomerates are preserved. The Abrigo Formation in the northern part 

of the map area is similarly weakly metamorphosed. Such variation in 

metamorphic texture and grade suggests that the intensity of 

metamorphism in the metasedimentary rocks on the northeast flank of the 

Santa Catalinas does not simply and linearly decrease from a high in the
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Mount Lemmon-Mount Bigelow area to a low along the Mogul fault. Buried 

intrusions may contribute to this irregular pattern.

Discussion

It is not clear whether the main body of the Leatherwood quartz 

diorite is regionally metamorphosed along with its country rock,

Peirce, (1958), Hanson, (1966), and Braun (1969) investigated the 

Leatherwood quartz diorite and concluded that the abundant epidote, 

replacement of plagioclase by microcline and secondary biotite reflect 

regional metamorphism. Epidote may grow as a result of hydrothermal 

alteration, however, (Eastoe, pers. comm., 1985) and need not record 

regional metamorphism. Hanson (1966) observed that secondary biotite in 

the Leatherwood quartz diorite is preferentially oriented while feldspar 

crystals are not. This led him to suggest that the aligned biotite 

records regional metamorphism of the Leatherwood quartz diorite, not 

simply primary flow within the pluton as it was intruded.

The uniform metamorphic grade throughout the Leatherwood quartz 

diorite stands in marked contrast to the variable metamorphic grades 

revealed in the metasedimentary country rock (Hanson, 1966). Hanson 

believed that the Leatherwood quartz diorite was regionally 

metamorphosed during late stages of the event which metamorphosed the 

country rock. Peirce (1958) also favored this interpretation.

A Late Cretaceous to Early Tertiary age of metamorphism and 

deformation is suggested by several relationships. Secondary epidote is 

absent in the Leatherwood quartz diorite along the contact with the 25- 

29 my old Catalina Granite (Hanson, 1966). This indicates that the



36

regional metamorphism or hydrothermal alteration predated the intrusion 

of the 29-25 my old Catalina Granite (Hanson, 1966). A similar decrease 

in epidote was noted along the contact with the Eocene Wilderness 

Granite by Peirce (1958) but could not be confirmed by Hanson (1966). 

Metamorphic textures within the Leatherwood quartz diorite are crosscut 

by unmetamorphosed dikes of the Wilderness Granite, however, and it 

seems clear that the dynamothermal metamorphism is older than the 44-50 

my old Wilderness Granite. These relationships bracket the time of 

metamorphism between 75-60 my (the age of the Leatherwood quartz 

diorite) and 44-55 my (the age of the Wilderness SuiteMKeith and 

others., 1980).



CHAPTER 3

STRUCTURAL GEOLOGY 

Overview

In the Geesaman Wash area an upright section of regionally 

metamorphosed Precambrian through Upper Cretaceous (?) strata dip 

homoclinally to the northeast (Fig. 3). Bedding in the Precambrian and 

Paleozoic section dips 25-30° while bedding in the Upper Cretaceous (?) 

American Flag Formation dips between 76° and 32° to the northeast. The 

attitude of bedding in the American Flag Formation is 15-25° degrees 

steeper than bedding in the unconformably underlying Paleozoic and 

Precambrian strata.

The homocline is disrupted by several generations of faults and 

intruded by two major plutons, the Rice Peak granodiorite porphyry and 

the Leatherwood quartz diorite. Thrust faults in Alder Canyon locally 

duplicate the Paleozoic section. High angle northeast-southwest 

trending faults disrupt the footwall of the Geesaman Fault in a left 

stepping manner.

The most significant structure in the area is the younger-on- 

older Geesaman Fault. The ductile Geesaman Fault dips shallowly to the 

south in the study area and steepens to near vertical further west 

(Suemnicht, 1977). The Geesaman Fault system has three strands, the 

Pidgeon Tank Fault, the Bat Hill Fault and the Geesaman Fault.

37
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The upper Paleozoic and Mesozoic stratigraphic column is 

different on either side of the Geesaman Fault. The American Flag 

Formation is restricted to the north side of the fault, the Bisbee Group 

to the south side. The Naco Group occurs only in the hanging wall of 

the Geesaman Fault.

The Geesaman Fault separates the sill-like Rice Peak 

granodiorite porphyry in the footwall from the discordant Leatherwood 

quartz diorite in the hanging wall. The lower contact of the 

Leatherwood quartz diorite is flat and discordant to bedding in the 

study area. A swarm of northeast trending dikes and faults are 

associated with the Rice Peak granodiorite porphyry.

A deformational fabric is commonly developed throughout the 

Geesaman Wash area. Greenschist facies metamorphism accompanied ductile 

deformation. Cleavage surfaces in metaclastic and metaigneous sequences 

are defined by aligned concentrations of phyllosilicates. Foliation in 

limestone tectonites is controlled by grain shape and concentrations of 

calcsilicate minerals.

Foliation is generally subhorizontal and dips less steeply than 

bedding. Lineation trends E-W in the metaigneous rocks and ESE-WNW in 

the metasedimentary rocks. Bedding and foliation are warped by a series 

of en echelon NW-SE upright folds along the Geesaman Fault.

Form and Orientation of Map Units 

Three domains are treated separately in the following discussion; 

rocks north of the Geesaman Fault, rocks between the Pidgeon Tank Fault 

and the Geesaman Fault, and rocks south of the Geesaman Fault. The



attitude of bedding varies only slightly from domain to domain. The 

gross geometry of the two Laramide (?) plutons, however, is 

significantly different north and south of the Geesaraan Fault.

Bedding

Bedding in the Paleozoic and Precambrian section dips gently to 

the northeast (Fig. 9). North of the Geesaman Fault the average 

orientation is 323° 31° (Fig. 10a). South of the Geesaman fault it is 

297° 20° (Fig. 10b), while between the Pidgen Tank Fault and the 

Geesaman fault it is 317° 29° (Fig. 10c). The homocline in the study 

area is part of a homocline which extends from the Buehman Canyon north 

to the Mogul Fault (Fig. 2).

A stereonet of poles to bedding in the Cretaceous (?) American 

Flag Formation north of the study area was compiled from Creasey (1967) 

and augmented by my own measurements. Figure 10d shows that the bedding 

in the American Flag Formation dips northeast 15-25 degrees more steeply 

than the underlying Paleozoic section. The orientations vary 

significantly but define a maximum at 375° 50°. When the American Flag 

Formation is restored to horizontal about its strike line the 

Precambrian and Paleozoic section becomes gently southwest dipping.

The Bisbee Group in the hanging wall of the Geesaman Fault is 

overturned to the south in a structurally complex zone. It was not 

possible to evaluate the angular relationship between the Paleozoic 

strata and the Cretaceous Bisbee Group due to these structural 

complexities.
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Fig. 10. Bedding (a) Contoured stereonet of poles to bedding north of 
the Geesaman Fault (n=306) (b) Contoured stereonet of poles to bedding 
south of the Geesaman Fault (n=136) (c) Stereonet of poles to bedding 
between the Pidgeon Tank Fault and the Geesaman Fault (n=18) (d) 
Stereonet of poles to bedding in the American Flag Formation (n=30). 
Order of symbols and statistics are the same in all subsequent contoured 
stereonet plots.
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Plutonic Rocks

Rice Peak Granodiorite Porphyry. The Rice Peak granodiorite 

porphyry invaded the Precambrian and Paleozoic section as a sill-like 

body between the Geesaman Fault and the Mogul Fault. (Figs. 2 and 3). 

Xenoliths of sedimentary rocks are largely absent, and contacts of the 

intrusion generally parallel the strike and dip of bedding. Locally, 

discordance was observed as the sill steps from one structural level to 

the next. Preferred zones of weakness include the Abrigo Formation, the 

middle Member of the Pioneer Formation, and northwest trending zones in 

the Oracle quartz monzonite. Individual sills range from 10’s of meters 

to over a kilometer in thickness. Crosscutting northeast trending dikes 

of the Rice Peak granodiorite porphyry link the major sills to one 

another. When viewed in a downdip direction the northeast trending 

dikes resemble vertical release structures. The dikes are described in 

more detail in a subsequent segment of this chapter.

Leatherwood Quartz Diorite. South of the Geesaman Fault the 

Leatherwood quartz diorite has the geometry of a flat dike or discordant 

laccolith (Fig. 11). The lower contact exposed in the study area is 

approximately horizontal (Fig. 11a). The upper surface exposed further 

west at Marble Peak is also subhorizontal (Fig. 11b). Both upper and 

lower contacts are discordant to bedding. The contacts of the pluton 

cut upsection to the northeast and east (Peirce, 1958; Hanson, 1966; 

Braun, 1969; Wood, 1968; Suemnicht, 1977; Banks, 1976; this study). 

Peirce (1958) estimated a 1000 ft (305 m) thickness of Leatherwood 

quartz diorite in Geesaman Wash by assuming that flat upper and lower 

surfaces bound the pluton. Hanson (1966) using a similar method



Fig. 11. Cross-sections of the Leatherwood quartz diorite showing the 
flat geometry of the pluton (a) Northeast-southwest cross-section along 
Alder Canyon— showing the flat base of the pluton (data from Creasey and 
Theodore (1975) and this study) (b) ENE-WSW cross-section through Marble 
Peak— showing the flat roof of the pluton (modified from Braun (1969)) 
(c) NNE-SSW cross-section— from area labeled (c) in figure (b) (Braun, 
1969).
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estimated a thickness of 1000 ft (305 m) between Oracle and Red Ridge. 

Locally, apophyes of the Leatherwood penetrate structural levels below 

the planar floor of the pluton and in one or two localities these are 

sills concordant to bedding.

The flat geometry of the Leatherwood quartz diorite is somewhat 

modified south of Marble Peak. Banks (1976) and Creasey and Theodore 

(1975) mapped both inclined and flat upper surfaces of the pluton south 

of the study area. The top of the pluton near the crest of the range is 

up to 2200 ft (670 m) higher in elevation than the equivalent surface at 

Marble Peak. Dips calculated for the upper surface range from 7.3-8°.

A cross section between Loma Linda and the east end of the Marble Peak 

roof pendant shows only 8° of northeast dip in the regional dip 

direction. This is 15-25° less than the dip in nearby sedimentary 

rocks. Exposure does not permit a similar calculation for the attitude 

of the lower contact along the crest of the range.

Five paleomagnetic samples were collected from one site in the 

Leatherwood quartz diorite in order to perform a paleomagnetic fold test 

of the pluton. It proved to be impossible to isolate a primary 

magnetization from any of the samples.

Schistose Porphyritic Sills. Several porphyritic sills have 

been correlated with the Leatherwood quartz diorite (Creasey and 

Theodore, 1975; Peirce, 1958; Pilkington 1962; Keith and others, 1980; 

Wilson 1977). Extending southeast 17.5 km from Alder Canyon these 

bodies concordantly invade the Apache Group and dip about 30° northeast 

(Creasey and Theodore, 1975; Pilkington, 1962; Moore and others, 1941).
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Thicknesses range from 10's of meters to 0.8 kilometers. The form and 

orientation of these sills is very similar to that of the Rice Peak 

granodiorite porphyry in the footwall of the Geesaman Fault.

Volcanic Rocks

Latite Porphyry. The contact between the latite porphyry and 

vesicular andesite interbedded (?) with the American Flag Formation is 

poorly exposed and mostly obscured by Neogene cover (Fig. 3). Planar 

flow banding in the latite porphyry strikes subparallel to the bedding 

in nearby Paleozoic rocks but the dip is up to 30-35° steeper (Fig. 8). 

The mean orientation of the banding is 328° 63° (Fig. 12). This 

attitude is very similar to the attitude of bedding in the American Flag 

Formation exposed along Stratton Canyon, and is indistinguishable from 

the attitude of the American Flag Formation regionally (Fig. 12 and 

lOd).

In order to evaluate the significance of the steep northeast 

dipping flow banding in the Tertiary (?) latite porphyry, Steve May at 

the University of Arizona performed a paleomagnetic study of the latite 

porphyry northeast of Stratton Canyon. Fifteen samples were collected 

within one site. After measuring the initial natural remanent magnetism 

of each sample two pilot samples were subjected to stepwise progressive 

alternating field demagnetization in peak fields of up to 900 oe. 

Stepwise progressive alternating field treatment of the pilot specimens 

revealed two components of magnetization. The first was a low 

coercivity component in the direction of the present day geomagnetic 

field removed by alternating field demagnetization in peak fields of
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n=15

Fig. 12. Stereonet of poles to flow banding in the Tertiary latite 
porphyry (n=15).
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200-400 oe. The second was a stable high coercivity component isolated 

by alternating field demagnetization at peak fields of greater than 200 

oe. Based on these results the remaining 13 samples were subjected to 

alternating field demagnetization to peak fields of 200 and 400 oe. 

Alternating field demagnetization failed to isolate a stable natural 

remanent magnetism in five samples. These specimens were stepwise 

thermally demagnetized up to 600-650°C. Thermal demagnetization 

successfully isolated the stable component of natural remanent 

magnetism.

Clustering of directions improved after demagnetization. The 

calculated site mean is 56.35° 321.09°, with an alpha 95 of 4.5°. The k 

value is 80.25.

The large k value suggests that secular variation was not 

averaged during cooling of the latite porphyry and that the site mean 

represents a virtual geomagnetic pole rather than a paleomagnetic pole. 

A virtual geomagnetic pole may deviate from the time-averaged 

paleomagnetic pole by as much as 20°. Thus, it is difficult to 

interpret the data or use the data to constrain the geological problem. 

Without knowing the original orientation of the unit (horizontal or 

inclined at some angle) and without averaging secular variation it is 

not possible to determine whether the latite porphyry has been tilted 

during the mid-Tertiary. Additional sampling is unlikely to resolve 

this problem since a single 80-100 m thick volcanic unit will typically 

cool too quickly to average secular variation of the geomagnetic field.
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Discussion

A comparison of the geometry of three plutons in the Leatherwood 

Suite suggests that the Rice Peak granodiorite porphyry and schistose 

porphyritic sills are very similar in size, shape, orientation and 

relationship to bedding. The main body of the Leatherwood quartz 

diorite differs in size, orientation, and relationship to bedding, and 

probably does not correlate with the Rice Peak sills or the schistose 

porphyritic sills.

The form and orientation of the Rice Peak granodiorite porphyry 

and the schistose porphyritic sills suggest that they were intruded into 

a subhorizontal sedimentary section. The form and orientation of the 

main body of the Leatherwood quartz diorite, however, suggests intrusion 

into an inclined sedimentary section. Thus, the main body of the 

Leatherwood quartz diorite may not be contemporaneous with the Rice Peak 

granodiorite porphyry and schistose porphyritic sills as suggested by 

Keith and others (1980), but may actually postdate these two plutons.

This argument is supported by the deformational fabrics in the 

Rice Peak granodiorite porphyry and the schistose porphyritic sills (see 

deformational fabrics section). Fabrics in these two plutons are better 

developed than those in the main body of the Leatherwood quartz diorite 

(this study; Pilkington, 1962; Hanson, 1966; Moore and others, 1941).

The fabric evidence suggests that the sills predate the main body of the 

Leatherwood quartz diorite, and that they were deformed, at least in 

part, prior to intrusion of the Leatherwood quartz diorite. Therefore,

I do not accept the correlation by Keith and others (1980) of the Rice 

Peak granodiorite porphyry, schistose porphyritic sills and the
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Leatherwood quartz diorite. U-Pb age dating and geochemical studies of 

these three plutons will be required to completely resolve this 

question.

Geesaman Fault System

Geesaman Fault

The Geesaman Fault is the principle structure in the map area. 

The sinuous trace of this ductile fault cuts from west to east across 

the map area and disappears beneath a thick blanket of Quiburis 

Formation fanglomerates at its east end. West of the area the fault 

continues for at least another 4.6 km (Suemnicht, 1977; Banks, 1976), 

and may extend 2.25 km beyond that into Canada Del Oro (Suemnicht,

1977).

Separation across the Geesaman Fault. The stratigraphic 

separation across the Geesaman Fault is very consistent along its entire 

length and ranges from 4200 ft (1280 m) to 4400 ft (1340 m)(Fig. 13). 

Separation is consistently normal. In Figure 13 the effects of Mesozoic 

intrusions and the Pidgeon Tank Fault have been removed. The position 

of the fault in the footwall is imprecisely known since the fault does 

not 'climb out' of the crystalline basement. Therefore, the position 

of the fault had to be estimated by calculating the stratigraphic depth 

of the fault below the northeast dipping Oracle quartz raonzonite/Scanlan 

Conglomerate contact.

Several interesting trends are apparent in figure 13. There is 

no evidence that separation of the Geesaman Fault diminishes along 

strike in either direction; separation remains very constant. The
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separation is everywhere a normal separation, and the fault cuts 

consistently and continuously upsection to the east. Cut-off angles 

with bedding range from 5-17°, averaging around 8°. No obvious ramp- 

flat geometry is recognizable in the cross-section.

Units cut by the Geesaman Fault. The Geesaman Fault is a major 

younger-on-older basement involved fault. Within the study area the 

hanging wall is primarily composed of metasedimentary rocks while the 

footwall consists largely of igneous and metaigneous rocks (Fig. 3). 

Hanging wall rocks ductily deformed by the fault range from the Devonian 

Martin Formation to the Lower Cretaceous Bisbee Group. Footwall rocks 

penetratively deformed along the Geesaman Fault include Precambrian 

Oracle quartz monzonite, Apache Group rocks, and Cretaceous (?) Rice 

Peak granodiorite porphyry.

West of the study area the northern edge of the Late Cretaceous 

to Early Tertiary Leatherwood quartz diorite is deformed in the hanging 

wall of the Geesaman Fault (Peirce, 1958; Hanson, 1966; Moore and 

others, 1941; Braun, 1969; Creasey and Theodore, 1975; Banks, 1976; 

Suemnicht, 1977)(Fig. 2). The Leatherwood quartz diorite is nowhere 

exposed north of the Geesaman Fault, rather the pluton is faulted 

against Oracle quartz monzonite and Apache Group in the footwall of the 

fault (Fig. 2). Locally, Abrigo Formation is caught up and intensely 

folded and sheared within the fault zone (Banks, 1976; Suemnicht, 1977).

The contact between the 24-29 my old Catalina Granite and the 

Geesaman Fault is difficult to interpret. Mapping by Banks (1976) 

indicates that the fault is intruded by this pluton, while later more



detailed work by Suemnicht (1977) revealed a minor, apparent left 

lateral offset of the pluton margin. Suemnicht (1977) tentatively 

extended the Geesaman Fault into the Catalina Granite for an additional 

2.25 km to the west. Structures along the Geesaman Fault in the 

Catalina Granite are, with one possible exception, brittle structures. 

These contrast with ductile structures exposed along the eastern trace 

of the Geesaman Fault (Suemnicht, pers. comm., 1984; this study). The 

only possible ductile deformation of the Catalina Granite occurs in a 

poorly exposed and inaccessible area near the intersection of the 

Lightening Bolt Fault and the projected trace of the Geesaman Fault. 

Suemnicht recognized mylonitic rocks at this intersection (1977).

These relationships can be explained in a number of ways. 1) 

Suemnicht may have misidentified the mylonitic rocks in the Catalina 

Granite and all the deformation associated with the westward extension 

of the Geesaman Fault is brittle. 2) The mylonitic rocks represent a 

septa of older material within the Catalina Granite (suggested by 

Suemnicht as a possible explanation, pers. comm., 1984). 3) The

mylonitic rocks postdate the Catalina Granite and record ductile mid- 

Tertiary motion along the Geesaman Fault.

Option number 3 is unlikely for a number of reasons. 1) Ductile 

fabrics along the eastern trace of the Geesman Fault are intruded by 

unfoliated lamprophyre dikes which predate the Catalina Granite. This 

relative age is suggested by the conspicuous absence of the typically 

ubiquitous lamprophrye dikes in the Catalina Granite (Braun, 1969). 2)

The apparent offset of the margin of the Catalina Granite is very minor 

and is incompatible with the major ductile offsets recorded along the
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rest of the Geesaman Fault. The Geesaman Fault truncates a zone of Rice 

Peak granodiorite porphyry about 3.5 km wide, and a zone of Leatherwood 

quartz diorite 5 km wide, yet only offsets the margin of the Catalina 

Granite 0.15 km. 3) The Geesaman Fault in the Geesaman Wash area is 

characterized by a conspicuous ductile deformational fabric as well as 

foliated and lineated footwall and hanging wall rocks, yet none of these 

features have been recognized in the Catalina Granite (Banks, 1976; 

Suemnicht, 1977). As a result I favor hypothesis 1 or 2 above.

If this interpretation is correct, ductile deformation along the 

Geesaman Fault postdates intrusion of both the 75-60 my old Leatherwood 

quartz diorite, and the Rice Peak granodiorite porphyry and predates 

intrusion of the 25-29 my old Catalina Granite. The slight offset of 

the pluton margin at the Geesaman Fault (Suemnicht, 1977) suggests that 

a minor amount of motion (presumably brittle reactivation) postdates 

emplacement of the Catalina Granite.

Geometry of the Geesaman Fault. The attitude of the Geesaman 

Fault varies considerably along its outcrop length. In the west it 

strikes E-W to N60°W and dips 40-84° S or SW (Suemnicht, 1977). Within 

the study area, however, the trend swings from E-W along the Mount 

Lemmon-Oracle road to ENE at its eastern end. In addition, the dip 

generally decreases toward the east from a maximum of 88° in Dan's 

Saddle (Suemnicht, 1977) to a minimum of 12° at its eastern end (Fig. 

14).

The listric form of the Geesaman Fault is displayed in figure 

15. This cross section was constructed by plotting all measurements of
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14. Stereonet of poles to the Geesaman Fault surface. 
Suemnicht (1977) and this study. Data taken



Fig. 15. Hypothetical north-south cross section of the Geesaman Fault. 
Constructed by plotting the dip of the Geesaman Fault as a function of 
elevation. Data from Suemnicht (1977) and this study. The view is 
toward the east.
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Fig. 15 Hypothetical north-south cross-section of the Geesaman Fault.
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fault dip from the Geesaman Wash (this study) and Canada del Oro 

(Suemnicht, 1977) study areas against elevation. The data were averaged 

over short elevation intervals and used to generate a hypothetical N-S 

cross section of the Geesaman Fault (Fig. 15).

For this diagram to be meaningful, changes in dip along the 

trace of the fault must reflect changes in structural level and not 

systematic changes in dip along strike. Furthermore, there must not be 

any "plunge" of the axis of the curviplanar fault surface. Since 

bedding attitudes are fairly consistent from west to east, and 

foliation, lineation and fold axes are subhorizontal (Figs. 16a-d) these 

two assumptions are probably reasonable.

The constructed cross section of the Geesaman Fault in figure 15 

is remarkably smooth and continuous, except for the slight inflection at 

5500 ft (1675 m). Above 6500 ft (1982 m) the fault is nearly vertical, 

flattening to subhorizontal below 4500 ft (1372 m). The radius of 

curvature of the fault surface is approximately 2400 ft (732 m).

Discussion. The curvilplanar form of the Geesaman fault and the 

persistent younger on older stacking is diagnostic of listric normal 

faults. If the Geesaman Fault were a listric normal fault one would 

expect to find differential rotation of the hanging wall and footwall 

(Fig. 17) as well as dip slip striations on the fault surface. Along a 

listric normal fault, bedding in the hanging wall of the fault is 

steeper than bedding in the footwall. Bedding attitudes north and south 

of the Geesaman Fault are not significantly different, however, and may 

even be slightly steeper in the hanging wall than in the footwall (Figs. 

10a and 10b). There is no evidence that the footwall of the Geesaman
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Fig* 17. Schematic cross-section showing differential rotation of the 
hanging wall relative to the. footwall along a listric normal fault 
(after Wernicke and Burchfiel, 1982).



Fault is rotated above a structurally deeper fault since the closest 

major structure which could have rotated the footwall of the Geesaman 

Fault is the steeply south-dipping Mogul Fault 8.75 km to the north. It 

is unlikely that this fault is responsible for rotation of the footwall 

of the Geesaman Fault. Dip slip striae are not associated with the well 

developed ductile fabric along the fault zone. None of these features 

are consistent with a listric normal fault model of the Geesaman Fault.

The present orientation of the Geesaman Fault may be a function 

of mid-Tertiary tilting during extension (Davis, 1983). Numerous tilt 

blocks within the San Pedro region record tilting in half grabens 

associated with detachment faulting. The tilt blocks typically rotate 

mid-Tertiary sedimentary rocks about horizontal N30°W trending axes. In 

the Geesaman Wash area mid-Tertiary sedimentary rocks are absent as 

potential markers of mid-Tertiary tilting, and it is unclear what 

portion, if any, of the northeast dip in the Precambrian, Paleozoic and 

Mesozoic sedimentary section developed at this time. Between 0-60° of 

tilting are possible during mid-Tertiary extension.

In order to evaluate the effectes of mid-Tertiary tilting 5, 30 

and 60 degrees of backtilting about a N30°W trending axis were removed 

from the present orientation of the Geesaman Fault. Figure 18 

illustrates the possible pretilt orientations which result. In every 

case undoing mid-Tertiary tilt results in an unusual fault geometry.

When rotated by more than 5-10° the fault dips north at high structural 

levels and places older rocks over younger rocks. At depth the downward 

steepening trend reverses and the fault dips moderately south, placing

60
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Fig. 18. Possible pretilt orientations of the Geesaman Fault assuming 
subsequent mid-Tertiary tilting of a) 0, b) 5, c) 30, and d) 60 degrees. 
View looking east.
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younger rocks on older rocks. This geometry is considered geologically 

unlikely. The form and orientation of the Geesaman Fault in its present 

state is a much more likely geometry at the time of motion along the 

fault. If significant mid-Tertiary tilting has reoriented the fault it 

is difficult to explain why the dip of the Geesaman Fault varies as a 

function of absolute elevation, and defines a smooth south dipping 

listric surface.

Stratigraphic Differences across the Geesaman Fault. The 

hanging wall and footwall of the Geesaman Fault differ not only in 

structural level but also in Late Paleozoic and Mesozoic stratigraphy. 

There are three major contrasts 1) the Leatherwood quartz diorite is 

restricted to the hanging wall and the Rice Peak granodiorite porphyry 

is restricted to the footwall 2) a thick section of the Naco Group south 

of the Geesaman Fault is entirely missing north of the Geesaman Fault 

and 3) the Upper Cretaceous (?) American Flag Formation and Lower 

Cretaceous Bisbee Group appear to be partitioned on opposite sides of 

the Geesaman Fault (Fig. 2,3 and 19). The contrast in metamorphic grade 

and intensity of deformation noted by early workers across the Geesaman 

Fault (Peirce, 1958; Suemnicht, 1977) was not substantiated in this 

study (see below).

The Leatherwood-Rice Peak contrast is fairly well known (Keith 

and others, 1980; Suemnicht, 1977; Peirce, 1958; Moore and others, 1941) 

but the abrupt disappearance of the Naco Group across the Geesaman Fault 

has not received much attention. Reconnaissance mapping by Creasey 

(1967) and Creasey and Theodore (1975) showed that the Naco Group does
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Fig. 19. Stratigraphic columns comparing the stratigraphy north of the 
Geesaman Fault with the stratigraphy south of the Geesaman Fault. 
Thicknesses from Creasey (1967), Peirce (1958) and this study.
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not extend north of the Geesaman Fault. Both contrasts are well 

displayed within the Geesaman Wash study area (Fig. 3).

The American Flag Formation has never been mapped south of the 

Geesaman Fault and the Bisbee Group has not been identified north of the 

fault. Figure 19 summarizes the stratigraphic columns from the footwall 

and hanging wall of the Geesaman Fault. The Rice Peak granodiorite 

porphyry and Leatherwood quartz diorite plutons have been omitted for 

clarity.

Character of the Fault Zone. The Geesaman Fault is a ductile 

fault which is marked by a well developed foliation in the hanging wall 

and footwall. The breadth of the strongly foliated zone varies from one 

lithology to the next, ranging from as little as 1 or 2 m to 10's of 

meters. Bedding along the fault is obscured by a penetrative foliation. 

The strongly developed fabric along the Geesaman Fault grades 

continuously into less well developed fabric in the hanging wall and 

footwall. The attitude of foliation in the zone is not discernibly 

different from the attitude of the fault. Foliation along the Geesaman 

fault consistently dips to the south.

It is often difficult to locate the Geesaman Fault surface 

precisely within a zone of intense shear affecting both footwall and 

hanging wall rocks. When strongly contrasting rock types are juxtaposed 

across the Geesaman Fault, however, it is generally possible to 

recognize abrupt changes in lithology (representing 4300 feet of missing 

section) within the phyllonite zone. Occasionally slices of other rock 

types are caught up in the fault zone.
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Geesaman Fault as Deformational Boundary. The suggestion by 

Peirce (1958), Budden (1975) and Suemnicht (1977) that the Geesaman 

Fault marks the northern edge of significant metamorphism and 

deformation in the Santa Catalina Mountains is unfounded. Noticable 

differences in metamorphic grade are not apparent on either side of the 

fault. When rocks with similar lithology north and south of the 

Geesaman Fault are compared the intensity of deformation is similar. In 

fact, deformation of the plutonic rocks is more intense north of the 

fault than south of the fault. The Rice Peak granodiorite porphyry is 

commonly penetratively deformed while the Leatherwood quartz diorite is 

largely undeformed except along widely spaced shear zones.

The common juxtapositioning of incompetent hanging wall rocks 

against competent footwall rocks along the Geesaman Fault presumably led 

early workers to the erronous view that metamorphism and tectonite 

fabrics occur only south of the Geesaman Fault. The well developed 

foliation in the Rice Peak granodiorite porphyry north of the Geesaman 

Fault should have argued against this model. The interpretation of the 

foliation in the Rice Peak granodiorite porphyry as an igneous flow 

foliation (Creasey, 1967) may have been an outgrowth of this model. I 

believe that the Geesaman Fault separates rocks with a similar 

metamorphic and deformational history, and that the northern margin of 

the Santa Catalina metamorphic core complex lies to the north, possibly 

along the Mogul Fault or the Cloudburst detachment fault.
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Pidgeon Tank-Bat Hill Faults

The eastern portion of the Pidgeon Tank Fault (new name) 

juxtaposes the Apache Group against the Oracle quartz monzonite in 

section 15 and 16 (Fig. 3). The 5 km long trace of the Pidgeon Tank 

Fault was first mapped by Peirce (1958) as one of two northwest trending 

high angle normal faults. Creasey and Theodore (1975) recognized only 

one major fault with a linear N60°W trend. The fault extends from 

Oracle Ridge to Geesaman Wash and places meta-Scanlan Conglomerate and 

Apache Group against the Oracle quartz monzonite.

The orientation of the Pidgeon Tank Fault was measured at three 

localities along its trace. The fault dips consistently 50-55° in a 

southerly direction, but it varies in strike. At its west end the fault 

trends NW while at the east end the strike is WSW. The map pattern 

shows this change of the fault trend as it approaches the Geesaman Fault 

(Fig. 3). Left lateral drag of a preexisting Pidgeon Tank Fault by the 

Geesaman Fault could produce such a map pattern. Alternately, the 

Pidgeon Tank Fault may merge with the Geesaman Fault as a splay fault.

There are approximately 483 m of normal separation across the 

Pidgeon Tank Fault. The physical characteristics of the Pidgeon Tank 

Fault are similar to those of the Geesaman Fault; phyllonites and strong 

foliation is developed in the fault zone but brittle gouge and breccia 

also occur. The spatial relationships of tectonite, gouge and breccia 

are not clear.

A klippe of strongly deformed Apache Group is faulted against 

the Oracle quartz monzonite north of the Bat Well along the Bat Hill 

Fault (new nameMFig. 3). Apache Group, including recognizable
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metamorphosed and sheared Barnes conglomerate in the hanging wall is 

penetratively folded and cleaved, while the footwall Oracle quartz 

monzonite is undeformed to weakly deformed except within several meters 

of the fault. The outcrop pattern suggests a low angle scoop-shaped 

fault surface. The fault appears to be folded (Fig. 9).

Correlation of the Bat Hill Fault and the Pidgeon Tank Fault is 

based on identical hanging wall and footwall strata, similar structural 

styles within the hanging wall Apache Group and footwall Oracle Quartz 

Monzonite, and the structural position below the Geesaman Fault. If 

this correlation is correct the map pattern of the Pidgeon Tank-Bat Hill 

Fault system suggests that it has been intruded by the Rice Peak 

granodiorite porphyry. With a few minor exceptions the Apache Group 

south of the Pidgeon Tank Fault is always faulted against the Oracle 

quartz monzonite, and never faulted against the Rice Peak granodiorite 

porphyry. This pattern suggests that the Apache Group of the Pidgeon 

Tank block was faulted against the Oracle quartz monzonite before the 

Rice Peak granodiorite porphyry was intruded across the Pidgeon Tank-Bat 

Hill fault system. If, on the other hand, motion along the Pidgeon 

Tank-Bat Hill Fault postdates intrusion of the Rice Peak granodiorite 

porphyry it is difficult to explain the fact that 1) the Rice Peak 

granodiorite porphyry is nowhere cut by this fault system, and 2) the 

Rice Peak granodiorite porphyry never occurs in the hanging wall of the 

Pidgeon Tank Fault.
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Deformational Fabrics 

Characteristics of Elements

Lithology greatly influences the nature and intensity of 

deformation within the Geesaman Wash area. Incompetent strata south of 

the Geesaman Fault are generally more strongly deformed than competent 

rocks exposed north of the Geesaman Fault. As a result, numerous 

workers have suggested that the Geesaman Fault marks the northern 

boundary of major metamorphism and deformation in the Santa Catalina 

Mountains (Peirce 1958; Budden 1975; and Suemnicht 1977). Where 

incompetent lithologies are exposed north of the Geesaman fault, 

however, significant deformation is observed (Fig. 20). A penetrative 

fabric occurs in the Pioneer Formation and basal American Flag Formation 

in Peppersauce Canyon 6.85 km north of the Geesaman Fault (Fig. 2). 

Deformation and metamorphism extends beyond the Geesaman Fault, 

diminishing gradually, not abruptly, northward.

Many rock types in the Geesaman Wash area have a crystalloblastc 

foliation defined by oriented and segregated phyllosilicates, and 

flattened mineral grains. A component of simple shear is suggested by a 

variety of macroscopic and microscopic structures in the Geesaman Wash 

area.

Basement. Oracle quartz monzonite is variably deformed. It is 

strongly foliated and lineated adjacent to the Geesaman Fault, beneath 

the Scanlan Conglomerate, and along N40-60°E trending shear zones 

involving the Rice Peak granodiorite porphyry. Foliated Oracle quartz 

monzonite beneath the Scanlan Conglomerate is unusually rich in 

phyllosilicates compared to undeformed Oracle quartz monzonite. The
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Fig. 20. (a) Photograph of strongly deformed limestone pebble
conglomerate in the American Flag Formation

(b) Photograph of strongly foliated and kinked Rice Peak granodiorite 
porphyry.
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mica-rich and foliated Oracle quartz monzonite grades structurally 

downward into generally unfoliated Oracle quartz monzonite. The 

position of the mica-rich Oracle quartz monzonite beneath a major 

disconformity suggests that this zone may represent a deformed paleogrus 

(Davis, pers. comm. 1984).

Large K-feldspar phenocrysts, so characteristic of undeformed 

Oracle quartz monzonite (Banerjee 1957), were rarely observed in the 

Geesaman Wash area. Feldspar is generally chalky and reduced in grain 

size. Much of the Oracle quartz monzonite does not display a measurable 

foliation or lineation, and appears to be undeformed. In thin section, 

however, undulose extinction in quartz grains, fracturing of both quartz 

and feldspar grains and incipient subgrain growth in quartz record a 

minor amount of deformation.

In moderately to strongly deformed Oracle quartz monzonite a 

poorly developed foliation is marked by concentration of clays and 

phyllosilicates (Fig. 21a). Feldspar porphyroclasts are typically 

fractured, highly altered to sericite, and crudely strung out along 

foliation. With increasing feldspar degradation quartz becomes the most 

prominent mineral observed in the field (first noted by Peirce, 1958). 

Lineation is uncommonly observed and is defined by aligned mafic 

mineral. The characteristic red and green color of deformed Oracle 

quartz monzonite is caused by finely disseminated iron oxide and 

chlorite.

In thin section moderately to strongly deformed Oracle quartz 

monzonite is composed of large strained quartz grains, small angular



Fig. 21. Photonegative of thin sections showing progressive deformation 
of the Oracle quartz monzonite (a) Undeformed quartz monzonite (b) 
Strongly deformed quartz monzonite (c) Very strongly deformed quartz 
monzonite composed exclusively of quartz and mica. Q=quartz, F=Feldspar



Fig. 21a. Undeformed quartz monzonite.



Fig. 21b. Strongly deformed quartz monzonite.
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fragments of altered feldspar set in a matrix of oriented clay, 

sericite, recrystallized quartz and other phyllosilicates. Mafic 

minerals are altered to chlorite and biotite. Mica and quartz crystal 

fibers fill fractures between pulled apart feldspar grains. Quartz 

grains ranging in size up to 10mm characteristically display undulose 

extinction and discrete subgrains. The subgrains are concentrated 

along grain boundaries, and in seams which penetrate the grain.

Locally, deformation lamellae, serrated subgrain boundaries and complete 

recrystallization occur. Moderately deformed Oracle quartz monzonite is 

enriched in phyllosilicates and depleted in feldspar relative to 

undeformed Oracle quartz monzonite (Fig. 10a,b).

Foliation and lineation are better developed in more deformed 

samples of Oracle quartz monzonite. Cleavage surfaces defined by 

phyllosilicates increase in density. Feldspar is reduced in grain size. 

Microlithon domains containing occasional feldspar fragments and quartz 

lozenges are separated by anastomosing phyllosilicate-rich lithon 

domains. The overall form of the quartz grains is elongate but 

individual subgrains are equant (Fig. 10b). Lineation is primarily a 

streaking lineation defined by aligned mafic minerals.

Feldspar is absent in the most strongly deformed Oracle quartz 

monzonite (Fig. 10c). Abundant parallel phyllosilicate zones wrap 

around quartz porphyroclasts "and are occassionally kinked and bent. 

Figure 10 a-c illustrates the progressive transformation of the granite 

from its undeformed to its strongly deformed state.

Apache Group. The Apache Group exposed in the hanging wall of 

the Pidgeon Tank-Bat Hill Fault is much more strongly deformed than the
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same sequence further north. Within the Pidgeon Tank fault sliver, 

bedding is obscured by a well developed phyllitic cleavage. Sheared 

conglomerate beds can only be traced over short lateral distances. 

Lithologic layering is almost entirely absent, and microfolds and 

crenulation cleavages pervade the rock. Both intersection lineation and 

pencil structure are common in areas marked by multiple cleavages. A 

streaky lineation is locally well developed.

Microscopically, the parallel lithon and microlithon domains 

define the strong foliation in the rock. Fhyllosilicates are 

concentrated along cleavage surfaces and wrap around elongate quartz 

grains in the lithon domain. Crenulation cleavage and centimeter-scale 

microfolds commonly distort the primary foliation. Quartz and mica 

pressure shadows lengthen quartz grains in the lineation direction.

The Apache Group in the northern part of the area is only 

moderately deformed. Bedding is obscured from place to place by 

continuous and discontinuous cleavage. Crenulation cleavage does not 

generally occur. The Scanlan Conglomerate is largely resistant to 

deformation but locally displays a weak inosculating, locally 

anastomosing fabric. Slates and phyllites of the Pioneer Formation 

occasionally contain ellipsoidal reduction spots. Many cobbles in the 

Barnes conglomerate are pitted at pressure points. A spaced cleavage is 

well developed in medium to coarse grained members of the Dripping 

Springs Quartzite.

Cleavage is refracted by contrasting lithologies, cutting across 

competent units at a higher angle to bedding than across weak units.
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Crack-seal veins and tension gashes disrupt the Apache Group quartzites. 

The Apache Group north of the Geesaman Fault is essentially unlineated 

with the exception of rare reduction ellipsoids and cleavage/bedding 

intersection lineation.

At the microscopic level, phyllosilicate-rich seams delineate 

the cleavage domains. Quartz grains in adjacent microlithons are 

truncated along the cleavage surfaces. Large quartz grains exhibit 

dentate forms due to subgrain growth along the margins of the grains. 

Muscovite and quartz overgrowths (pressure shadows) commonly extend the 

grain in the cleavage plane. These pressure shadows typically parallel 

sericite disseminated throughout the recrystallized quartz matrix.

Paleozoic Metasedimentary Rocks. The Paleozoic section contains 

some of the most competent as well as the most incompetent units in the 

Geesaman Wash area. There is little measurable deformation in the Bolsa 

Quartzite, for instance, while abundant folds and pervasive foliation 

and lineation in the Naco Group record intense deformation. Only three 

formations crop out both north and south of the Geesaman Fault; the 

Abrigo, Martin and Escabrosa Formations.

The Bolsa Quartzite, unlike the underlying feldspar-rich 

Dripping Springs Quartzite does not possess a deformational fabric. 

Fractures and quartz-filled crack-seal veins record minor amounts of 

strain in this unit.

The Abrigo Formation crops out both north and south of the 

Geesaman Fault in the study area. North of the fault the Abrigo 

Formation is only slightly less deformed and metamorphosed than most of 

the Abrigo Formation exposed south of the fault. A tectonite fabric is
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not well developed; worm burrows, crossbedding, fine-scale laminations 

and intraclastic conglomerates are preserved in spite of low-grade 

metamorphism and deformation. Locally, small displacement faults and 

flexural flow and flexural slip folds disrupt the Abrigo Formation. 

Undulose extinction occurs in quartz grains from a pristine-looking 

sample well north of the Geesaman Fault.

Extremely deformed metasedimentary rocks crop out in Alder 

Canyon in the hanging wall of the Geesaman Fault. These rocks are very 

tentatively correlated with the Abrigo Formation but the absence of 

carbonate beds and the obliteration of diagnostic primary structures by 

a penetrative schistosity are the source of much uncertainty. These 

quartzose units are banded on a regular 0.5 cm scale and contain 

abundant passive and isoclinal folds (Fig. 22). Quartz-rich zones 

alternate with mica-rich zones.

The Martin Formation and the Escabrosa Limestone are variably 

deformed. Sandstone and dolomite beds are resistant to deformation and 

are rarely cleaved. Locally, a spaced cleavage marks zones of intense 

shear. Limestone beds in the Escabrosa Limestone range from undeformed 

beds with a well preserved fossil assemblage to intensely sheared, 

foliated and lineated beds. Foliation is common in chert nodules in the 

Escabrosa Limestone.

Thin sections of Escabrosa Limestone show evidence of pressure 

solution (Fig. 23). In figure 23 circular crinoid fragments have been 

modified by dissolution along anastomosing pressure solution seams. 

Calcite twins are common in coarse-grained limestone tectonites.
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Fig. 22. Photograph of chaotic folds in the Abrigo (?) Formation. — View looking west.



Fig. 23 Photonegative of a thin section of crinoidal Escabrosa 
Limestone. Anastomosing dissolution surfaces (d) truncate crinoid 
fragments (c).
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Incompetent limestone tectonites of the Naco Group are generally 

strongly foliated and lineated. Small chert nodules and layers are 

commonly intricately stretched and folded into lozenges or rods (Fig. 

24a). Conjugate fracture sets commonly extend the chert nodules in the 

east-west direction.

Foliation in the limestones is defined by color banding and a 

well developed parting. Calcsilicate minerals are sometimes 

concentrated along the foliation surfaces. Foliation and lithological 

layering are usually indistinguishable but occasionally the angular 

relationship between the two is apparent. True bedding is rare in 

limestone tectonites of the Naco Group. The thick quartzite sections at 

the top of the Naco Group have refracted cleavage.

Lineation in the Naco Group is interpreted as an intersection 

lineation between foliation and lithological layering (relict bedding). 

Figures 24a and 24b illustrate this relationship. The lineation is 

expressed by color differences, constrasting grains size or mineralogy, 

and shallow grooves on the surface of the foliation.

Mesozoic Metasedimentary Rocks. Spectacular stretched pebble 

conglomerates characterize the basal Bisbee Group (Fig. 4). The 

limestone clasts are so intensely sheared and stretched that they 

resemble matrix for the chert and quartzite clasts. In thin section, 

however, it is possible to distinguish the limestone clasts from the 

sandy matrix material. Foliation is defined by flattened limestone and 

chert clasts, lineation by aligned minerals and the long axes of 

stretched pebbles.



Fig. 24. (a) Photograph of chert and
calcsilicate rods in deformed Naco Group. View 
is looking downward at a foliation surface.

(b) Photograph of intersection lineation in 
limestone tectonite. Pencil lies on a foliation 
surface and parallels lineation. The lower half 
of the photograph is a cross-sectional view of 
bedding and foliation.
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A tectonite fabric is variably developed in the American Flag 

Formation. Many exposures of the American Flag Formation appear to be 

unaffected by the deformation but locally a spaced and phyllitic 

cleavage occurs. Along a small side canyon of Peppersauce Canyon the 

basal limestone pebble conglomerate is stretched to an axial ratio of 

approximately 3 or 4 to 1 (Fig. 20a). Multicolored phyllites are 

associated with this tectonite.

Phyllites are rare in the American Flag Formation, however, and 

spaced cleavage is more characteristic of graywacke beds. Some of the 

volcanic and volcaniclastic beds within the American Flag Formation are 

weakly but penetratively cleaved (Fig. 5a and 5b).

Rice Peak Granodiorite Porphyry. The fabric in the Rice Peak 

granodiorite porphyry ranges from massive through semischistose to 

phyllitic (Fig. 20b). Most exposures of the Rice Peak granodiorite 

porphyry are semischistose. Although strongly foliated, these 

semischists are recognizably derived from a porphyritic igneous rock. 

Phenocrysts are flattened in the macroscopic foliation plane, and the 

long axes of porphyroclasts and fiber growths define the lineation 

direction.

A phacoidal structure in deformed Rice Peak granodiorite 

porphyry is defined by two and locally three cleavages. The cleavages 

are oriented at low angles relative to one another. With increasing 

intensity of deformation, the angle(s) between the cleavages decreases 

until the two are essentially subparallel. This coordination suggests 

that the cleavages are contemporaneous.
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Lineation is much less common than foliation in deformed Rice 

Peak granodiorite porphyry. Several kinds of lineation occur: 1) long 

axes of stretched phenocrysts, 2) mineral growths on cleavage surfaces, 

and 3) elongate mineral growths within the matrix of the rock.

In thin section fine grained phyllosilicate-rich domains define 

the main foliation in the rock. With increasing deformation the 

feldspar content of the rock decreases and mica becomes more abundant. 

The reaction which describes this transformation is;

3feldspar + 2water — > mica + SiC^ + 2K+ (Knipe and Wintsch, 1985). 

Microstructures in deformed Rice Peak granodiorite porphyry are 

described in more detail in chapter 4.

Leatherwood Quartz Diorite. The Leatherwood quartz diorite in 

the study area is largely undeformed except along discrete shear zones. 

These shear zones range from the cm scale to 10's of meter scale. Mafic 

minerals define the east-west trending mineral lineation in these zones. 

A cross lineation is defined by the intersection of an extensional 

crenulation and the primary foliation. Feldspar grains are pulled apart 

and the cracks infilled with fibrous crystal growths along the secondary 

lineation trend. Fibers within the cracks and pull aparts parallel the 

primary mineral lineation in the shear zones.

Biotite, chlorite, epidote, and other phyllosilicates define the 

foliation in the shear zones. Minerals in the zone are reduced in grain 

size relative to undeformed Leatherwood quartz diorite. Quartz 'sweat- 

outs' and tension gashes occur in some shear zones.

Discussion. Microstructures are good indicators of deformation

mechanisms and P-T conditions of deformation. A wide variety of
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deformation mechanisms operated in the rocks in the Geesaman Wash area. 

These include pressure solution, calcite twinning, syntectonic mineral 

transformations, subgrain growth, neoblast seams, fracturing and 

rotation of grains, syntectonic crystal fiber growth, and dynamic 

recrystallization. The distribution of mechanisms is a function of rock 

type. Limestone tectonites deformed ductily by crystal plastic 

deformation, pressure solution, calcite twinning and abundant dynamic 

recrystallization. Quartzose rocks deformed primarily by pressure 

solution and growth of syntectonic phyllosilicate seams along cleavage 

surfaces. Granitoids deformed via a number of mechanisms. Quartz 

grains developed subgrains, neoblast seams, and were locally 

recrystallized but were also pulled apart and rotated along brittle 

fractures. Feldspar grains were comminuted mechanically and altered to 

clays and phyllosilicates. The transformation of feldspar to 

phyllosilicates requires some free water in the system during 

deformation (Knipe and Wintsch, 1985). The Rice Peak granodiorite 

porphyry may have been the source of some of these fluids.

The deformation mechanisms observed in quartz and feldspar are 

indicative of pressures between 1 and 2 kilobars and temperatures 

between 250 and 300°C (Voll, 1976).

Foliation generally represents the plane of flattening. This is 

suggested by evidence for pressure dissolution and volume loss along 

foliation surfaces, and the essentially intact nature of the 

stratigraphy in the area. The component of simple shear was relatively 

small. This is in direct contrast to the mylonites produced during mid- 

Tertiary extension along the southern side of the range where simple
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shear was the dominant deformation mechanism and primary intrusive 

contacts were transposed within the mid-Tertiary shear zone (Naruk, oral 

comm.,1985).

Orientation of Deformational Fabrics

Foliation. Two types of foliation were recognized within the 

study area: primary igneous foliation and secondary tectonic foliation. 

Most of the rocks in the Geesaman Wash area have a tectonic foliation.

Tectonic foliation is generally subhorizontal to slightly 

dipping (Fig. 16a). Major differences in the attitude of foliation in 

metaigneous (Fig. 25a) and metasedimentary rocks (Fig. 25b) are not 

apparent, nor can foliation measurements north of the Geesaman Fault 

readily be differentiated from attitudes south of the fault (compare 26a 

and b, 27a,b and d). A gently dipping foliation characterizes all rocks 

in the Geesaman Wash area.

The orientation of cleavage in metasedimentary rocks north of 

the Geesaman Fault averages 253° 25° and is generally subhorizontal 

(Fig. 26a). The orientation of refracted cleavage at a high angle to 

bedding in competent rocks has been combined in this stereonet with the 

orientation of cleavage at a low angle to bedding in weaker units. 

Foliation in the Pidgeon Tank block has a steeper attitude than most 

foliation in the area. The average orientation is 105° 40° (Fig. 26a).

A partial great circle girdle defined by the poles to foliation records 

a horizontal 105° trending fold axis. The majority of foliation dips 

SSW, however, concordant with the Geesaman Fault.



Fig. 25. (a) Contoured stereonet of poles to foliation in metaigneous
rocks (n=402) (b) Contoured stereonet of poles to foliation in 
metasedimentary rocks (n=601).

ooo>
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Fig. 26. Contoured stereonets of poles to foliation in metasedimentary 
rocks. — (a) North of the Geesaman Fault (n=57). (b) South of the
Geesaman Fault (n=431). (c) Pidgeon Tank block (n=96).



88

Fig. 27. Contoured stereonets of poles to foliation in metaigneous 
rocks (a) Rice Peak granodiorite porphyry (N=257) (b) Oracle quartz 
monzonite (n=63) (c) Tertiary (?) felsite dikes (n=32) (d) Shear zones 
within the Leatherwood quartz diorite (n=50).



89

Metasedimentary foliation south of the Geesaman Fault dips 

gently, with maxima at 104° 30° and 290° 18° (Fig. 26b). The poles to 

foliation conform to a great circle girdle about a fold axis plunging 0- 

5° 105°. The data reflect a series of en echelon folds in the Paleozoic 

section south of the Geesaman Fault (Fig. 3). These open, upright folds 

have a stereographically determined axial plane of 285° 80°. These 

folds are concentrated within 1 km of the Geesaman Fault. A wavelength 

of 175-250 m typifies these low amplitude folds.

The tectonic foliation in the metaplutonic rocks dips slightly 

to the west (Fig. 16b). The cleavage in the Rice Peak granodiorite 

porphyry has a mean orientation of 180° 11° (Fig. 27a). The scatter 

deviates slightly from a perfectly concentric pattern in the NNE-SSW 

direction, but does not delineate a well defined great circle girdle.

The S-pole diagram of cleavage in the metasedimentary rocks north of the 

Geesaman Fault is very similar to the plot for cleavage in the Rice Peak 

granodiorite porphyry (Figs 26a and 27a).

The Oracle quartz monzonite also displays a low-angle west

dipping foliation (Fig. 27b). The maximum at 240° 18° compares well 

with foliation in the Rice Peak granodiorite porphyry, and with cleavage 

orientations in the metasedimentary rocks north of the Geesaman Fault 

(Figs. 27b,27a,26a). The Oracle quartz monzonite S-pole diagram also 

deviates from a symmetric scatter in the NNE-SSW direction. This 

elliptical distribution may record gentle warping about ESE-WNW trending 

fold axes (compare with great circle girdle in figure 26b).

Foliation from the northeast-trending felsite dike swarm tends 

to be steeper than foliation from either the Rice Peak granodiorite
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porphyry or the Oracle quartz monzonite (Fig. 27c). The cleavage dips 

west and has an average orientation of 195° 41°. It is not always clear 

in outcrop whether the felsite dikes display a primary igneous flow 

foliation or a secondary tectonic foliation. An igneous flow foliation 

should roughly parallel the northeast trending walls of the dikes and 

dip steeply NNW. The foliation dips moderately WNW, however, suggesting 

that, for the most part, the foliation is tectonic in origin. Locally 

two foliations occur, a flow foliation and a tectonic foliation.

Figure 27d shows the orientation of foliation from shear zones 

within the Leatherwood quartz diorite. The maximum deviates slightly 

from horizontal at 320° 5°. The scatter of points is evenly distributed 

about the mean and no NNE-SSW trending girdle of points is present in 

the S-pole diagram. Thus, it is unlikely that the foliation in the 

Leatherwood quartz diorite was folded about horizontal ESE trending fold 

axes along with the metasedimentary country rock^

Lineation. Two distinct types of lineation are prevalent in the 

Geesaman Wash area; an intersection lineation developed in 

metasedimentary rocks, and a cataclastic stretching and mineral 

lineation developed in deformed igneous rocks. In addition, stretched 

pebbles, ellipsoidal reduction spots, crenulations, and crystal fibers 

growths occur locally. Slickensides and striae associated with faults 

will be discussed in a later section. Lineation is less commonly 

developed than foliation, and is more abundant in the metasedimentary 

rocks than in the metaigneous rocks. Lineation in the metasedimentary
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rocks persistently trends ESE-WNW (Fig. 28a) while the lineation in the 

metaigneous rocks trends E-W (Fig. 28b).

A penetrative intersection lineation is well developed in the 

Naco Group south of the Geesaman Fault. Where strongly deformed the 

Escabrosa Limestone, Martin Formation and Abrigo Formation also exhibit 

such a lineation. Figure 28a shows the tight clustering of directions 

around 0° 108°. This trend is parallel to fold axes defined by the 

great circle girdle of poles to foliation in the metasedimentary rocks 

(Fig. 26b), as well as parallel to the trends of outcrop scale folds 

(Fig. 16d). This coincidence of fold axes and lineation is diagnostic 

of bedding/cleavage intersection lineations.

Stretched pebble lineation in the Bisbee Group plunges 0° 100°. 

This attitude parallels fold axes and the intersection lineation. This 

lineation is interpretted as the X direction of the finite strain 

ellipsoid; i.e., the direction of maximum elongation.

Mineral lineation in deformed igneous rocks is aligned E-W in 

all three plutons. The lineation in the Leatherwood quartz diorite 

defines a tight cluster at 0° 91° (Fig. 29a). In the Oracle quartz 

monzonite and Rice Peak granodiorite porphyry there are similar well 

defined maxima at 15° 275° and 12° 271° (Figs. 29b and 29c).

Lineation in the metasedimentary and metaigneous rocks lie 

systematically 10-20° apart, although the scatter tends to overlap 

(Figs. 28a and 28b). There is no difference in the orientation of

lineation north and south of the Geesaman Fault.



Fig. 28. Contoured stereonets of lineation orientations in (a) 
metasedimentary rocks (n=241) (b) metaigneous rocks (n=139)

vO
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Fig. 29. Contoured stereonets of lineation orientations in metaigneous 
rocks (a) Shear zones in the Leatherwood quartz diorite (n=47) (b) 
Oracle quartz monzonite (n=21) (c) Rice Peak granodiorite porphyry 
(n=71).
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Discussion of Fabrics

Lineation in the metaigneous rocks is interpreted as an A 

lineation parallel to the transport direction. Lineation in the 

metasedimentary rocks is interpreted as the finite extension direction. 

This X direction of the strain ellipsoid parallels fold axes, long axes 

of stretched pebbles and the pervasive intersection lineation in the 

metasedimentary rocks. The two lineations are 10-20° apart in azimuth 

(significant overlap in direction does occur). The processes by which 

the finite extension direction forms or is rotated within 10-20° of the 

transport direction are not clear.

The macroscopic foliation in the metasedimentary rocks is 

interpreted as the X-Y plane of the finite strain ellipsoid. There is 

abundant evidence of shortening by pressure solution across cleavage 

surfaces and extension by stretching and reprecipitation in the X 

direction.

The macroscopic foliation in the metaigneous rocks is more 

difficult to interpret. For the most part the cleavage surfaces are 

flattening planes marked by flattened grains, dissolution, and lensoidal 

porphyroclasts. Shear foliations analogous to C surfaces in S-C 

mylonites (Berthe and others, 1979) are inclined at an angle to the 

plane of finite flattening.

Faults

Structures

Several different kinds of faults occur in the Geesaman Wash 

area. The most important are the Geesaman and Pidgeon Tank-Bat Hill
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Faults discussed above. Another set of faults trends N40-70°E and is 

responsible for the generally left-stepping disruption of the 

roetasedimentary section north of the Geesaman Fault (Fig. 3). Faults 

with similar trends are uncommon south of the Geesaman Fault and these 

faults appear to be associated exclusively with the Rice Peak 

granodiorite porphyry. Both dip slip and strike slip striations have 

been observed on these faults. Ductile deformation of the Scanlan

Conglomerate and Oracle quartz monzonite is common along the N40-60°E
I

trend, and the map pattern suggests that locally shearing rather than 

faulting of the Oracle/Scanlan unconformity occurred along this trend. 

These shear zones consistently place Rice Peak granodiorite porphyry 

against its host rock.

Dikes of Rice Peak granodiorite porphyry and felsite frequently 

intruded along the N40-60°E trend. The northeast-dipping homocline is 

offset in a left-stepping fashion across some of these dikes. The dikes 

range from undeformed to strongly deformed.

Down dip views show that the N40-60°E trending faults are 

perpendicular to bedding in the metasedimentary section. The 

association of the faults with sills and dikes of the Rice Peak 

granodiorite porphyry suggests that the faults and dikes are genetically 

related to the intrusion, and represent release structures for the 

pluton. In order to test this hypothesis a pre-Rice Peak reconstruction 

was made of the area north of the Geesaman Fault (Fig. 30). 

Irregularities in the Rice Peak-host rock contact were matched up and 

voids and overlaps were eliminated by adjusting blocks along the



Fig. 30. Pre Rice Peak reconstruction of the footwall of the Geesaman 
Fault. The country rock of the Rice Peak granodiorite porphyry was 
reassembled to a preintrusive state by matching irregularities in the 
pluton margin and by allowing movement along northeast trending faults. 
Note the good alignment of diabase intrusions in the Oracle quartz 
monzonite in the reconstruction, and the absence of significantly 
overlap of the reassembled footwall block and the Geesaman fault.



I N C L U D E S  D R I P P I N G  S P R I N G  F O R M A T I O N

Fig. 30 Pre Rice Peak reconstruction.
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northeast trending faults and dikes. The complete reconstruction 

requires motion on most of the northeast trending faults, suggesting 

that they formed to accomadate intrusion of the Rice Peak granodiorite 

porphyry.

The persistent northeast trend of these faults, shear zones, and 

dikes is consistent with intrusion during northeast-southwest 

compression. This geometry persists even when the section is restored 

to horizontal about its strike line. The trend follows a Laramide dike 

trend documented by Heidrick and Rehrig (1976) and Heidrick and Titley 

(1982) in southern Arizona. These data suggest that the dikes are 

Laramide rather than mid-Tertiary in age.

Several poorly exposed thrust faults in Alder Canyon (Fig. 3) 

are largely inferred from older on younger structural superpositioning. 

The thrusts appear to be concordant to foliation and only slightly 

discordant to lithologic layering. The age relationship between the 

thrusts and the Leatherwood (?) plugs could not be ascertained. The map 

pattern and field relationships are consistent with both pre and post 

Leatherwood (?) thrusting. The kinematic significance of these thrusts 

will be discussed in the following chapter.

The youngest faults in the area are high angle north to N25E 

trending normal faults. One such fault offsets the Geesaman Fault in 

section 15. These faults are brittle structures marked by breccia, 

gouge and parallel fractures. Relatively little disruption of the area 

is attributable to these faults.

Small displacement faults are numerous in the Geesaman Wash 

area. Many are oriented at a low angle to bedding and have no prefered
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orientation. Figure 31a is a steronet plot of poles to 143 fault 

surfaces. The fault attitudes fall into three clusters; steep northeast 

striking faults, moderately NE dipping faults, and moderately SW dipping 

faults. The orientations of striae, and mineral lineation on fault 

surfaces have a bimodal distribution with maxima at 21° 54° and 39° 211° 

(Fig. 31b).

Folds

Northwest-southeast trending upright and subhorizontal folds of 

all sizes are common in the Geesaman Wash area. The orientations of 

fold axes, when plotted stereographically, reveal a maximum at 0° 108° 

(Fig. 32a). S and Z folds are randomly intermixed. Axial planes are 

typically upright and slightly north dipping with a maximum at 303° 75° 

(Fig. 32b).

Folds are most common in the Naco Group and Apache Group along 

the Geesaman Fault. Folds vary from gentle open warps with long 

wavelengths of 175-250 m (Fig. 3) to small scale intraformational 

isoclines, many of which are overturned. Flexural slip, passive flow, 

flexural flow and kink folds occur in different lithologies. It is very 

common for both foliation and lithologic layering to be folded.

Locally, the foliation in the Rice Peak granodiorite porphyry is kinked 

(Fig. 20b) or concentrically folded. In places even the Geesaman Fault 

surface is folded into large open folds. Tight folds locally disrupt 

the cleavage of deformed felsite dikes.



Fi8« 31* Faults (a) Contoured stereonet of poles to fault surface 
(n=143) (b) Contoured stereonet of striae orientations on fault 
surfaces (n=87).

VOxO



32. Folds (a) Contoured stereonet of fold axes of outcrop scale 
fold (n=86) (b) Contoured stereonet of poles to axial planes (n=35). 100
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Dike Swarms

Two dike swarms invade the Geesaman Wash area. The swarms 

differ lithologically but are very similar in form and orientation.

Dikes of the Rice Peak granodiorite porphyry occur primarily west of 

Doctor Spring within the Oracle quartz monzonite (Fig. 3). The dominant 

trend is N40°E with a minor cross trend of N45°W. These dikes are 

generally undeformed but isolated dikes in the Dripping Springs 

Quartzite, Pioneer Formation, and Bolsa Quartzite in the northeast part 

of the area are strongly deformed (Fig. 3). Sedimentary strata are 

often offset in a left stepping sense across these dikes and 

slickensided fault surfaces are locally associated with them. Rice Peak 

dikes locally cut across Rice Peak sills.

Felsite dikes are widely exposed north of the Geesaman Fault. 

Trends vary from N15-65°E with a mode at N45-50°E . This dike swarm 

intruded a swath of country rock 2.35 km wide. Individual dikes are 

typically several meters wide. Foliation in these dikes dips WNW with a 

mean at 195° 41° (Fig. 27c).

Felsite dikes have been traced to within 50 m of the Geesaman 

Fault, but nowhere were they seen to cross the fault. Similar felsite 

dikes do not occur in the Pidgeon Tank-Bat Hill Fault block, nor do they 

occur in the immediate hanging wall of the Geesaman Fault. Creasey and 

Theodore (1975) mapped a similar felsite dike swarm between Edgar Canyon 

and Buehman Canyon 3.75 km south of the study area. This swarm has a 

comparable outcrop width and also trends N50-60°E . Individual dikes 

are several meters wide. Dikes in this swarm are lithologically 

indistinguishable from dikes in the Geesaman Wash swarm. The tectonic
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fabric is similar and two sets of cleavage occur. One set parallels the 

dike margin and the other parting surface parallels the schistosity in 

the adjacent schistose porphyritic sills. The host rocks of these two 

dike swarms are very similar. These two felsite dike swarms were 

probably intruded during the same magmatic episode and may represent 

offset portions of a once continuous swarm. If the swarms have been 

offset by the Geesaman Fault approximately 9.5 km of left-lateral motion 

is indicated.

Tension Gashes

Quartz-filled tension gashes commonly disrupt the Apache Group 

and the Bolsa Quartzite. Unfilled tension gashes are characteristic of 

the Leatherwood quartz diorite and the Rice Peak granodiorite porphyry. 

Tension gashes in both metaigneous and metasedimentary rocks trend 

persistently north-south and dip east (Fig. 33a,b). The average 

orientation is 178° 53°.

Tension gashes are commonly arrayed in en echelon fashion (Figs. 

34, 35a) and are locally sheared eastward into a west dipping 

orientation. Quartz and mafic mineral growths within the tension gashes 

plunge gently ESE and WSW (Fig. 33c). The two modes of fiber trends are 

not antipodal to one another and may record a conjugate set of tension 

gashes trending NNW and NNE. However, these two trends are not evident 

in orientation data from the tension gashes themselves (Figs. 33a and 

33b).

Wherever a lineation is developed in the host rock of a tension 

gash the fiber growths in the tension gash parallel the lineation.
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Fig. 33. Tension gashes (a) Contoured stereonet of poles to tension 
gashes (n=31) (b) Rose diagram of strikes of tension gashes (c)
Stereonet of orientations of crystal fibers within tension gashes (n=30).
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Fig. 34. Photograph of east dipping tension gashes in a shear zone 
within the Leatherwood quartz diorite. — Cross-sectional view looking 
north. Shear zone boundaries are roughly horizontal and the tension 
gashes in the upper portion of the photograph are parallel to the black 
line. A few rotated and west dipping tension gashes are evident in the 
lower half of the photograph.
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Tension gashes appear to be synchronous with fabric development in the 

rocks. In figure 35a, for instance, west dipping foliation sigmoids and 

east dipping tension gashes formed during the same east-directed 

shearing.

The tension gashes extend the rocks in an E-W direction. The 

numerous east dipping tension gashes are consistent with formation in a 

subhorizontal east-directed shear zone as illustrated in figure 35b.

Crenulation Cleavage and Pencil Structure

Crenulation cleavage and pencil strucure are most abundant in 

strongly deformed Apache Group along the Geesaman Fault. Trends vary 

but generally strike parallel to NW-SE fold axes.



106

Fig. 35. East vergent kinematic indicator. — (a) Photograph looking NNW 
at an east vergent shear zone in the Dripping Spring Quartzite. The 
sigmoidal form of the foliation is highlighted. (b) Cartoon of 
characteristic elements of a top-to-the-right shear zone.



CHAPTER 4

KINEMATIC INDICATORS

Kinematic indicators from ductily deformed rocks are described 

and interpreted in this chapter. The east-west trending stretching 

lineation in the metaigneous rocks is interpreted as the transport 

direction throughout the Geesam an Wash area. The ubiquitous 

intersection lineation in the metasedimentary rocks, on the other hand, 

represents the extension direction of the finite strain ellipsoid. The 

transport direction and extension direction differ by 10-20°. Kinematic 

indicators from a wide variety of rock types, vary both in kind and 

scale but quite consistently suggest an east-directed sense of shear.

Microstructures

Metasedimentary Rocks

Asymmetric microstructures were studied in six thin sections 

of limestone and limestone-pebble tectonites. Viewed microscopically, 

the macroscopic foliation is defined by color banding and segregation of 

calcsilicate minerals, while an oblique foliation is defined by elongate 

calcite grains (Fig. 36). In figure 36 the elongate grains have 

serrate/dentate edges coated with an opaque insoluble residue. The 

grains appear to be truncated along these surfaces. In another finer 

grained sample the edges of the elongate, oblique, calcite grains are 

smooth and there is no microscopic evidence of dissolution. Long axes

107



Fig. 36. Photonegative of thin section of limestone tectonite with a 
macroscopic foliation (m) and an oblique foliation (o). View looking 
south.
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of calcite are consistently oriented counterclockwise from the 

macroscopic foliation when viewed to the north. Bykerk-Kauffamn (1983) 

described and interpreted similar microstructures in the Buehman Canyon • 

area as indicative of a top-to-the-east sense of shear.

Asymmetric quartz and muscovite pressure shadows are common on 

quartz grains in the limestone pebble tectonites. The fibers in the 

pressure shadows are typically somewhat curved. Strongly sigmoidal 

fibers are developed in some of the longer pressure shadows. The 

enveloping surfaces of the pressure shadows lie within the macroscopic 

foliation in the tectonites.

The asymmetry and sigmoidal form of these pressure shadows 

reflect rotation of the quartz grains in the calcite matrix during 

precipitation of the pressure shadows. Such rotation records noncoaxial 

deformation (Beutner and Diegel, 1985) and is interpreted to form during 

simple shear. Simpson and Schmid (1983) suggest that it is possible to 

determine the sense of shear from such asymmetric pressure shadows, but 

attempts to apply their criteria to these tectonite samples yielded 

inconsistent results. The sense of shear was occasionally at odds with 

more reliable kinematic indicators (described above) within the same 

thin section. Inconsistencies in figure 4 of Simpson and Schmid (1983) 

point out the complexity of this problem. Lister (pers. comm. 1984) 

confirmed my observation that asymmetric pressure shadows may not be 

reliable kinematic indicators.
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Metaplutonic Rocks

Phacoidal cleavage (Bosworth, 1984) in deformed Rice Peak 

granodiorite porphyry is formed by three intersecting foliations.

Figure 37 illustrates these foliations in a sample collected near the 

Geesaman fault. Fa is a discontinuous but penetrative foliation defined 

by 1) aligned pressure shadows on feldspar phenocrysts and 2) spaced 

phyllosilicate and chlorite-rich microlithons in the fine grained 

matrix. This foliation is deflected by porphyroclasts, Fb and Fc. The 

best developed foliation, Fb, is oriented clockwise relative to Fa when 

viewed to the north. Chlorite and minor sericite are concentrated along 

planar Fb surfaces. The laterally continuous Fb cleavage surfaces are 

the most throughgoing surfaces in the rock.

Fc surfaces are similarly defined by concentrations of chlorite 

but are disposed 25 degrees counterclockwise from Fa when viewed to the 

north. Fc is a weakly developed and discontinuous conjugate cleavage to 

Fb. Fb crosscuts both Fa and Fc, and is the dominant foliation in the 

rock.

These foliations are not S and C foliations in the classical 

sense (Berthe and others, 1979; Simpson and Schmid, 1983; Lister and 

Snoke, 1984). The Rice Peak granodiorite porphyry lacks the typical 

mylonitic microstructures; recrystallized retort tails on porphyroclasts 

and quartz ribbons. The predominance of pressure shadows and low grade 

metamorphic mineral assemblages along cleavage surfaces indicates 

shearing in a zone of greenschist facies metamorphism. An analogy with 

S and C foliations observed in quartzofeldspathic mylonites (Berthe and 

others, 1979) is suggested by the geometry of the foliations. The



Fig. 37. Photonegative of a thin section of the Rice 
porphyry. View looking north at three contemporaneous 
Fb, and Fc. Consult the text for more details.

Peak granodiorite 
foliations Fa,
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dissolution surfaces and pressure shadows in Fa suggest that Fa 

represents the finite flattening plane (X-Y plane) in the rock. The 

Rice Peak grandiorite porphyry was shortened perpendicular to the 

phyllosilicate-rich microlithons and extended parallel to the pressure 

shadows. The throughgoing Fb foliation is analogous but not strictly 

equivalent to an extensional crenulation or shear band (Platt and 

Vissers, 1980). Fa is consistently deflected in a top-to-the-east sense 

along Fb, and locally deflected in a top to the west sense along Fc. Fa 

and Fc are thus shear foliations and resemble the C foliation of the S-C 

classification (Berthe and others, 1979). The dominance of Fb suggests 

an overall top-to-the-east sense of shear.

The microstructures in the Rice Peak granodiorite porphyry 

indicate that it was deformed in a semibrittle to ductile regime. 

Semibrittle S and C relationships have not been described in the 

literature (Janecke and Evans, in prep.).

Asymmetric pressure shadows are common on porphyroclasts in 

deformed Rice Peak granodiorite porphyry. Again, the asymmetry 

indicates rotation and records noncoaxial deformation (Bard, 1980; 

Beutner and Deigel, 1985).

More than one foliation is rarely developed in the Oracle Quartz 

Monzonite. In the Bat Well area, however, numerous samples contain both 

a primary schistosity and a crenulation cleavage. Other samples contain 

a second foliation similar to Fb in the Rice Peak granodiorite porphyry 

(Fig. 38). Typically the microscopic expression of the macroscopic 

foliation, Fa, is in the form of elongate lozenges of quartz, aligned
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Fig. 38. Possible S-C foliation indicating a top-to-the-east sense of 
shear in a deformed sample of the Oracle quartz monzonite. View to the 
north. The horizontal foliation is a flattening foliation, analagous to 
a S foliation. The inclined foliation is analagous to a C foliation. 
Note that feldspar (f) is weaker than quartz (q) in this sample, and 
that few coherent feldspar grains remain. Scale is 3 cm long.
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mica-rich seams and beards on disrupted and separated feldspars. The 

quartz lozenges form by fracturing, rotation and subgrain growth (Fig. 

21b). The macroscopic foliation. Fa, is offset by spaced oblique zones, 

Fb, rich in comminuted material. These zones are oriented 25 degrees 

clockwise from the macroscopic foliation when viewed to the north.

Quartz lozenges are abruptly truncated at these zones. Foliation 

appears to be offset in a top-to-the-east sense along these zones.

Again, the macroscopic foliation. Fa, is interpreted as the 

finite flattening plane while the throughgoing zones, Fb, are 

interpreted as spaced shear zones. By analogy with more ductile S and C 

foliations in mylonites, the angular relationship between these two 

foliations indicates a top-to-the-east sense of shear.

Mesoscopic Structures

Metasedimentary Rocks

Deformed chert nodules in the Escabrosa Limestone and Naco Group 

frequently have a retort form. The gross form of the deformed nodules 

is oblique to the macroscopic foliation, dipping more steeply to the 

west. The thin edges of the nodules, however, are rotated into 

parallelism with the foliation in the limestones (Fig. 39). The form 

and orientation of the asymmetric lozenges are indicative of east- 

directed shearing. West dipping foliation in competent chert nodules is 

rotated less fully into parallelism with the shear zone boundaries than 

foliation in the weak limestone matrix.

Competency contrast within the Naco Group is responsible for the 

relationship in figure 40. A strong dolomite bed is weakly deformed



Fig. 39. Photograph of deformed chert nodule in limestone tectonite 
showing west dipping foliation in the nodules, and rotated retort tails. 
View looking north.
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frig. 40. Photograph of highly sheared passive marker (m) deflected to 
the east in extremely sheared limestone tectonite. The limestone 
overlies a less deformed dolomite bed. View looking south.
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while the overlying crinoidal limestone is extremely sheared. Several 

white veins acting as passive markers are deflected to the east within 

the sheared limestone tectonite. The sense of shear in this outcrop is 

top-to-the-east.

Meter-scale shear zones are parallel to bedding in the Dripping 

Springs Quartzite (Fig. 35a). The example in figure 35a is particularly 

diagnostic of the sense of shear. Foliation within the shear zone 

curves sigmoidally and dips west. Shear zone boundaries are parallel to 

bedding and dip to the northeast. A series of en echelon quartz-filled 

tension gashes have a sigmoidal east-vergent form. Quartz fibers within 

the tension gashes plunge 31° 284°. The sigmoidal forms of the 

foliation and tension gashes are predicted in classic shear zones models 

(Ramsay and Graham, 1970), and the angle between the foliation and the 

shear zone boundaries indicates a top-to-the-east sense of shear.

Quartz-filled tension gashes are common in the Apache Group 

north of the Geesaman Fault. En echelon gashes similar to the example 

described above occur in unfoliated as well as foliated rock. En 

echelon gashes and other solitary tension gashes often dip east and 

contain ESE-WSW plunging crystal fibers (Figs. 33a-c). West dipping 

tension gashes are less common, suggesting that the tension gashes 

formed during east-directed shear.

Metaplutonic Rocks

Spaced subhorizontal shear zones within the Leatherwood quartz 

diorite are consistently lineated in an east-west direction (Fig. 29a). 

Tension gashes dip east in moderately deformed shear zones and west in
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very strongly deformed shear zones. East dipping gashes are unfilled 

and a few mm wide. West dipping gashes are closed fractures. Fibers 

locally developed within the gashes parallel the mineral lineation in 

the foliated shear zone.

These features indicate east directed shear in the zone. East 

dipping tension gashes opened in the extension field and with 

progressive deformation rotated through the vertical into the west 

dipping contraction field of the strain ellipsoid. The top-to-the-east 

shear sense is supported by the top-to-the-east offset of a dike within 

the aforementioned zone (Fig. 41).

Large Scale Structures

Large bedding parallel shear zones occur in the Escabrosa 

Limestone north of Alder Canyon (Fig. 42). The zones range from .1 m to 

5 m in thickness and involve limestone, dolomite and chert. A 

penetrative west dipping spaced cleavage cuts across bedding within the 

shear zones but is absent above and below the zones. Chert nodules 

within the zones typically are retort shaped with a well developed west 

dipping foliation. The attitude of the shear zone boundaries cannot be 

measured directly, but appear to be flat to shallowly east dipping. 

Asymmetric folds disrupt the bedding and spaced cleavage within the 

shear zones. The angular relationship between the shear zone boundaries 

and the west dipping spaced cleavage yields a top-to-the-east sense of 

shear.

Thrust faults along the north side of Alder Canyon place the 

Martin Formation on top of the Naco Group, and the Abrigo Formation (?)



119

Fig. 41. Photograph of an aplite dike in the Leatherwood quartz diorite 
offset in a top-to-the-east sense along a low angle shear zone. Cross- 
sectional view to the north.
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Fig. 42. Photograph of large subhorizontal east-directed shear zone in 
the Escabrosa Limestone. View to the northwest.
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above the Escabrosa Limestone (Fig. 3). The faults are not well exposed 

and are inferred primarily from the stratigraphic sequencing. The 

ductile deformation in the hanging wall and footwall parallels the 

fault, and no breccia or gouge were observed. The ductile thrust faults 

appear to cut upsection to the east. Thrust faults typically cut 

upsection in the direction of transport, suggesting that these are east- 

directed structures.

Sense of Shear in Adjacent Areas

The direction and sense of shear deduced in the Geesaman Wash 

area is similar to that proposed for the northeast corner of Redington 

Pass by Schloderer (1974), and identical to that suggested by Bykerk- 

Kauffman (1983) for the Buehman Canyon area (Fig. 2). Schloderer (1974) 

analysed asymmetric folds using the Hansen separation method (1971) and 

obtained a S60°E transport direction in the metasedimentary rocks. 

Bykerk-Kauffman (1983) expanded on his work and documented a penetrative 

S85°E plunging lineation in the metasedimentary section in Buehman 

Canyon. Indicators of a top-to-the-east sense of shear included shear 

zones in Precambrian diabase and Apache Group, and microstructures in 

phyllites and limestone tectonites (Bykerk-Kauffman, 1983).

Detailed structural analysis is currently being carried out to 

determine the sense of shear outside the Buehman Canyon and Geesaman 

Wash areas by Bykerk-Kauffman (Ph.D dissertation, in prep.). The 

descriptions of fabric elements in adjacent areas by Braun (1969), 

Pilkington (1962), Hanson (1966), Waag (1968), and Keith and others 

(1980) suggest that the form and orientation of foliation and lineation
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throughout the protolith of the Santa Catalina metamorphic core complex 

are similar to structures in Geesaman Wash and Buehman Canyon. Hanson 

(1966), Heidrick (1979), and Peirce (1958) documented east-west trending 

lineation in the main body of the Leatherwood quartz diorite.

Pilkington (1962) mapped much of the area between Buehman Canyon and 

Geesaman Wash and described a remarkably uniform shallowly west plunging 

lineation in the schistose porphyritic sills, as well as a N65°W 

trending intersection lineation in the metasedimentary rocks. The 

intersection lineation parallels fold axes. In addition, Pilkington 

(1962) noted strong optical and dimensional orientation of minerals in 

thin sections cut parallel to lineation.

These features are consistent with features from the Geesaman 

Wash and Buehman Canyon areas, suggesting that kinematic interpretations 

of the Geesaman Wash and Buehman Canyon areas may apply in the 

intervening areas. If so, the aerial extent of east-directed 

deformation is at least 165 km^. Thus, most of the protolith of the 

metamorphic core complex in the Santa Catalina Mountains may have been 

ductily deformed during regional east-directed shear.



CHAPTER 5

DISCUSSION AND INTERPRETATION 

Geesaman Fault

Two and locally three phases of motion are postulated along the 

Geesaman Fault. Multiple episodes are required to account for all the 

stratigraphic and structural features described in chapter 3.

Phase 1: Late Jurassic to Early Cretaceous Normal Faulting

A Late Jurassic to Early Cretaceous phase of motion on the 

Geesaman Fault is suggested by 1) the normal separation across the fault 

(Fig. 13), and 2) the different Late Paleozoic and Mesozoic strata 

exposed north and south of the fault (Fig. 19). During this episode a 

thick section of Naco Group limestones and associated elastics were 

eroded from the upthrown block north of the fault (first postulated by 

Moore and others, 1941) and redeposited as the basal limestone and 

quartzite cobble conglomerate of the Bisbee Group in the hanging wall of 

the fault. The Naco Group in the hanging wall was protected from 

erosion in its downthrown position and blanketed by a thick section of 

Bisbee Group. Bisbee deposition was confined to areas south of the 

Geesaman Fault by syn-Bisbee motion along the Geesaman fault. Normal 

separation across the Geesaman Fault system arose during this episode. 

The Pidgeon Tank-Bat Hill fault was active at this time.
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Evidence For Later Ductile Reactivation

Later reactivation of the Geesaman Fault is suggested by a 

myriad of relationships. The most straightforward evidence involves the 

Leatherwood quartz diorite. Intrusion of this 60-75 my old pluton 

clearly postdates the Early Cretaceous normal faulting, yet the 

Leatherwood quartz diorite is crosscut by the Geesaman Fault (Suemnicht, 

1977; Peirce, 1958; Banks, 1976; Creasey and Theodore, 1975). Thus 

intrusion of the Leatherwood quartz diorite separates early and late 

phases of motion along the Geesaman Fault.

The Pidgeon Tank Fault is interpreted as a normal fault 

subsidiary to the Geesaman Fault dating from the early period of 

faulting. This is suggested by the stratigraphic separation diagram in 

Figure 13. This diagram records normal separation across the entire 

Geesaman Fault-Pidgeon Tank Fault system. Separation across the two 

faults is constant along the entire length of the fault system, 

suggesting that the total amount of normal separation is distributed 

across both faults. This indicates that the two faults are genetically 

related.

Intrusion of the Rice Peak granodiorite porphyry postdates 

normal faulting along the Geesaman Fault, but the pluton was involved in 

subsequent reactivation. This sequence of events is suggested by a 

crosscutting relationship with the Pidgeon Tank-Bat Hill strand of the 

Geesaman Fault system. The Rice Peak granodiorite porphyry appears to 

intrude across the Geesaman Fault-related Pidgeon Tank-Bat Hill fault 

(see discussion above) and must therefore be younger than some motion 

along the Geesaman Fault. The pluton is abruptly truncated along the
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Geesaman Fault itself, however, indicating that some motion was younger 

than the Rice Peak granodiorite porphyry.

The Late Cretaceous (?) American Flag Formation overlies the 

syntectonic erosion surface along which the Naco Group is missing north 

of the Geesaman Fault. The American Flag Formation thus postdates the 

Upper Jurassic to Early Cretaceous phase of motion along the Geesaman 

Fault. I believe that the deformational fabric developed in the 

American Flag Formation correlates with deformational fabrics throughout 

the Geesaman Wash area, which in turn grade continuously into 

phyllonites along the Geesaman Fault. Thus ductile deformation along 

the Geesaman Fault is younger than the American Flag Formation, which is 

younger than the normal faulting along the Geesaman Fault.

Similar arguments indicate that the Geesaman Fault was 

reactivated after the Bisbee Group was deposited. The basal 

conglomerate of the Bisbee Group was deposited during Early Cretaceous 

normal faulting, yet the Bisbee Group is well foliated adjacent to the 

Geesaman Fault. Thus ductile fabrics are younger than the Bisbee Group, 

which is contemporaneous with normal faulting along the Geesaman Fault.

Motion along the Geesaman Fault prior to intrusion of the Rice 

Peak granodiorite porphyry is strongly indicated by the pre-Rice Peak 

reconstruction in figure 30. In reassembling the footwall of the 

Geesaman Fault blocks with similar configurations were matched up, the 

Oracle quartz monzonite/Scanlan Conglomerate unconformity was realigned 

and differential movement along northeast trending faults was permitted. 

Overlap of the hanging wall and reassembled footwall was NOT excluded in
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this process. The unexpected result of the reconstruction (Fig. 30) was 

the good fit of the reassembled hanging wall and the present trace of 

the Geesaman Fault. There are no signifant overlaps or voids along the 

fault.

In order to evaluate the significance of this result several 

simplified models were constructed which considered the amount of 

overlap and void space which would arise in the reconstruction if 1) the 

fault had no pre Rice Peak granodiorite porphyry history, 2) the fault 

has a pre Rice Peak granodiorite porphyry history, 3) the separation 

direction of the country rock during Rice Peak granodiorite porphyry 

intrusion is varied, and 4) different reactivation configurations are 

considered. The modelling suggested that unless the separation 

direction is E-W, parallel to the trace of the fault, overlap or void 

space will always arise in the one stage scenarios. The map pattern and 

reconstruction in the Geesaman Wash area demonstrate that the direction 

of separation was not E-W but NE-SW, perpendicular to the strike of the 

beds. Therefore a one stage model can not explain the absence of 

overlap and void space in figure 30. The two stage model predicts that 

the Geesaman Fault should trend consistently E-W in the country rock of 

the Rice Peak granodiorite porphyry and trend northeasterly in the Rice 

Peak itself. This pattern is in fact observed along portions of the 

Geesaman Fault.

Phase 2: Late Cretaceous to Early Tertiary Transpression

The second phase of motion along the Geesaman fault postdated 

the Leatherwood quartz diorite, the Rice Peak granodiorite porphyry, the
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American Flag Formation, the Bisbee Group and the intrusion of the 

northeast trending dike swarm, but predated intrusion of the mid- 

Tertiary lamprophyry dikes and sills. This phase of motion along the 

Geesaman Fault is interpreted as part of the regional, largely east- 

directed shearing postulated in chapter 4.

The fabric within the Geesaman Fault zone grades continuously 

into fabrics in the hanging wall and footwall. The ductile deformation 

along the Geesaman Fault is kinematically coordinated with ductile 

deformation developed in the hanging wall and the footwall, and is 

interpreted as synchronous. Since the foliation is typically more 

strongly developed along the Geesaman Fault than within the hanging wall 

and footwall, motion is required along the Geesaman Fault during the 

ductile deformation. Structures reviewed in chapter 4 suggest that the 

fabrics formed within a regional east-directed shear zone accompanied by 

low grade metamorphism. Within such a system the listric south dipping 

Geesaman Fault has many characteristics of a left lateral tear fault 

linked to a ductile east vergent thrust fault (Fig. 43). The east-west 

trend of the fault is subparallel to the inferred transport direction of 

this thrust system. The map scale folds which occur in both the hanging 

wall and footwall of the Geesaman Fault (Fig. 3) are believed to be 

synchronous with the second phase of motion along the fault. These 

folds are oblique to the trend of the Geesaman Fault and indicate left 

lateral wrench faulting.

The Geesaman Fault cuts consistently upsection to the east (Fig. 

13). Such a geometry is predicted along a tear fault to an east vergent 

thrust system or a longitudinal cross section of a thrust fault. Older-
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Fig. 43. (a) Schematic block diagram of the Geesaman Fault showing left
lateral wrench faulting along an east-west trending transverse structure 
associated with an east vergent thrust system (b) Penetrative east- 
directed shear superimposed on block diagram in (a). f=folds; 1= 
lineation; t=thrust fault.
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over-younger east vergent thrust faults in Alder Canyon indicate that 

thrusting accompanied the ductile deformation in the Geesaman Wash area, 

and that the Geesaman Fault may be a similar structure. The low-angle 

portion of the Geesaman Fault is essentially a longitudinal exposure 

through an east-vergent thrust fault.

Orientation and Age of Tilt

There is some uncertainty about the orientation of the Geesaman 

Fault when it was formed, and the age of the northeast dipping homocline 

of Precambrian and Paleozoic strata exposed along the San Pedro Valley. 

Evidence within the Geesaman Wash area suggests that the homocline dates 

from the Late Cretaceous or Early Tertiary, and that no significant 

rotation occurred since that time.

The flat form and orientation of the main body of the 

Leatherwood quartz diorite was discussed in chapter 3. The pluton 

discordantly intruded dipping metasedimentary beds as a flat dike or 

discordant laccolith. Two developmental sequences could account for the 

observed geometry of the Leatherwood quartz diorite. 1) The Leatherwood 

quartz diorite invaded a subhorizontal or gently southwest dipping 

sedimentary section during the Upper Cretaceous to Early Tertiary. The 

magma ignored lithological pathways and solidified as a discordant 

southwest dipping sheet. The pluton expanded against the Laramide NE-SW 

principle compressive stress. During subsequent mid-Tertiary tilting 

about a N30°W trending axis the discordant sheet was fortuitously 

rotated to subhorizontal. 2) The Leatherwood quartz diorite invaded a 

northeast dipping sedimentary section during the Late Cretaceous to
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Early Tertiary. The pluton bypassed lithological pathways and expanded 

vertically against the subvertical Laramide least principal stress.

Only minor reorientation of the pluton postdated the Laramide-age 

emplacement.

It is unlikely that 1) a pluton would dilate terrain in the 

principle compressive stress direction, and 2) subsequent tilting would 

rotate the sheet to a subhorizontal orientation. Therefore, I believe 

that the Leatherwood quartz diorite was emplaced after a northeast 

dipping homocline formed in the range.

The dipping metasedimentary rocks contain concordant sills of 

Rice Peak granodiorite porphyry and schistose porphyritic sills. The 

age of the sills is not well constrained but I believe they predate the 

Leatherwood quartz diorite. The different attitudes of these intrusions 

suggest the following sequence of events. 1) The Rice Peak granodiorite 

porphyry and schistose porphyritic sills were intruded into the 

sedimentary section while it was subhorizontal. The 30° northeast dip 

of the section developed sometime after intrusion of the Rice Peak 

granodiorite porphyry and schistose porphyritic sills and before 

intrusion of the main body of the Leatherwood quartz diorite. The flat 

form and orientation of the Leatherwood quartz diorite was controlled by 

gravity not formation attitude.

There are two tectonic implications of this model. 1) Mid- 

Tertiary rotation of the central part of the Santa Catalina Mountains, 

and thus the lower plate of the metamorphic core complex are negligible.
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2) The northeast dipping homocline on the northeast flank of the Santa 

Catalina Mountains is a Laramide, not a mid-Tertiary, structure.

Integrated Model of Faulting and Tilting

Integrating the motion history of the fault with the rotation 

history is fairly straightforward. All available data suggest that the 

sedimentary section was essentailly horizontal when the Bisbee Group was 

deposited in early Cretaceous time (Bykerk-Kauffraan, 1983). The 

attitude of the Geesaman Fault during this syn-Bisbee phase of normal 

faulting was up to 30° steeper than its present orientation. Along the 

most gently dipping segment of the Geesaman Fault in the study area the 

dip steepens to 34°.

The sedimentary section remained subhorizontal during intrusion 

of the Rice Peak granodiorite porphyry and the schistose porphyritic 

sills but differential vertical movement along the northeast-striking 

faults generated local relief. Within the map area a relief of 500-800 

feet (152-244 m) may be associated with these magma accomodation 

structures.

The American Flag Formation dips northeast 25° more steeply than 

the Precambrian and Paleozoic section, thus a slight southwest tilt was 

developed during or after erosion of the Naco Group and before 

deposition of the American Flag Formation.

The northeast dipping homocline along the northeast flank of the 

Santa Catalina Mountains may be older than 60-75 my old. The slight 

southwest dip in the pre-Mesozoic strata was reversed during the 

Cretaceous and the section was rotated through the horizontal to its
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present northeast dipping orientation. The Geesaman Fault was passively 

reoriented at this time. East-directed shearing, ductile deformation 

and regional metamorphism may have accompanied this tilting since the 

country rock to the Leatherwood quartz diorite, and particularly the 

Rice Peak granodiorite porphyry are more penetratively deformed than the 

main body of the Leatherwood quartz diorite (Hanson, 1966; Moore and 

others, 1941; this study). The Leatherwood quartz diorite was intruded 

after the tilting, during continued east-directed shearing.

The Geesaman Fault achieved its present form and orientation 

during ductile reactivation. The fault cut across the Leatherwood 

quartz diorite and therefore moved after most of the significant 

rotation in the Santa Catalina Mountains.

Timing of Ductile Deformation

The youngest dated rock involved in the ductile deformation in 

the Geesaman Wash area is the 60-75 my old Leatherwood quartz diorite. 

The oldest post-tectonic rock is a suite of 27 my old mafic and 

lamprophyre dikes and sills. On this basis alone it is not possible to 

determine whether the deformation reflects Laramide compression or mid- 

Tertiary extension. The intervening time period encompasses both 

orogenies.

Kinematic arguments, however, suggest that the deformation may 

be Laramide. Local ductile thrust faults in Alder Canyon record 

shortening (Fig. 3). Similarly, NW-SE trending folds indicate NNE-SSW 

shortening of the Geesaman Wash area. Many of these folds are wrench 

folds associated with left lateral motion along the Geesaman Fault.
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This array of structures is compatible with Laramide NE-SW compression 

and incompatible with mid-Tertiary NE-SW extension (Fig. 44).

In figure 44 the orientation of many different types of 

structures commonly associated with Laramide compression are compared to 

the orientation of structures associated with mid-Tertiary extension.

The mid-Tertiary extension direction, 3, is assumed to be S60°W with 

1 vertical (Davis, 1981). During the Laramide 1 was horizontal NE-SW 

(Davis, 1981; Seagor and Mack, 1985; Krantz, in press) and 3 vertical. 

The expected trends of normal faults are NE-SW during the Laramide and 

NNW-SSE during the mid-Tertiary. Dikes follow the same trend (Rehrig 

and Heidrick, 1976). Folds and thrust faults trending NW-SE reflect 

Laramide deformation, while NE-SW trends suggest a mid-Tertiary age. 

During the Laramide strike slip faults and tear faults with E-W trends 

are left lateral while N-S faults are right lateral. Both left lateral 

and right lateral strike slip faults trend ENE-WSW during the mid- 

Tertiary.

The vast majority of structures in the Geesaman Wash area are 

deployed in a Laramide configuration. Folds trend NW-SE, the E-W 

trending Geesaman Fault is interpreted as a left lateral tear fault, 

dikes and normal faults trend NE-SW. In addition, compression is 

indicated by numerous folds and the thrust faults in Alder Canyon. 

Thrust faults are incompatible with mid-Tertiary extension.

The only feature which is not readily incorporated into the 

Laramide model is the abundant evidence for east-directed shearing. A 

more northeasterly direction is predicted. East-directed shearing is 

not readily incorporated in the mid-Tertiary model either.
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Fig. 44. Comparison of structural styles and absolute orientations of 
structures associated with (a) Laramide NE-SW compression (b) Mid- 
Tertiary ENE-WSW extension (c) Deformation in the Geesaman Wash area. A 
and b modified from Davis (1981).
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Work by Bykerk-Kauffman in Redington Pass indicates that east- 

directed shearing and thrust faulting are interrelated and predate 

emplacement of the Eocene Wilderness Granite Cpers. comm., 1985). 

Elsewhere, in the Santa Catalina Mountains, east-directed fabrics are 

crosscut by undeformed Eocene Wilderness Granite (Keith and others, 

1980; Rehrig, 1982; Bykerk-Kauffman, pers. comm., 1985). These fabrics 

correlate with deformational fabrics in the Geesaman Wash and Buehman 

Canyon areas suggesting that the east-directed deformation in the study 

area is also Laramide.

Summary

The structural evolution of the Geesaman Wash area centers 

around the Geesaman Fault. The fault emerged as a normal fault during 

the Upper Jurassic and Early Cretaceous. Syntectonic conglomerates and 

a slight angular unconformity between the Escabrosa Limestone and the 

American Flag Formation record this phase of motion.

At the end of the Mesozoic two Laramide (?) plutons intruded the 

Geesaman Wash area. The sill-like Rice Peak granodiorite porphyry 

invaded a subhorizontal sedimentary section. Northeast trending faults 

and dikes associated with the Rice Peak granodiorite porphyry disrupted 

the area slightly. The 60-75 my old Leatherwood quartz diorite probably 

intruded a northeast dipping homocline formed during Laramide time.

Ductile reactivation of the Geesaman Fault postdates emplacement 

of the Leatherwood quartz diorite and the Rice Peak granodiorite 

porphyry. The fault moved as a left lateral tear fault along its high 

angle sections, and as an east-directed thrust along the low angle



sections. The Geesaman Fault moved during east-directed shearing 

accompanied by regional metamorphism to greenschist grade. Most of the 

structures in the Geesaman Wash area formed at this time. Thrust 

faults, shear zones, tension gashes, foliation, lineation, folds, and 

stretched pebbles all developed during this episode of deformation.

Postmetamorphic deformation in the Geesaman Wash area is very 

minor. Local brittle normal fault reactivation of the Geesaman Fault 

(Suemnicht, 1977) was localized along the western end of the fault. 

Mid-Tertiary lamprophyrye dikes intruded along faults, bedding, and 

foliation. Arguments detailed above suggest that mid-Tertiary block 

rotations may have been minor in the Geesaman Wash area. Basin and 

Range extension is recorded by a set of brittle N-S to NNE-SSW trending
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CHAPTER 6

REGIONAL IMPLICATIONS

Evolution of the Santa Catalina Metamorphic Core Complex 

The metamorphism and deformation on the northeast flank of the 

Santa Catalina Metamorphic Core Complex is kinematically consistent with 

Laramide compression directions in southeast Arizona, and is at odds 

with the mid-Tertiary extension direction in the Santa Catalina-Rincon- 

Tortolita metamorphic core complex. Crosscutting relationships between 

the Eocene Wilderness Granite and the east-directed tectonite fabrics 

(Bykerk-Kauffman, 1986, Bykerk-Kauffman and Janecke, 1986) bracket the 

age of deformation and metamorphism between 75-60 my ago (intrusive age 

of the Leatherwood quartz diorite) and 50-44 my ago (age of the 

Wilderness Granite). The rocks in the Catalina metamorphic core complex 

record both Laramide and mid-Tertiary ductile deformation (Keith and 

others, 1980; Rehrig, 1982; Bykerk-Kauffman, 1986, Bykerk-Kauffman and 

Janecke, 1986). During the Laramide deformation greenschist to lower 

amphibolite facies metamorphism accompanied east-directed shearing and 

thrust faulting. A crystalloblastic fabric predominates over a 

mylonitic fabric in most rock types deformed during this episode, 

suggesting that the component of simple shear was small compared to the 

component of pure shear (flattening).
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During mid-Tertiary deformation, detachment faults and a 

spectacular mylonitic fabric formed during S60°W-directed normal shear. 

Simple shear was dominant during mid-Tertiary, and crystalloblastic 

fabrics are rarely associated with this deformation. In zones of 

cospatial Laramide and mid-Tertiary deformation (Mount Lemmon and Mount 

Bigelow, for example) the two fabrics are difficult to distinguish 

(Bykerk-Kauffman, in prep.; Waag, 1968).

Comparison with Laramide Deformation in Southern Arizona 

In southeastern Arizona Laramide deformation was brittle, and 

northeast or southwest-directed (Davis, 1979; Drewes, 1981; Krantz, in 

press). Thrust faults and high angle reverse faults shortened 

southeastern Arizona between 90-53 my ago (Drewes, 1981) and typically 

predated intrusion of Laramide plutons (Drewes, 1981).

The deformation in the Geesaman Wash area differs significantly 

from Laramide deformation in southeastern Arizona. The transport 

direction is to the east rather than to the northeast or southwest. The 

deformation postdates two Laramide plutons (Leatherwood quartz diorite 

and Rice Peak granodiorite porphyry), and the deformation is closely 

associated with regional metamorphism.

Laramide-age deformation in south central Arizona is much more 

akin to the deformation in the Geesaman Wash area. In south central 

Arizona greenschist to lower amphibolite facies metamorphism was closely 

related to regional thrust faulting and intrusion of anatectic granites 

(Haxel and others, 1984). The deformation is largely synchronous with, 

or younger than a suite of two mica granites. The deformation
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culminated 58-60 my ago. The direction of transport was toward the 

northeast or southwest (Haxel and others, 1984).

The deformation in the Geesaman Wash area resembles the 

deformation in south central Arizona. The two areas differ, however, in 

1) transport direction, and 2) the relationship with anatectic two mica 

granites. In the Santa Catalina Mountains the east-directed fabric 

appears to entirely predate intrusion of the 44-50 my old two mica 

Wilderness Granite (Bykerk-Kauffman, in prep., Keith and others, 1980) 

whereas overthrusting in south central Arizona was, at least in part, 

contemporaneous with anatectic two-mica granites. In both areas 

faulting and regional metamorphism are intimately related and postdate a 

Late Cretaceous pluton (Haxel and others, 1984; this study). Clearly 

the deformation in the Geesaman Wash area is more similar to the 

deformation in south central Arizona than deformation in southeastern 

Arizona.

The significance of the east-directed transport direction in the 

protolith of the Santa Catalina metamorphic core complex is not clear.

It is not possible to generate a shallowly plunging east-west trending 

lineation by rotating a northeast-southwest trending lineation during 

subsequent mid-Tertiary tilting about the regional N30°W striking 

rotation axis. A complete overturning (180° rotation) is required to 

produce even a poor match with the observed lineation direction in the 

Geesaman Wash area. Unless rotations about a vertical axis are 

considered it is unlikely that the shear sense in the Buehman Canyon and 

Geesaman Wash areas is a reoriented northeast or southwest plunging

139

Laramide direction.



140

Mid-Tertiary Tilting

Tilting or warping of large crustal blocks is an integral part 

of many models of extensional metamorphic core complexes (Davis, 1983; 

Spencer, 1983; Wernicke, 1985). Abundant evidence indicates tilting of 

upper plate rocks but there is relatively little direct evidence of 

lower plate tilting (see Bruhn and Geissman, 1985 for one study). In 

the Geesaman Wash area two experiments were performed to address this 

question. An attempt to measure rotations of the Leatherwood quartz 

diorite and mid-Tertiary latite porphyry paleomagnetically was 

inconclusive. A geometric analysis of the Leatherwood quartz diorite, 

however, appears to rule out significant mid-Tertiary tilting of the 

pluton. If this analysis is correct much of the core of the Santa 

Catalina metamorphic core complex is not backtilted above a deep seated 

detachment fault. The low angle shear zone in the forerange of the 

Santa Catalinas was then intitiated at its present 20°. The shear zone 

did not form with a 45° dip and rotate to a shallower dip as proposed by 

Davis (1983).

This interpretation of the geometry of the mid-Tertiary shear 

zone is consistent with many models of metamorphic core complexes 

(Wernicke, 1981; John and Howard, 1985; Spencer and Reynolds, 1985, 

Spencer, 1985). Additional work is clearly needed to evaluate the 

importance of rotation in the lower plates of metamorphic core 

complexes.
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Metamorphic Core Complexes-MonoRenetic or Polygenetic?

Homogenetic Cenozoic extension has been the hallmark of 

metamorphic core complexes in Arizona (Armstrong, 1982; Davis, 1980; 

Davis and Coney, 1979; Coney, 1980), while the belt of complexes 

extending from Canada to California is demonstrably polygenetic. In the 

northern belt Cenozoic extension overprints Mesozoic metamorphism and 

deformation (Armstrong, 1982). This, and other contrasts have thwarted 

attempts to formulate a unified model for metamorphic core complexes, 

and has fueled considerable controversy (Dewitt, 1980).

The evidence is mounting, however, that many of the metamorphic 

core complexes in Arizona are multiply deformed (see Davis and others, 

1980; Rehrig, 1982; Keith and others, 1980; Haxel and others, 1983; 

Reynolds and Spencer, 1985; this study). Haxel and others showed that 

considerable Late Cretaceous to Early Tertiary regional metamorphism and 

overthrusting predated mid-Tertiary crustal extension in south central 

Arizona. Similarly, Reynolds and Spencer (1985) demonstrated that 

underthrusting and crustal thickening in west central Arizona was 

subsequently exhumed during crustal extension along the Bullard 

detachment fault. The rocks in the Harcuvar metamorphic core complex 

were tectonized in both Mesozoic and Tertiary time (Reynolds and 

Spencer, 1985).

The accumulating data support models which suggest a genetic 

link between Mesozoic crustal thickening and subsequent crustal 

extension in metamorphic core complexes (Coney and Harms, 1984; 

Armstrong, 1982; Coney, 1985; England and others, 1985). The Santa 

Catalina metamorphic core complex, thought by many to be the classic
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example of a monogenetic metamorphic core complex (Davis and Coney,

1979, Davis, 1980; Lingrey, 1982), belongs on the growing list of 

complexes which experienced both Mesozoic tectonism and mid-Tertiary 

extension. Drewes (1981) and Keith and others (1980) were among the 

first to emphasize this aspect of the history of the Santa Catalina 

metamorphic core complex. The structural aspects of the early episode 

of deformation have now been characterized in the Geesaman Wash area 

(this study, Janecke, 1986a, 1986b) and the Buehman Canyon area (Bykerk- 

Kauffman, 1983, and pers. comm.) as a ductile Laramide deformation, 

possibly associated with east-directed thrusting and crustal thickening 

(Bykerk-Kauffman and Janecke, 1986, Bykerk-Kauffman, 1986).
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