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ABSTRACT

The Empire Mountains, southeast of Tucson, Arizona, 
consist of a central granodioritic stock of Late Cretaceous 
age, surrounded by uptilted Paleozoic sedimentary rocks. 
Limestone allochthons, ranging from tens to hundreds of 
meters in lateral extent, occur in the study area. Indi
cators of tectonic transport direction point to westerly 
movement of these masses. The origin and emplacement of 
these masses is the primary concern of the present study.

There are two means by which these bodies may have 
been emplaced: (1) through externally applied compression;
and (2) through gravitationally generated body forces. In 
an attempt to determine which is the most probable cause, 
dynamic analysis of calcite twins is employed. This method 
allows semi-quantitative delineation of stresses which 
caused translation of the allochthonous rock masses. Funda
mental to the analysis are the following premises: (1) ex
ternally applied stress causing displacement affects every 
component of a "thrust" block and creates recognizable 
strain; and (2) body-forces causing movement of an 
allochthon represent the same gravitational forces, although 
slightly reoriented, which have acted continually on the 
rocks since their formation. These reoriented forces, ,
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consequently, should not cause significant strain. Thus, 
applying dynamic analysis, samples representative of the 
entirety of an ideal thrust block should reveal deduced 
stress directions parallel to the inferred direction of 
tectonic transport. Samples from an ideal gravitational 
allochthon should, in general, be devoid of stress effects 
caused by translational forces. Exceptions will exist near 
those special structural horizons within the allochthon 
where gravitational energy is locally converted to com- 
pressional force and heat.

' Samples of Empire Mountains allochthons, to which 
dynamic analysis was applied, produced evidence in almost 
every example supporting the hypothesis that the rocks were 
subjected to northeast-southwest compression. Departures 
from this direction occur where samples come from rocks near 
contacts with the stock or near faults where recrystalliza
tion has occurred. Evidence used to reach the above con
clusions lies in the orientation of maxima in contoured 
C-axis stereograms resulting from petrofabric analysis. In 
the diagrams individual C-axes are the deduced directions 
of stress application causing twinning in calcite crystals.
A concentration of C-axes is interpreted to represent the 
orientation of stresses applied to. rocks in the vicinity of 
the sample. In most cases, the maxima were oriented in a 
generally northeast-southwest direction. No evidence for
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compression acting parallel to the inferred westerly trans
port direction of the allochthons resulted. Consequently, 
it is concluded that the allochthons moved to their present 
positions in response to gravitational instability perhaps 
caused by intrusive doming.

Analysis of gravity profiles across the study area 
indicates that the Sycamore stock underlies much larger 
areas in the northern part of the range than its limited 
outcrop would indicate. The stock may thus have been 
responsible for extensive doming in the study area during 
its emplacement.



INTRODUCTION

Detached limestone masses in the Empire Mountains 
have been interpreted to be either erosional remnants of a 
single thrust sheet (Wilson, 1934; Galbraith, 1949 and 1959) 
or exotic blocks carried individually to their present posi
tions through the action of gravity (Finnell, 1970) . Low- 
angle faults (less than 35°) separate the blocks from 
underlying country rock. All but the two largest blocks 
are completely shattered, but individual fragments underwent 
so little rotation that bedding is still recognizable. 
Movement and direction indicators, such as overturned fold 
vergence and trends of striae, are rare, and the low-angle 
faults are poorly exposed.

Two phases of study were undertaken, the first in
volving geologic mapping and gravity studies, which jointly 
allowed delineation of the overall structural pattern of the 
northern Empire Mountains. The second phase permitted 
extension of the findings of the first through analysis of 
petrofabric data. These data allowed inferences to be made 
regarding both the movement direction and the stresses 
causing the movements of the allochthons. The geometric 
analysis of twin planes in limestone and marble calcite 
crystals, considered to represent statistical extensions of

1
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the allochthons from which they were taken, provides the 
information necessary for making the refinements. This type 
of analysis allows determination of the orientation of the 
stresses which theoretically produced the twins in the 
crystals and by extension, the orientation and distribution 
of the stresses causing translation of the entire alloch- 
thon.

General Geology
The site of the present work, hereafter referred to 

as the "study area," encompasses most of the Empire Moun
tains, which lie approximately 20 miles southeast of Tucson 
in Pima County, Arizona. Detailed mapping was undertaken in 
the northern half of the range (Figures 1 and 2, in pocket). 
Previous work in the area is thoroughly reviewed by Butler 
(1969).

The core of the Empire Mountains is occupied by the 
grandioritic Sycamore stock which has been dated at 70 m.y. 
(Marvin et al., 1973). Three apophyses of the main stock, 
each several hundred meters in maximum lateral extent, occur 
in the northern part of the range. Dozens of small dikes, 
generally less than a meter thick, are also present in the 
range. The stock intrudes Paleozoic rocks consisting mainly 
of carbonates with interbedded sandstone and shale. (See 
Table 1 and Appendix A for more detailed information regard
ing the rock units in the study area.) Metamorphism of the
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Table 1. Summary of Rock Unit Characteristics in the

Empire Mountains

Rock Unit Age
Maximum
Thickness

(ft)
Dominant
Lithology

Bisbee Group Cretaceous Variable Clastic and car
bonate rocks

Glance Con
glomerate

Cretaceous 5000e* Conglomerate with 
clasts of lime
stone , sandstone, 
and granitoid 
rocks

Rainvalley
Formation

Permian 146b* Limestone and 
sandstone

ConchaLimestone Permian 515b Limestone

ScherrerFormation Permian 572b Sandstone and 
Dolomite

EpitaphFormation Permian 1005b Limestone, dolo
mite , shale, and 
gypsum

ColinaLimestone Permian 342b Limestone, dolo
mite, and marl

Earp
Formation

Permo-Pennsyl-
vanian

800a Limestone with 
interbedded shale

Horquilla
Formation

Pennsylvanian 1200a Limestone with 
interbedded shale

Escabrosa
Limestone

Mississippian 620a Limestone

Martin
Formation

Devonian 320a Dolomite, lime
stone, and shale
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Table 1/ Continued

Rock Unit Age
Maximum
Thickness Dominant 

(ft) Lithology

Abrigo
Formation

Cambrian 860a Limestone with 
interbedded shale

Bolsa Quartzite Cambrian 450a Sandstone

Rincon Valley 
Granodiorite

Precambrian 
(1.5 b.y.)d

Granodiorite

Pinal Schist Precambrian 
(1.7 b.y.)c

Sericite schist, slate, and horn- 
f els

♦minimum thickness
Sources: a.

b.
c.
d.
e.

Creasey (1967) 
Butler (1969) 
Drewes (1971a) 
Drewes (1971b) 
Finnell (1970)
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sedimentary rocks is common in proximity to the stock and 
apophyses. The sedimentary rocks generally strike north to 
northeast and dip east to southeast at moderate angles.
Both high- and low-angle faults are common and cut the 
sedimentary and meta-sedimentary rocks.

In general, the main mode of response of the rocks 
in the study area during the various episodes of deformation 
was brittle fracture as contrasted with ductile flow. Evi
dence for this lies in the paucity of folds and the presence 
of numerous fractures. Even rocks in intimate association 
with the intrusions were simply bent upward during the 
emplacement and show no evidence of flowage.

Regional Structural Setting
Three major episodes of Phanerozoic deformation 

appear to be represented in the Empire Mountains: Middle
Mesozoic uplift, the Late Mesozoic and Early Cenozoic Lara- 
mide orogeny, and mid-Tertiary extensional events. The 
oldest deformation of the three appears to be reflected in 
the Glance Conglomerate, basal member of the Lower Creta
ceous Bisbee Group. The Glance is widespread in south
eastern Arizona and is the product of erosion of a 
topographic surface with thousands of feet of relief.
Finnell (1970) reported that the Glance exceeds 5000 feet 
in thickness in the study area. The uplift was approxi
mately synchronous with the mid-Mesozoic events which
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produced the Canelo Hills Volcanics and the plutonic rocks 
of the Bisbee area and the Patagonia and Santa Rita Moun
tains (Hayes, 1970b; Drewes, 1971a; and Simons, 1972). All 
of these igneous rocks may be a local manifestation of a 
regional evolution possibly related to the pulses of plu
tonism occurring in the Sierra Nevada at about the same 
time (Gilluly, 1965, 1967; Evernden and Kistler, 1970).

From the end of the Cretaceous through the early 
part of the Tertiary, orogenic activity of the Laramide 
orogeny occurred in southeastern Arizona. This activity is 
considered to be part of the Laramide orogeny in recognition 
of its contemporaneity with uplift and diastrophism which 
occurred in much of the western portion of the North Ameri
can continent at that time. A prominent manifestation of 
the Laramide orogeny in the study area is the Sycamore Stock. 
Regionally, compressional features"such as thrust, reverse, 
and tear faults are typical of the Laramide (Hayes, 1970b).
Drewes (1968b, 1972) cites evidence for two phases of 
Laramide deformation in southern Arizona: the early Late
Cretaceous Piman phase and the late Paleocene Helvetian 
phase.

The last major structural events in the region took 
place in mid-Tertiary time. These events are reflected 
mainly in north-striking high-angle faults (Hayes, 1970b) 
and in extensive volcanic activity (Damon and Mauger, 1966).



During the deformational sequence,• new faults were created 
and older ones reactivated, sometimes with a reversed sense 
of displacement (Drewes, 1972).

Allochthonous blocks of limestone present in the 
study area, whose genesis is the primary problem attacked in 
the present study, occur widely in southern Arizona.
Krieger (address to the Arizona Geological Society, 1972) 
reported limestone blocks tens to thousands of feet in 
lateral extent resting upon Tertiary lake deposits. The 
curiously undeformed nature of the incompetent underlying 
lake beds makes the -origin of these allochthonous masses 
difficult to explain. Simons and others (1966) described 
allochthonous blocks, primarily consisting of Permian lime
stone and dolomite, lying generally parallel to the layer
ing of the enclosing sedimentary and volcanic rocks. The 
authors speculated that these blocks were carried to their 
present sites by rafting on or dragging by moving volcanic 
materials which, in most cases reported by the authors, 
were associated with the blocks. In their work, Simons and 
others suggested gravity slumping as an alternative to 
volcanic rafting as the transport mechanism. Drewes (1972) 
reports his observation of similar Paleozoic blocks in the 
Gardner Canyon Formation in the Santa Rita Mountains to 
the southwest of the Empire Mountains.

7



MACROSCOPIC ANALYSIS

The Paleozoic rocks of the study area ‘are bounded 
on the north by a major east-west striking reverse fault 
(fault A, Figure 2) and on the west by a north-south strik
ing low-angle fault (fault B, Figure 2). The north block 
of the reverse fault (A) is upthrown placing Precambrian 
rocks at about the same structural level as the Paleozoic 
rocks immediately south of the fault.

North of the fault, post-Glance rocks rest in 
low-angle fault contact on the Precambrian rocks. A good 
exposure of one of these low-angle faults exists in the 
NW1/4 section 16, T 17 S, R 17 E. There the fault dips 
gently to the northeast. With one minor exception, no 
Paleozoic, Glance, or pre-Glance Mesozoic rocks were ob
served north of the reverse fault. An indeterminate number 
of small rock masses, usually highly altered, lie in a zone 
a few meters wide along the reverse fault. In most cases, 
these masses lie within rather than upon the rocks on both 
sides of the fault and probably represent slivers sheared 
off at depth during movement.

Immediately south of the reverse fault (A, Figure 2), 
blocks of impure limestone are exposed; each is several tens 
of meters in lateral extent. One block (NE1/4, section 20,

8
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T 17 Sf R 17 E) is comprised of a portion of the Abrigo 
Formation and the other (NE1/4, section 19, T 17 S, R 17 E) 
has been more thoroughly recrystallized and may be of either 
the Abrigo or Horquilla Formations. A poorly exposed, open 
syncline, trending northeast (one of the few folds observed 
in the study area) is present in the eastern block (section 
20). Immediately east of this block, Glance Conglomerate 
occurs. The contact between this Abrigo mass and the Glance 
is at no place exposed. To the west, the exposure of Abrigo 
is terminated in a small ravine along the west bank of which 
Permian rocks crop out. In map view, these Permian rocks 
appear to form a lobate mass (NE1/4, section 20, Figure 1). 
The northern apex of the lobe is composed of highly 
brecciated Scherrer Quartzite. All evidence of stratifi
cation has been destroyed. The base of this lobate mass is 
formed by a low-angle fault below which are unrecognizable, 
altered rocks. The ubiquitous fracturing and chaotic 
arrangement of the rocks in this mass may reflect mass- 
wasting of unstable portions of the Scherrer upslope.
Toe-end portions of this mass can be interpreted to over
ride for a few tens of feet the Precambrian rocks to the 
north. Upslope, the Scherrer takes on a normal appearance 
and stratigraphic position.

The second limestone block (section 19) abuts 
against Precambrian granodiorite to the west, and the
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reverse fault to the north, but the relationship with rocks 
to the south and east is obscured by alluvium and soil. 
Limited exposures of red siltstone are present in several 
places immediately east and south of the block but again 
poor exposure allows only tentative interpretation of the 
geology.

Between the two areas occupied by the masses of 
limestone blocks, Permian rocks occur in correct strati
graphic order, with the Colina Limestone lying at the base 
of the mass in proximity to the east-west reverse fault and 
the Concha Limestone at the top. The Colina, as well as 
the overlying Scherrer and Concha rocks, are present in 
greatly reduced thicknesses. The entire Epitaph Formation 
is missing. Bedding plane faults, probably responsible for 
the reduction in the stratigraphic thickness, were not ob
served during mapping. Brush and alluvium make observation 
of these faults difficult.

Immediately south and at about the same topographic 
level as the abbreviated section of Permian rocks is a 
complex exotic block (Sl/2, section 20, T 17 S, R 17 E) 
composed of several stratigraphic units. The mass is 
shattered conspicuously, but bedding is still discernible in 
most places. Much minor faulting, which probably occurred 
at the same time as the shattering, caused the loss of 
stratigraphic order. Concha, Scherrer, and Colina-like
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lithologies can be recognized, but only for short distances. 
On the northwest-striking vertical western face of the 
exotic block, a few feet above the lower contact with 
underlying rocks, a single, small drag fold was observed.
The rocks in which it was found were pinkish to bleached 
white limestone in which several, approximately horizontal, 
shear zones were observed. The apparent vergence of this 
fold was to the west-northwest. The western boundary of 
this block is the aforementioned vertical cliff below 
which are the reddish volcanics and siltstones of the 
Gardner Canyon Formation. Similarly, the southern termi
nation of the block is a result of erosion, but in some 
places, the exotic block rests upon Glance as well as 
Gardner Canyon. The north edge of the block is defined by 
an east-west striking high-angle fault (fault C, Figure 2) 
with the south side displaced downward relative to the 
north. This fault separates the exotic mass from the pre
viously mentioned "normal" Permian rocks to the north.
To the east, the relationships are obscure but the exotic 
block appears to lie upon the Glance.

Two other large allochthonous limestone blocks lie 
to the west of that previously described. The first 
(El/2, section 19, T 17 S, R 17 E) lies immediately down- 
slope. It appears partially shattered and highly faulted. 
In fault contact below it are rocks which resemble either
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the Gardner Canyon, Earp, or Horquilla Formations. The 
second block (middle section 19, T 17 S, R 17 E), not badly 
fractured, lies a few hundred meters south of the main 
Andrada ranch house. This block appears to lie mainly on 
Pinal Schist. Ten to twenty meters south of it, the 
Earp Formation and one of the apophyses of the main stock 
are exposed. The base of the western edge of this alloch- 
thon is covered with stream sediment of Davidson Canyon 
but it probably lies upon either post-Glance sandstone or 
Pinal Schist (Figure 1). The northwest corner of the lime
stone mass is characterized by the presence of small 
irregular bodies of siltstone, belonging either to the 
Earp or Gardner Canyon Formations, which have been slightly 
metamorphosed and extensively folded and fractured. Kink- 
bands were observed at one site in this mass. The alloch- 
thon as a whole is so massively bedded that bedding planes 
are difficlut to distinguish from joints. The fault con
tact of the limestone with the underlying Pinal Schist, 
where exposed, is a typically white, recrystallized lime
stone zone one or two feet thick, dipping shallowly to the 
west. The ubiquitous fracturing characteristic of exotic 
blocks (Simons et al., 1966) is not present; however, minor 
faults are common. Near the western edge of the allochthon, 
numerous east-dipping faults occur. • Slickensides on these 
faults trend northeast to east.
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In the southwest half of section 30 and the north
east half of section 31, a structural domain exists which 
appears to have responded to tectonism as a unit. It is 
bounded by the Sycamore stock on the south and southeast, 
by a low-angle fault (fault B, Figure 2) to the west and 
northwest, and a northwest striking high-angle fault (fault 
D , Figure 2) to the north. The rocks within this domain 
are from the Concha, Rainvalley, Gardner Canyon, and Glance 
Formations. The low-angle fault forming the western 
boundary is well exposed at the western base of the hill 
(NE1/4, section 25, T 17 S, R 16 E) between segments of the 
new and old Patagonia highway. The northwest striking high- 
angle fault is truncated by this low-angle fault. Rainvalley 
and Concha are thrust over post-Glance sandstone along the 
low-angle fault. Striae present on portions of the "over
thrust" Concha trend in a westerly direction and plunge to 
the east. Stratigraphically above the Concha lie conformable 
units of the Rainvalley, Gardner Canyon, and Glance Forma
tions. In this area, the lower part of the Glance is 
composed of limestone conglomerate while its upper part is 
dominated by Bolsa Quartzite clasts. To the northeast, 
displacements along the bounding northwest striking high- 
angle fault have placed older rocks, mainly from the Abrigo 
and Escabrosa Formations, of a second structural block 
(NE1/2, section 30, and Sl/2, section 19) at levels
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approximately equivalent to those of the younger rocks 
immediately to the southwest. An .apophysis of the Syca
more stock penetrates and has metamorphosed rocks of the 
Abrigo and Escabrosa Formations in this northeastern block.
A high-angle fault bounds the unit on the east, the nose of 
the Sycamore stock forms the south and southeastern 
boundary, and to the north the exposures of Pinal Schist 
delimit the block. Although difficult to document with 
certainty, stratification in this block seems to form a 
weak northwest trending anticlinal structure along the 
southwest boundary fault. Wide divergences in bedding 
attitudes make verification of this feature difficult.

In the eastern third of section 28 (Figure 1), a 
low-angle fault is exposed in a stream cut. The lateral 
extent of this fault is not clearly defined, but it is 
probably terminated upon intersection with high-angle faults. 
The Gardner Canyon and Glance rocks, in normal stratigraphic 
position, are separated from the underlying Rainvalley by 
the low-angle fault. Slickensides indicate an indetermi
nant amount of east-west movement. There is no evidence to 
support substantial displacement or great loss in strati
graphic thickness. The fault is regarded here as an 
example of the many probable bedding-plane "thrusts" in 
the area.
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Pantano Hill (SW1/4, section 21) is dominantly com

posed of east-dipping Permian limestone. At the northern 
end of the hill are exposures of Glance Conglomerate which 
contain large blocks, tens of meters in lateral extent, of 
limestone along with the usual smaller limestone clasts. 
Beneath the Glance, some Gardner Canyon siltstone occurs, 
as evinced by small outcrops on the lower parts of the 
hill. At the break in slope, where a high-angle fault 
separates the main mass of Permian limestone to the south 
from the Glance rocks to the north, a thin, steeply inclined 
layer of highly sheared red siltstone is exposed (Figure 3B). 
At the top of Pantano Hill, both Gardner Canyon and Glance 
rocks are present conformably resting upon the Rainvalley 
Formation. Both the Gardner Canyon and the Glance are ex
posed there in thicknesses of only a few meters. Blocks of 
limestone occur topographically below and to the east of 
these exposures, down the dip slope of the Permian rocks. 
Because of their shattered nature, these limestone bodies 
are inferred to be another example of mega-clasts in the 
Glance. In the case of these blocks, however, no Gardner 
Canyon Formation occurs between them and the underlying 
Permian rocks as it frequently does elsewhere.

At the south and southwest end of Pantano Hill, 
limited outcrops show Concha limestone lying upon red to 
green siltstone and sandstone of the Gardner Canyon
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Formation (Figure 3A). Maximum exposed thickness of the 
Gardner Canyon in this area is 10 meters. The western base 
of Pantano Hill was searched unsuccessfully for evidence of 
Gardner Canyon cropping out there. Within the Concha, 
large west-dipping joints normal to the east-dipping bedding 
have permitted large blocks of limestone to slump downhill 
to the west. Slickensides on the "joint" surfaces accurately 
reflect the inferred movement direction. The process 

. appears to be on-going as evidenced in some places by short 
trails of striae on surfaces behind limestone blocks resting 
precariously on the hillside.

Several hundred meters southeast of the top of 
Pantano Hill, masses of brecciated Bolsa Quartzite cap 
subordinate hills. Arnold (1971) has interpreted these 
cappings as resulting when reverse faults brought rocks of 
the Bolsa Quartzite near the surface. Examination of 
exposures lower on the same hill reveals that the Bolsa 
debris grades downward into limestone conglomerate typical 
of the Glance.

A prominent hill (NW1/4, section 32) composed mainly 
of metamorphosed Earp and Horquilla Formations is shallowly 
underlain by the stock. These meta-sedimentary rocks can be 
considered to be roof pendants over, the stock and evince 
the large amount of vertical uplift of the Paleozoic wall 
rocks produced by the intrusion of the pluton.



GRAVITY INVESTIGATION OF THE STUDY AREA

Three gravity profiles were surveyed, two approxi
mately east-west and the other north-south. The stations 
occupied are shown on Figure 4. The purpose of the gravity 
survey was to search for the presence of major basement 
features which exert control on near-surface structures. 
Additionally, information regarding the extensiveness of 
shallow features was also sought.

A LaCoste-Romberg gravity meter, model G, number 
174, from the Laboratory of Geophysics at The University of 
Arizona was used in making the measurements. At each 
gravity station, three instrument readings were taken. The 
arithmetic mean of the three readings was used for the final 
value at each station. Since the purpose in undertaking 
this gravity survey included the search for small features, 
elevations interpolated from U.S. Geological Survey 
topographic maps for gravity stations were not sufficiently 
accurate. For elevation control, an aneroid altimeter 
survey was carried out. To reduce the amount of error 
attributable to short-term barometric drift, transverse 
loops were made which included known elevation base sta
tions at regular intervals. Appropriate corrections 
were made on the elevations of the intermediate stations.

18
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The absolute gravity base station, was the Arizona 

Base Network station TUCSON located in the Geology Building 
at The University of Arizona. Normal reductipn of raw 
gravity data was done utilizing a gravity reduction com
puter program supplied by Robert E. West of the Laboratory 
of Geophysics. A density of 2.67 gm/cm^ was used for the 
Bouguer gravity reduction.

Tide corrections were not used in the data reduction 
since correction values, as determined by examination of 
tide correction tables (Service Hydrographique de la Marine 
and Compagnie Ge'netale de Ge'ophysique, 1972) , were too 
small to be significant (less than 0.01 milligal).

Terrain corrections were made using the Hammer 
template method (Hammer, 1939). Terrain corrections out 
through Hammer Zone G were applied to the gravity stations. 
The terrain effect of zones beyond Zone G were not con
sidered to be significant because of the restricted extent 
of the gravity survey. Raw and corrected data are listed 
in Appendix E.

The first traverse was carried out in an east-west 
direction over the limestone hill in the northeast corner 
of section 25, T 17 S, R 16 E. A 100-foot station spacing 
was used in making the traverse. The second east-west 
profile is actually an extension of the first, detailed 
profile, but with a much larger station spacing
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(approximately 1000 feet). This line extends across the 
entire east-west extent of the study area. The north-south 
profile starts north of the mapped portion of the study 
area and terminates somewhat short of the south end. 
Approximately one-third mile intervals separate stations in 
this traverse.

Interpretation of Bouguer Gravity Data
The Bouguer gravity anomaly map of Arizona (West and 

Sumner, 1973) shows a gravity high over the Empire Mountains. 
This high is interpreted to be caused by a large positive 
structural block of high-density basement rock bordered on 
the east and west by low-density alluvium in negative areas. 
The extensive exposures of Rincon Valley Granodiorite and 
Pinal Schist in the northern portions of the mapped area 
(Figure 1) confirms, in part, this interpretation.

The regional gravity high is partially observable on 
the gravity profiles of the present study (Figures 5, 6, and 
7). The north-south profile sharply inflects near its 
center. This may reflect the proximity of the Sycamore 
stock. The Bouguer gravity anomaly over other Laramide 
stocks of southeastern Arizona seem to be characterized by 
lower Bouguer gravity than adjacent consolidated sedi
mentary and crystalline rocks (C. Aiken, pers. commun.).

A large wavelength regional aeromagnetic high 
trends east-southeast through the Tucson basin and
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extends through the Empire Mountains (Sauck and Sumner, 
1970). This anomaly has been interpreted to be caused by 
a very deep (greater than 10,000 feet structure in the 
crust (Sauck, 1972). Upon this regional high are super
imposed local magnetic highs over the Empire and northern 
Santa Rita Mountains. From the flight-line altitude and 
spacing, it can be seen that the survey reflects only 
those geologic features with high magnetic susceptibility 
which extend down to depths substantially greater than sea 
level, such as igneous intrusions or Precambrian basement 
with great relief.

The relative gravity low and magnetic high over the 
southern Empire Mountains may be caused by a lower density, 
highly magnetic Laramide stock, i.e., the Sycamore Stock. 
Magnetic highs do seem to coincide with other Triassic- 
Jurassic and Laramide intrusions in southeastern Arizona 
(Sauck, 1972). The relative gravity high and aeromagnetic 
low may reflect the high-density and low-susceptibility of 
the Pinal Schist extensively exposed there.

The primary conclusion to be drawn from the above is 
that the Precambrian mass in the northern part of the study 
area is not a "thin-skinned" feature, formed perhaps by 
thrusting and underlain extensively by younger rocks, but 
is a product of high-angle faulting with Precambrian base
ment brought vertically upward. Another, more tenuous,
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interpretation is that the sharp inflection of the north- 
south gravity profile (Figure 6) at the south end of the 
line may reflect an almost vertical contact between the 
stock and the wall rock extending to considerable depth.

The detailed east-west gravity traverse was con
ducted to attempt to understand the origin of the 
limestone mass in the northeast quarter of section 25,
T 17 S, R 16 E, between the new and old Patagonia highways. 
The limestone block could be interpreted to be either a 
product of high- or low-angle faulting.

If the limestone block is a feature resulting from 
high-angle faulting, the stratigraphic displacement along 
that fault must equal the cumulative thickness of the 
Glance Conglomerate and the Gardner Canyon Formation plus 
the present approximate 170 feet of relief on the lime
stone hill. Using very conservative thicknesses of 500 
and 600 feet for the Glance and Gardner Canyon Formations, 
respectively, the total displacement along the fault 
(assuming the fault plane is normal to bedding, which 
dips roughly 20° to the east) would be about 1300 feet.

Assuming an infinite Bouguer slab, the gravity 
anomaly over the downfaulted Cretaceous sandstones may be 
estimated. The density contrast between the sandstone and 
the limestone appears to be, as a result of density measure
ments conducted on the rocks during the present study.
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approximately -0.1 gm/cm^. The calculated gravity differ
ence between the two blocks will be: 

g^ = 2 G d T
where g^ is the gravity difference, G is the Universal 
Gravitational Constant, d is the density contrast between 
the two rock types, and T is the displacement along the 
high-angle fault. Substituting the assumed values of 
density and displacement:

9d = 0•01277 (-0.1 gm/cm^) (1300 feet)
or

gd = -1.7 mgal.
Assuming that the density contrast and the displacement are 
valid and considering the possible errors in data reduction 
and observation, the difference between the existing anomaly 
and the expected anomaly does not support the hypothesis 
that high-angle faulting emplaced the limestone block.



INTEGRATED INTERPRETATION OF GEOPHYSICAL 
AND MACROSCOPIC GEOLOGIC ANALYSIS

Representing the removal of more than a kilometer of 
rock, the erosional vacuity present between the Precambrian 
and the Mesozoic post-Glance sandstone north of the east- 
west striking high-angle fault reflects great vertical 
movement of that block. This movement may have occurred 
episodically or as a single event. Drewes (1972) reports 
several times of movement as well as senses of movement in 
the Sawmill Canyon fault zone in the Santa Rita Mountains to 
the southwest of the Empires. Gravity data of the present 
study also support inferred vertical movement along a high- 
angle fault rather than horizontal translation of thin plates 
of Precambrian rocks on low-angle faults. The rare exposures 
of the fault observed by the present writer show it to dip to
the north at approximately 45°. Berg (1962) shows that 
dominantly vertical movement of large rock masses may be
locally characterized by relatively low-angle boundary 
faults possibly accounting for the low attitudes of the 
fault in question reported by Finnell (1971).

The positive nature of the area immediately north 
of the high-angle fault may be inferred to have ended 
subsequent.to the deposition of the Glance, now absent 
there, but prior to the deposition of the Cretaceous

28
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post Glance sandstone which is present there. The jumbled 
but roughly inverted Permian stratigraphic order observed 
commonly south of the high-angle fault, as preserved in the 
clasts in the Glance, may reflect the erosional stripping of 
the positive area to the north of the fault. The deposition 
of the detritus possibly occurred in large coalescing allu
vial fans on the lower lying terrain to the south of the 
fault.

Whether the large allochthonous limestone block 
(center section 20) south of the east-west striking high- 
angle fault is a result of slumping of the mass to the south 
off the topographically higher block to the north of the 
fault is not certain. The single drag fold observed in the 
allochthon, to the contrary, would point to other than 
southerly movement. Similarly, the origin and direction of 
transport of the limestone allochthon lying on the Pinal 
Schist (center section 19) cannot be determined on the basis 
of macroscopic geologic evidence. The presence of wedges of 
deformed siltstone at its northwest corner may indicate 
movement in that direction. These slivers may have been 
scraped up by the advancing allochthon. Movement signifi
cantly different from northwest would not be auspicious for 
preservation of the wedges. The block exposed along the 
Sonoita highway can be confidently interpreted on the basis 
of the absence of significant changes in the Bouguer gravity
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values over the allochthon and the sinuousity of the trace 
of the outcrop of the fault, to be a product of low-angle 
and not high-angle faulting. The attitudes of the few 
slickensides exposed on the west edge of the allochthon 
indicate an overall westerly movement of the mass.

Pantano Hill, as interpreted in the present study, 
is a typical product of block-faulting along a north-south 
normal fault bounding the hill on the west. The block is 
terminated at the north and south by relatively down-dropped 
or unmoved blocks whose uppermost rocks consist of Glance 
Conglomerate containing large mega-clasts. Previous 
interpretations placing the mega-clasts in the Paleozoic 
stratigraphic sequence rather than in their proper Mesozoic 
position delayed understanding of the local geology. The

i
exposure of Concha Limestone overlying Gardner Canyon red- 
beds appears to be the result of large slump blocks sliding 
down inclined joint surfaces (Figure 3) similar to that 
suggested by Armstrong (1972). The absence of the Epitaph 
Formation and portions of other related Permian formations 
suggests the presence here also of unobserved bedding plane 
faults. The hypothesized slivers of Bolsa Quartzite to the 
southeast of the crest of Pantano Hill are normal sequences 
of Glance Conglomerate composed of Bolsa detritus.

Unfortunately, the gravity data generated during the 
present study do not help in understanding the geology of
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Pantano Hill. Perhaps the data were influenced by the large 
differences in elevation which were not adequately compen
sated for in the terrain corrections.

The timing of the emplacement of the limestone 
allochthons postdates that of the deposition of the mega
clasts found in the Glance. This can be inferred on the 
basis of the independence or superposition of the major 
allochthons with respect to the Glance, as well as the 
difference in size and degree of fracturing of the large 
allochthons compared to the mega-clasts. Macroscopic ob
servations do not allow more specific statements about the 
time of movement. The large amount of uplift caused by 
the intrusion of the Sycamore stock certainly created the 
potential for down-slope gravitational movement of certain 
portions of the uplifted wall rocks. The extensive seis
micity accompanying the Late Mesozoic igneous activity in 
the region created widespread slope instability (Hayes, 
1970b). However, movement of the allochthons may also have 
been caused by lateral compression in response to the 
intrusion of the stock. Gravitational instability may have 
caused slumping during and after the mid-Tertiary block 
faulting. This sort of movement is typified by the slump 
mass at the southwest corner of Pantano Hill (Figure 3).

Thus, as seen above, the question of the origin of 
the allochthonous limestone blocks present in the Empire
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Mountains is only partially resolved through the applica
tion of normal geologic macroscopic and geophysical analysis. 
For the most part, the absence of significant numbers of 
movement direction indicators like striae and recumbent 
folds is responsible for the lack of answers. Another tool 
is needed in the attack on the problem.

To strengthen, refine, and extend the conclusions 
of the first phases of the study, the application of 
petrofabric analysis was implemented. Petrofabric analy
sis allowed expansion of the original inconclusive results 
regarding the kinematics of the emplacement of the alloch- 
thons into the realm of dynamics, providing some insight 
into the nature of the forces responsible for movement.

X



LOW-ANGLE FAULTING

Unraveling the cause(s) of displacement of large 
masses of rocks along low-angle faults is an old problem 
in many regions of Arizona and results in frequent con
frontation between workers in the geological sciences who 
invoke conflicting mechanisms to explain the observed 
tectonic translations (e.g., Mudge, 1970; Mudge, 1971; 
Price, 1971; Crosby, 1970; Tooker, 1970). If allochthons 
are placed in a single large genetic continuum, delimited 
at one end by purely compressional allochthons and at the 
other by purely gravitational allochthons, the above 
examples, by being placed in better perspective, may be 
more understandable. Examples of compressional allochthons 
have been proposed by Berg (1962),. and Davis (1973, 1974). 
Gravigenic examples have been proposed by Haarman (1930, 
as cited by Hills, 1972), Bain (1931), de Sitter (1956), 
Page (1963), Korn and Martin (1959), Crosby (1969), and 
Kehle (1970). Price (1972) suggests that an allochthonous 
mass may move from a regime of extension into a compres
sional state as the mass travels away from its original 
site over the infrastructure of an orogenic belt, through 
an internal threshold zone, and onto the foreland margin, 
thus exemplifying an allochthon which occupies an
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intermediate point in the continuum. Bucher1s stitching 
wax model (1956) was used to demonstrate this overprinting 
of extensional flow by compressional effects. After the 
initial extensional phase, the gravitationally flattening 
wax creates compressional stresses in the adjacent flat 
lying grease layers (Figure 8). To put Price's ideas into 
perspective, however, it must be emphasized that he in
tended them to be applicable to large mobile belts and 
probably not to localized, relatively small areas of 
epidermal faulting such as considered in the present 
study. Nevertheless, in the history of any allochthon, 
overprinting of one stress system by another in various 
degrees is possible and thus presents the prime question 
to be answered: where in the genetic continuum does the
allochthon lie?

Dynamics of Low-Angle Faulting 
Each of the two end-member mechanisms, compression 

and gravity-generated body forces, demands the presence of 
certain conditions and results in a set of physical charac
teristics, some of which are unique, imprinted upon the 
affected rocks. Through the consideration of the dynamic 
requirements of compressional thrusting and of gravita
tional translation, it is possible to recognize the 
physical features characteristic of the action of each.
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Figure 8. Extensional flow transformed laterally 
into compressional deformation. —  In Price, 1972.
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Figure 9. Stress trajectories and potential fault . 
surfaces in horizontal compression. —  From Hafner> 1951, 
in Badgley, 1965.
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Epidermal Compressional Thrust-faulting

In a limited, near-surface domain, all components of 
a single allochthon moving under the influence of external 
compression should move parallel to one another. Even after 
extensive erosion has removed intervening parts of the 
allochthon leaving isolated blocks, analysis of the move
ment of the remnants should reveal an aggregate parallel
ism of translation. Beutner (1972), considering the 
regionally extensive allochthons in the Cordilleran thrust 
belt, suggested that the unidirectional picture of tectonic 
translation may be complicated in some cases where a moving 
allochthon encounters resistance to its forward movement.
In these cases, Beutner believes the maximum compressive 
stress trajectories may refract toward the obstacles; in the 
example he was primarily concerned with, the obstacles were 
the Teton and Uinta massifs. Thus, in the case of large 
allochthons, there is the possibility of non-parallel move
ment of some of the component parts of the mass. The 
epidermal allochthons would, however, because of their 
limited lateral extent, tend to move as integral coherent 
units, responding to obstacles in their paths by simply 
stopping, going around, or even overriding the objects.

Compressional theories require that the entire 
thickness and lateral extent of an allochthon moving under 
the influence of external compression be subject to and
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transmit that compression (Rubbert, 1951). This condition, 
varying within broadly defined limits, is necessary in or
der for the mass to move without disrupting itself. If 
stresses were imposed upon only parts of a potential alloch- 
thon, shear stresses would be set up in the mass. If the 
shear stresses were great enough, failure would occur and, 
as a consequence, stresses within the newly defined, shear- 
bounded mass would be about equally distributed.

The orientation of stress trajectories within an 
allochthonous mass moving under the influence of externally 
applied force should depart significantly from the orienta
tion of the plane of the sole fault, considered here to be 
the plane of original failure. Figure 9 shows the angular 
relationships between maximum and minimum compressive 
stress trajectories and the probable orientation of the 
faults resulting from the stresses. The angle between 
the maximum compressive stress and the fault plane, , 
approximates 30°, a value in substantial agreement with 
the analogous angles in experimentally induced shears in 
rock and soil samples (Spangler, 1966; Badgley, 1965) .

Gravitational Gliding of Epidermal Allochthons
Gravity tectonics circumvents the requirement in 

compressional thrusting for the transmission of stresses 
which in some cases appear to exceed the strength of the 
rocks involved. Hubbert and Rubey (1959) and Rubey and
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Hubbert (1959) offered a mechanism which would eliminate 
the need for transmission of excessively large stresses. 
Billings (1972), however, believes that the ubiquitous 
fracturing of crustal rocks would make impossible the 
existence of zones of high pore pressure required by 
Hubbert and Rubey for low stress thrust faulting.

If an allochthon in a near surface environment has 
been transported in response to gravitational instability, 
its path of travel would not necessarily parallel that of 
other genetically associated blocks. The geometry of the 
agent or feature causing the instability should be crudely 
reflected in the projections of the paths. For example, 
if the instability was caused by a domal uplift, perhaps 
reflecting the presence of a pluton at depth, the paths of 
travel of the gravity blocks should be quaquaversal.
Crosby (1968), using a similar argument, suggested a gravi
tational origin for some of the low-angle faults in the 
Wyoming-Idaho thrust belt. In his study, various movement 
direction indicators (e.g., striae and recumbent folds) 
within the rocks of the thrust belt were mapped. Figure 10 
shows the result of his work, from which he inferred qua
quaversal gravigenic movement off a presently covered 
basement uplift. As mentioned above, Beutner reasoned that 
these radial movements were reflections of compressional
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stress trajectories which curved toward the Uinta and Teton 
massifs.

Considered in total, a gravitational block repre
sented by a point relatively close to the pure gravity 
end-member of the genetic fault continuum outlined above 
will not be significantly exposed to external compressive 
stresses. The only stresses acting should be body cen
tered gravigenic forces which occasionally may manifest 
themselves along certain structural horizons as low-angle 
faults or within decollement zones, as suggested by 
Kehle (1970). Thus, most components of an ideal gravity 
block should be unstrained, with exceptions lying close to 
the special structural horizons along which gravitational 
energy is dissipated. Mineral grains composing such a 
block, moving in response to gravitational instability, 
should not experience radically new stresses but only a 
slight reorientation, relative to their own orientations, 
of the ambient gravitational field, approximately the same 
field which has been present since their formation.

In both compressive and gravitational movement, 
fault zones or planes at the base of the moving allochthon 
will be present. The direction of movement of the alloch
thon may be recorded in these zones. As an allochthon 
moves under either the influence of gravity or external 
compression, frictional dissipation of energy along its



41
base will cause mechanical effects such as drag folds, 
slickensides, and fault gouge. Samples from this zone of 
movement should reflect the direction of movement of the 
allochthon. Consequently, regardless of the origin of the 
forces causing translation of the allochthons, the direc
tion of translation should be discernible through the 
analysis of the tectonites in the basal zone.

The relationships between gravigenic and externally 
applied forces become more complex with depth where the 
previously (page 33) mentioned problem of overprinting be
comes more severe and where body-generated forces grade 
laterally over short distances to compressional forces.
Thus, in deep structural settings, the simplistic model 
outlined above is impossible to apply. However, the struc
tural features whose origins are sought in the present work 
are inferred to be products of a relatively shallow (less 
than 1 km) structural environment, permitting valid appli
cation of the tenets of the model.

Also to be considered is the possibility of poly
phase tectonism, generating forces acting in more than one 
direction. Such interference could so complicate the inter 
pretation of the structural features produced as to enter 
the realm of the indeterminant.
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Summary Discussion

For the model outlined above to be validly applied, 
the rocks involved must be representative of a relatively 
shallow setting, they must be part of an allochthon of 
restricted lateral extent, and their stress history must be 
uncomplicated by overprinting of successive interfering 
structural events. In most respects, the rocks of the study 
area appear to conform to these requirements.

In summary, four criteria, introduced above and 
listed below, may be used to discriminate between movement 
of relatively small, near-surface allochthons induced by 
externally applied compressive stresses and those moved by 
gravigenic forces.

1. Compressional thrusting impresses on the entire 
thickness and breadth of an allochton external 
stresses, thus imposing strain on every element 
throughout the mass.

2. Movement of epidermal thrust sheets should be 
approximately unidirectional.

3. Epidermal gravity blocks will be, considered in 
total, unstressed and consequently relatively 
unstrained.

4. The directions of tectonic transport of related 
gravity allochthons will not necessarily be 
parallel but may diverge or even converge.



In the present study, available macroscopic evidence 
to support the applicability of any of the four criteria 
above is quantitatively insignificant. As a consequence, 
it is necessary to resort to an alternate approach, petro- 
fabric analysis.
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INTRODUCTION TO DYNAMIC ANALYSIS OF MINERAL GRAINS

Experimental Basis
A crystal when exposed to stress of sufficient magni

tude may respond in several manners: granulation, re
crystallization, and, of importance in the present study, 
intragranular gliding. Two types of intragranular gliding 
occur: translational gliding, and, of most importance in
the present study, twin gliding.

Knopf (1949) listed four types of lamellar features 
along which calcite might respond to stress through intra
granular gliding: (1011), (1010), (0221), and (0001).
Figure 11 shows these and other planes present in calcite. 
Turner, Griggs, and Heard (1954a and b) confirmed adjustment 
by calcite to stress on (0112) which up to that time had not 
been recognized with certainty. Twinning in a positive 
sense on (0112) occurs coplanar with the optic axis.
Positive twinning is defined as movement of that portion 
of the crystal above the twin plane toward the optic axis 
relative to the lower part of the crystal. The unique 
sense and direction of gliding by calcite along (0112) is 
the basic premise upon which the dynamic analysis of cal
cite grains is based. Turner, Griggs, and Heard's work 
ruled out translation gliding by calcite on (0112) as did
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m (1010)
Figure 11. Calcite 
f e (0112), r (1011), crystals. Forms: c (0001),

f (0221), —  From Hurlbut, 1971.
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the work of Handin and Griggs (1951) in calcite deformed 
less than 30 percent. Robertson (1951) had previously re
ported the observation of translation gliding on (0112).
Twin gliding, again on (0112) in a positive sense, also 
was shown by Griggs, Turner, and Heard (1960) to be the 
dominant type of intragranular gliding in those experi
mental cases where the temperature was below 800°C. Trans
lation was shown to be possible on (1011) in a negative 
sense when stress was oriented auspiciously. However, in 
those cases where stress is favorably imposed for positive 
translation on (1011), twinning on (0112) occurs instead 
due to lower shear strength of calcite in that plane 
(Turner and Weiss, 1963). At high temperatures, transla
tion on (1011) occurs and becomes progressively more 
important (Turner and Weiss, 1963).

In summary, it has been suggested that calcite may 
respond to stress by movement along several crystallo
graphic planes: (1011), (1010) , (0221), (0001), and (0112) .
At relatively low temperatures and pressures, experimental 
evidence supports the importance only of negative transla
tion on (1011), and positive twin gliding on (0112). 
Translation gliding on (0112) appears not to be important.

Stress Axis Determination
The use of calcite crystals to determine the orien

tation of the stresses which cause twinning in the crystals
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was first suggested by Turner (1949). In that study of the 
Yule Marble, he recognized that only calcite crystals in a 
limited range of orientation displayed (0112) twins. He 
inferred that those twin planes lay in planes of high 
resolved shear stress generated within the crystals through 
the action of an externally applied force.

Subsequently, others have refined and strengthened 
the application of dynamic analysis of twin planes and 
deformation lamellae to the study of stresses causing 
strain in rocks. Among these workers are Griggs and 
Miller (1951), Handin and Griggs (1951), Turner and Ch'ih 
(1951), Griggs, Turner, Borg, and Sosoka (1951), Borg and 
Turner (1953), Conel (1962), Friedman and Conger (1964), 
Sylvester (1969), Carter and Raleigh (1969), Hammond and 
Parry (1972), and Spang (1972).

All of the above cited work rests on the assumption 
that an aggregate of crystals, ideally in random orienta
tion, will respond selectively to a simple unidirectional 
stress imposed upon it. Because the maximum shear stress 
acts at 45° to the maximum compressive s t r e s s , t h e  
first and most numerous sites of displacement will be 
within those crystals which have twin planes lying sub
parallel to the maximum shear stress. Implicit in the 
mechanics of the twinning is that the shear stress exceeds 
the shear strength of the mineral along that plane.
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In visualizing the relationships between the various 

crystallographic and stress elements, it should be noted 
that [0001], alf a3, and the pole to (0112) are defined as 
being coplanar (Turner, 1949). In an ideal example of a 
twinned calcite crystal, the following values and relation
ships are known: 26° between the optic axis and the normal
to the twin plane, 90° between and c3 and 45° between 
the pole to (0112) and both 0 % and ct3. These angular 
relationships are schematically presented in Figure 12a.
The same data are shown stereographically in Figure 12b.
In both Figures 12a and 12b, e represents the twin plane, 
e is the pole to the twin plane, c is the optic axis, ai 

and ct3 are the maximum and minimum principal compressive 
stresses, respectively.

In actual practice, a number of individual crystals 
are examined and the resulting inferred maximum and minimum 
stress axes, C and T respectively, are plotted. After 
contouring and analysis, the maximum concentrations of C 
and T axes may be equated with real and o3. Burger 
(1972) provided several computer programs which, after 
modification, expedited the calculation and plotting of 
these data. Appendix C outlines the methods used in 
determining the various crystal parameters.
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Figure 12. Relationships between stresses an calcite crystal elements
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Application of Dynamic Analysis to 
Experimentally Deformed Samples

Stereograms of an experimentally compressed calcite 
cemented sandstone are shown in Figures 13a and 13b. The 
orientation of optic axes appear in Figure 13a and the de
rived compressive stress axes in Figure 13b. The con
toured maximum of compressive axes in the center of Figure 
13b agrees well with the experimentally imposed compressive 
stress normal to the plane of the diagram.

The random orientation of the calcite subfabric of 
the sample is desirable because a non-random subfabric 
might produce anomalous deduced stress maxima. Because the 
sheer stresses necessary to cause twinning along the cal
cite (0112) are relatively small, sufficiently large 
stresses may cause twinning on planes non-parallel to the 
ideal planes of high resolved shear. This results in de
duced stress axis concentrations controlled primarily by 
crystallographic orientation instead of the actual stress 
orientation. The requirement for randomness in the calcite 
subfabric can be relaxed in certain cases as discussed below.

Figures 13c and 13d from Turner and Weiss (1963) 
show diagrams of the optic axes and the deduced stress axes 
of an experimentally extended sample of Yule Marble. The 
optic axes are from those calcite crystals in the sample 
with prominent twins. Tensional stress was applied as shown
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Figure 13. Application of dynamic analysis to 
experimentally deformed calcite. —  For explanation, 
see page 50. 13a and b from Friedman (1963); 13c and d
from Turner and Weiss (1963).
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by the arrows in the diagrams. Dots (Figure 13d) represent 
the derived compressional axes and the small crosses the 
derived tensional axes. In this example only, the twinned 
subfabric is shown. Again there is good agreement between 
the derived and the known stress axes.

Application of Dynamic Analysis to 
Naturally Deformed Samples

The application of dynamic analysis to naturally 
deformed rocks is less straightforward than to experi
mentally deformed materials. This is due to several 
factors:

1. The lack of ideal homogeneity of natural sample 
composition and fabric;

2. The possibility of overprinting of several stress 
events;

3. Shifting or refraction of stress trajectories 
during one stress event due to large-scale 
failure and readjustment of the stressed rocks; 
and

4. Blurring of the stress effects by subsequent re
crystallization.

Even with the above noted factors adding to the 
problem of interpretation, however, a number of valuable 
studies have been carried out on naturally deformed lime
stone and marble. Turner (1953) analyzed several naturally
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deformed marble specimens from.various tectonic settings. 
Among his conclusions were:

1. Twinned calcite crystals have a restricted range 
in orientation in comparison with the entire 
calcite subfabric;

2. Twinning was a late feature produced after the 
total calcite subfabric geometry had formed during 
recrystallization;

3. Grains without recognizable twins, which could 
have been interpreted as being totally twinned, 
were in fact untwinned; and

4. The direction of stress application inferred 
from the dynamic analysis is valid on hand- 
specimen scale.

McIntyre and Turner (1953) studied four marble 
specimens from three widely separated localities in the 
same structural domain. They examined the consistency of 
response by a single rock mass in that domain to a pre
sumed homogeneous stress 'system.

The data derived from one sample collected in a 
zone of anomalous deformation disagreed with that of the 
other three samples. The authors inferred this to be 
caused by local perturbations in the stress system in the 
zone of deformation. The compressional axes derived from 
the authors1 analysis of the other three samples
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approximated great circles, normal to the mean direction of 
the southeast plunging axis of folding. It appears from 
the work of McIntyre and Turner that stress axes derived 
from small samples can be validly applied to larger re
lated volumes of rock as long as those rocks can be 
reasonably inferred to have been exposed to the same stress 
system.

Conel (1962) examined samples from the hinge zone of 
a small fold in a bed of limestone interstratified with 
shale. Two domains were examined: one in the inner hinge
zone, domain I, and the other in the outer part of the 
hinge zone, domain II. (See Figure 14a for sample loca
tions .) Shortening in the inner hinge zone should cause 
compression, and lengthening over the outer hinge zone 
should cause tension. The clustering of compressional 
axes in the east and west portions of the stereogram of 
Figure 14b confirms east-west compression in domain I. 
Extensional axes in domain II form a diffuse east-west 
belt in Figure 14c, confirming the presence of the 
expected tensional stresses.

As mentioned above, problems may be encountered if 
the rock from which the samples have been taken has been 
subjected to polyphase deformation. In such cases, groups 
of calcite crystals of more than one orientation will 
respond to the stresses. This will result in either more



55

+ b(dn)

A *  +
•* *•1

from ; Conel 1962

Figure 14. Dynamic analysis of calcite grains 
in a small fold. —  See page 54 for explanation.



56

than one derived stress axis or, more likely, a diffuse 
plot. Wise and Vincent (1965) and Venkitasubramanyan 
(1971) proposed special methods to be applied to rocks 
subjected to multiple stress events, which, using con
ventional dynamic analysis, yield undecipherable data. In 
the special methods, groups of calcite crystals and their 
derived stress axes are sorted out. Each group separated 
is reasoned to reflect a different stress system. Although 
the above cited authors' techniques may be valuable in 
some cases, it is believed that the samples collected in 
the present study have a sufficiently uncomplicated stress 
history to permit valid application of Turner's classic 
approach.



DYNAMIC ANALYSIS IN THE PRESENT STUDY

In the application of dynamic analysis of mineral 
grains, three types of information may be derived from the 
stress data:

1. The distribution within the rock mass of the 
strain produced by the inferred stress;

2. The orientation of the past stress system causing 
the microscopic strains within the samples; and

3. The direction of movement of the rock mass repre
sented by the sample.

Using such information, important aspects of the 
structural history of the study area may be discerned. By
comparing the intensity (i.e., the strength of the derived 
stress axis concentrations) of stress effects near the top 
of an allochthonous block with those near the base, it 
should be possible to discriminate between an external 
compressional origin versus a gravitational origin for the 
block. In effect, this approach attempts to determine the 
distribution of stress within an allochthon. Knowledge of 
the orientation of the stresses in the allochthon with 
respect to the plane of the sole fault is also useful in 
this discrimination because, as shown in Figure 9, the 
maximum compressive stress in a compressive thrust plate
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acts, ideally, at about 30° to the plane of potential 
failure or to the fault plane. The effects of interaction 
between imbricated, structurally deep, allochthons could 
create exotic stress field orientations. In the struc
turally shallow environment in which the faulting of the 
study area occurred, few of these complications should 
exist. Nor is there evidence for the existence of im- 
bricated thrust plates in the study area. Also to be 
considered is shearing, which may occur along a limited 
number of structural horizons within either structurally 
shallow gravimetric or compressional allochthons. Such 
shearing may cause local perturbations in the geometry of 
any ambient stress field extant in an allochthon. The 
problems of interpretation posed by the effects of the 
anomalous stresses can be reduced by avoiding sampling 
near the shear zones.

The overall pattern of movement of related alloch
thons which have undergone tectonic translation during the 
same structural event may also be important in under
standing the driving mechanism for their movement. For 
example, radial movement of several related allochthonous 
masses, as discussed elsewhere, has been used in support 
of.a gravimetric drive for allochthons.

When considered individually, the three types of 
information discussed above are much less powerful than
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when considered collectively; thus, in the final analysis, 
even though one of the three approaches appears to yield 
equivocal data regarding the dynamics of allochthon move
ment, examination of the data in its entirety may allow a 
more definitive interpretation to be made.

Overprinting extensive enough to overcomplicate the 
stress record in the study area does not appear to have 
occurred. What may be interpreted to be a regional com
pressive event appears to be manifested in many of the 
samples and appears to be more obvious in samples from 
those areas relatively distant from the intrusive rocks.

The problem of imparting tensional strain to near
surface rocks must be considered to clarify the possible 
effects of extension on rocks. The reality of compressive 
stress transmission by rocks is unquestioned but the 
transmission of tensional stresses cannot be so easily 
accepted. In experimental examples, small rock specimens 
do exhibit strength in extension but to do this, strict 
lithologic continuity is demanded, a condition easily 
satisfied in laboratory conditions where ideal samples can 
be selected at leisure. The condition of lateral litho
logic continuity is rarely if ever present in naturally 
occurring rock bodies at the mesoscopic scale of observa
tion (Billings, 1972). Discontinuities in the form of 
joints, fractures, and faults violate the requirement.
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This would make lateral transmission of tensional stresses 
unlikely. Local tensional stresses such as those mani
fested by tension gashes along faults probably reflect the 
release of converted compressional or gravitational energy.
If the above considerations can be accepted as valid, then 
compression is the only mode of stress transmission which 
could be effective in causing penetrative strain in near
surface brittle rocks. Interpretation of the data gener
ated in the present study will be implemented utilizing 
this premise.

Gravitational Allochthons
Compressional stresses induced in the gravitationally 

driven block would be expected to be restricted to a zone 
along and near the sole fault and along those other special 
structural horizons within the block where planar disconti
nuities allow the dissipation of gravitational energy. Phys
ical evidence for this energy release lies in the presence of 
gouge and recrystallization of rocks near the faults. Com
pressional effects will be amplified at the toe of the 
block where resistance due to frontal buttressing is great
est (Kehle, 1970). Samples from this area subjected to 
dynamic analysis might be expected to yield ambiguous results 
due to non-parallel resistive influences. Sampling of an 
allochthonous block should, consequently, be carried out 
with care.



•61

The intrusion of igneous bodies can be expected to 
impose stresses of significant magnitude upon wall rocks. 
These stresses, in general, will be imparted in a radial 
manner, the character of individual plutons creating 
numerous variations in the overall pattern and magnitude of 
effects. The radial pattern, at least when considered in 
plan, will be roughly similar to the stress directions 
deduced from samples of rocks at the bases of several 
related gravitational allochthons which have moved radially 
off a hypothetical domal uplift.

Sylvester (1969) investigated the rocks near a small 
pluton through the application of dynamic analysis of cal- 
cite, dolomite, and quartz grains. His conclusions imply 
that the strains in the wall rocks were caused by a stress 
system independent of the stresses reasonably attributed to 
the intrusion of the pluton. His samples, however, came 
from the recrystallized halo around the pluton where the 
record of early intrusive stresses has probably been par
tially obscured by metamorphism. He related the observed 
microscopic as well as the macroscopic strain to a regional 
stress system.

In the present study, allochthon samples yielding 
diffuse axis diagrams are used as evidence to support the 
inference that compressional stress effects are absent or

Stress Effects' of Igneous Intrusion
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insignificant. In other rocks displaying significant 
concentrations of C-axes, the sample is interpreted to have 
undergone compression. The compression, if oriented approxi 
mately normal to a nearby contact with the pluton, is inter
preted as a possible result of compressional stresses 
generated by intrusion.

Fundamentals of the Interpretation of 
Calcite Petrofabric Data

Turner and Weiss (1963), using idealized examples, 
listed several criteria useful in the interpretation of 
inferred stress axis diagrams:

1. If both the fabric and the C-T diagrams (C-T 
hereafter will mean compression-tension axes) 
exhibit axial symmetry, then the symmetry of the 
stress system is also axial;

2. If the subfabric of the sample shows random 
orientation and the C-T plots show axial 
symmetry, then the stress system must also 
be axial;

3. If the fabric shows random orientation and the 
C-T diagrams display orthorhombic symmetry, 
then the stress system must have orthorhombic 
symmetry; and

4. If the C-T plots display orthorhombic or mon
clinic symmetry, then a symmetry plane common
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to the C-T pattern and the geometry of the sample 
fabric must contain two of the principal stress 
axes.

Criteria 1 and 2 represent the most desirable re
lationships from which to make the easiest and most reliable 
interpretations. Unfortunately, few of the C-T plots of the 
present study exhibit sufficient regularity to assign them, 
without extended consideration, to a specific symmetry class. 
Stereograms which do not appear to be generally random are 
assigned to an appropriate symmetry class by disregarding the 
"noise" created by the diffuse concentrations of axes and 
considering only the high density concentrations.

Stereograms of C, T, total calcite subfabric and 
twinned subfabric of the samples are discussed in the next 
section. Samples are considered in groups determined by 
their locations (See Figure 15 for sample sites). Each 
sample group represents an allochthon or related rock body. 
Contour intervals for all stereograms are 2, 5, and 8 per
cent total data per one percent area. N in the case of 
total calcite subfabric plots, represents the total number 
of calcite crystals measured in the sample. N, in the case 
of the twinned subfabric, represents the total number of 
crystals measured with (0112) twins. In all examples, the 
data are plotted in the horizontal plane with geographic 
north toward the top of the diagram. The single great
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circle plotted on the T diagram of each sample represents 
bedding or remnant bedding.

Sample Locations
Three thin-sections were cut from each of the 36 

samples collected in the study. Several of the samples were 
too fine grained to produce meaningful data. Samples P-12,
13, and 17 were too badly fractured and strained by local 
stress systems to use in the derivation of data. As a con
sequence, petrofabric data from 25 samples were used in the 
study.

Samples designated Group A were collected from a 
limestone mass outside the area of the present study.
This mass was specifically chosen to be isolated from the 
local structural events which occurred in the Empire Moun
tains. This group of samples serves as control for the 
interpretation of the remainder of the samples. Finnell 
(1971) shows this mass bounded by high-angle faults, an 
interpretation with which the present writer agrees. The 
limestone mass is located in sections 1 and 2 of T 18 S,
R 17 E (Figure 15).

Samples of Group B were collected from a prominent 
limestone hill in the northeast corner of section 25, T 17 S, 
R 16 E between segments of the new and old Patagonia high
ways (Arizona State Highway 83, Figure 15). Geologic mapping 
indicates the hill is a small structural salient bounded on



three sides by a low-angle fault. Figures 16a and 16b 
show the sample locations for this group in detail.

Group C samples represent a third limestone mass 
centered a few hundred yards southwest of the main Andrada 
ranch house near the center of section 19, T 17 S, R 17 E. 
Sample locations are shown in detail in Figures 17a and 
17b.

As will be discussed below, a number of samples, 
"taken at various places, are not referable to any group.
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Figure 17. Location map for Group C samples



PETROFABRIC ANALYSIS OF SAMPLES

Analysis of Group A Samples

Sample P-7
Sample P-7 (Figure 18) was taken from a limestone 

exposure considered to be either Concha or Rainvalley.
Glance Conglomerate in depositional contact with the under
lying limestone is exposed about 50 meters down the hill to 
the south from the sample site. Gardner Canyon rocks are 
absent.

The calcite subfabric of the sample shows a high 
degree of preferred orientation and seems to have no sym
metry in common with the C or T diagrams. This sample is of 
marginal value by itself but when considered in conjunction 
with the remainder of the samples in Group A it is useful in 
adding credibility to their interpretation. The compres- 
sional stress system inferred from the analysis of the 
twinned calcite subfabric is oriented northeast-southwest.^ 1

1. Here and in the following discussion, a double 
direction notation, for example northeast-southwest, is not 
meant to imply a stress acting from the northeast to the 
southwest. It indicates a bi-directional orientation. 
Directions of actual tectonic translation must be deduced 
after consideration of field relationships as well as the 
petrofabric data.
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Figure 18. Sample P-7, stereograms of C and T axes 
and calcite subfabric orientation (contour intervals speci
fied in text)

a.
b.
c.
d.

T-axis diagram (N = 42) 
C-axis diagram (N = 42) 
Twinned subfabric (N = 42) 
Total subfabric (N = 82)
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Sample P-8
This sample, taken from a site on the opposite side

of the limestone hill from P-7, exhibits weak orthorhombic
%calcite subfabric symmetry (Figure 19) with the planes of 

symmetry lying in the north-northeast-south-southwest and 
west-northwest-east-southeast vertical planes and in the 
horizontal plane. Examination of the C-axis (Figure 19b) 
plot reveals a strong northeast-southwest orientation of the 
axes. In accordance with criterion 4 above, the overall 
deduced stress axis is interpreted to lie in the northeast- 
southwest direction.

Sample P-9
The calcite subfabric of this sample (Figures 20c and 

20d) does not exhibit preferential orientation but is widely 
dispersed about the stereogram. This diffuse nature of the 
subfabric allows relegation to the random category. The C-T 
maxima (Figures 20a and 20b) are aligned in the northeast- 
southwest and northwest-southeast directions, respectively, 
and are substantially parallel to the C-T maxima of samples 
P-7 and P-8.

Sample P-10
Both the total and twinned calcite subfabrics 

(Figures 21c and 2Id) display randomly dispersed weak maxima 
allowing, as in sample P-9, the subfabric to be assigned to 
the random class. The C-axes (Figure 21b) fall into
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Figure 19. Sample P-8, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 56)
b. C-axis diagram (N = 56)
c. Twinned subfabric (N = 56)
d. Total subfabric (N = 132)



Figure 20. Sample P-9, stereograms of C and T 
axes and calcite subfabric orientation

a. T-axis diagram (N = 67)
b. C-axis diagram (N = 67)
c. Twinned subfabric ( N = 67)
d. Total subfabric (N = 134)
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b d
Figure 21. Sample P-10, stereograms of C and T axes and calcite subfabric orientation

a. T-axis diagram (N * 85)
b. C-axis diagram (N = 85)
c. Twinned subfabric (N = 85)
d. Total subfabric (N = 171)



a broad band with a few small strong maxima plunging steeply 
to the west and southwest. The band strikes in a northeast- 
southwest direction. The overall deduced C-axis lies there
fore in the northeast-southwest direction.

Sample P-11
Examination of the subfabric plots (Figures 22c and 

22d) does not reveal any striking preferred geometry, again 
allowing assignment of the subfabric to the random class. The 
C-T diagrams are aligned in the northeast-southwest direction 
in broad agreement with the preceding samples.

Summary of Analyses of Group A Samples
If the assumption of relative isolation from local 

structural events of the sample domain represented by group A 
is valid, then the consistent northeast-southwest trend of 
the deduced compressional axes may reflect a stress system 
with regional influence. Since the samples were collected 
from rocks in relatively widely separated geographic and 
structural positions, the essential agreement of the deduced 
stress axes of all of the samples from the sample domain is 
strong evidence in support of the validity of the interpreted 
stress system. Comparison of the orientations of the deduced 
stress systems of domain A with samples from other places 
relatively isolated from "Empire Mountains events" acts as a
test of the reality of the interpreted northeast-southwest 
regional system.
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Figure 22. Sample P-11, stereograms of C and T 
axes and calcite subfabric orientation

a. T-axis diagram (N = 63)
b. C-axis diagram (N = 63)
c. Twinned subfabric (N = 63)
d. Total subfabric (N = 164)
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Analysis of Group B Samples
Samples in this group represent what is interpreted, 

from field mapping, to be the westernmost portion of the 
allochthon involving rocks from at least the Concha, Rain- 
valley , Gardner Canyon, and Glance Formations. (See sample 
location maps, Figures 15 and 16.) The rocks of the Permian 
units are only slightly deformed, except near several tear 
faults cutting them (Figure 1). The Glance in several out
crops in the allochthon is pervasively sheared.

Sample P-1
The sample was collected from a point near the top of 

the Concha Limestone or the lower part of the Rainvalley. A 
few meters higher, stratigraphically and topographically at 
the top of the hill, the thin, distinctive sandstone beds 
characteristic of the Rainvalley crop out.

The total calcite subfabric (Figure 23d) shows a 
very weak series of maxima at low angles to bedding. These 
maxima are much stronger in the plot of the twinned calcite 
subfabric (Figure 23c) which in turn is reflected in the weak 
northwest-southeast trend of the T-axis maxima as well as 
the overall weak northeast-southwest trend of the C-axis 
plot (Figures 23a and 23b). Because the total calcite 
subfabric is not characterized by single areas of optic 
axis concentration, but rather by a random arrangement of 
the weak maxima, it is probable that the twinning of the



Figure 23. Sample P-1, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 89)
b. C-axis diagram (N = 89)
c. Twinned subfabric (N = 89)
d. Total subfabric (N = 179)
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subfabric reflects compression in the northeast-southwest 
direction, commonly seen in previous samples discussed. The 
orientation of the stresses with respect to the east-dipping 
sole fault of the allochthon is uncertain as the maxima fall 
into a great circle similar to those of the samples studied 
by McIntyre and Turner.(1953).

Sample P-24
The sample was collected from a recrystallized zone 

in the limestone allochthon near the contact between the 
Rainvalley and Gardner Canyon Formations. The recrystalliza
tion is probably a reflection of movement along a low-angle 
fault parallel to the contact between the two formations.
The recrystallization accounts for the departure in charac
ter of the calcite subfabric (Figures 24c and 24d) from that 
of the other samples from the allochthon. The single largest 
and strongest maximum of [0001] axes of the total subfabric 
diagram plunges to the southeast at about 45° when bedding 
is rotated to the horizontal. If the fabric of the rock is 
a product of syntectonic recrystallization in a fault zone, 
the inference can be made that the calcite subfabric is 
oriented subparallel to the compressive stresses causing 
the low-angle faulting and thus the movement along the 
fault (Bain, 1938; Turner et al., 1956). Thus, in the 
sample, on the basis of the analysis of the geometry of the 
calcite subfabric only, the movement along the small fault
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a c

Figure 24. Sample P-24, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 66)
b. C-axis diagram (N = 66)
c. Twinned subfabric (N = 66)

\

d. Total subfabric (N = 125)
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is interpreted to be approximately parallel to the southeast- 
northwest direction. The subfabric of the sample displays 
triclinic symmetry, invalidating the application of any of 
the four criteria of interpretation set forth above. The 
great circle pattern of C-axes (Figure 24b) reflects only 
the preferentially oriented calcite subfabric, not the 
orientation of the true stress system.

Sample P-26
The calcite subfabric (Figures 25c and 25d) shows 

a weak preferential orientation and permits assignment as 
a first approximation of the diagrams to the monoclinic 
symmetry class. A plane of symmetry common to all plots of 
data from the sample lies in the west-northwest direction.
The basis for assigning this as a symmetry plane exists in 
the elongate nature of the C-axis diagram in the north-north
east direction and the subtle separation of the T-axis 
concentrations along a line trending west-northwest. The 
displacement of the T-axis concentrations relative to the 
twinned calcite subfabric maxima toward the west-northwest 
symmetry plane indicates the orientation of the actual axis 
of least compressive stress. The great circle along which 
the C-axes lie strikes in the north-northeast direction and 
is roughly parallel to the hypothesized regional northeast- 
southwest stress system.
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Figure 25. Sample P-26, stereograms of C and 1 
and calcite subfabric orientation

a. T-axis diagram (N = 42)
b. C-axis diagram (N = 42)
c. Twinned subfabric (N = 42)
d. Total subfabric (N = 83)

d
axes
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The sample site of P-28 is approximately half-way 
through the exposed thickness of the limestone block represen
ted by samples of group B (Figure 16). The total subfabric 
geometry (Figure 26d) exhibits little preferred orientation 
with the exception of a few maxima extending as a diffuse 
band from south-southeast to north-northwest. A single 
maximum greater than eight percent is present about normal 
.to bedding. The twinned subfabric mirrors this relationship 
in enhanced form. T-axes display a few irrationally related 
concentrations with only one group of axes greater than 
eight percent lying at an intermediate angle to bedding.
C-axis concentrations of five percent or more may be broadly 
described as lying in a diffuse belt trending northeast- 
southwest. This trend is in general agreement with those of 
other samples of Group B.

Sample P-29
This sample was collected from a point approximately 

50 feet below the highest point on the limestone hill 
and approximately 75 yards southwest and slightly below 
sample site of P-1. The usual irrationally related weak maxi
ma exist in the total calcite subfabric with only one maximum 
greater than eight percent present (Figure 27). The same 
strong maximum and few weaker concentrations of axes are 
apparent lying close to the plane of bedding in the twinned

Sample P-28
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b d
Figure 26. Sample P-28, stereograms of C and T axes 

and calcite subfabric orientation
a. T-axis diagram (N = 73)
b. C-axis diagram (N = 73)
c. Twinned subfabric (N = 73)
d. . Total subfabric (N = 155)
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Figure 27. Sample P-29, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 41)
b. C-axis diagram (N = 41)
c. Twinned subfabric (N = 41)
d. Total subfabric (N = 78)
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subfabric plot. Because of the overall dispersion of the 
axes about the diagram, the overall pattern reflects more 
randomness than meaningful symmetry. Both the T-axis 
and C-axis diagrams exhibit relatively strong preferred 
orientation. The T-axis concentrations fall into a band 
trending northwest-southeast and the C-axis concentrations 
align themselves in the northeast-southwest directions.. In 
accordance with criterion 3 above, the stress system in
ferred reflects compression in the northeast-southwest 
direction.

Summary of Analyses of Group B Samples 
In all samples except P-24 of group B, there is 

evidence of the effects of a stress system directed in the 
northeast-southwest direction. This stress system acted 
throughout the vertical thickness of the allochthon. The 
recrystallized limestone represented by sample P-24, the 
exception, does not produce evidence for the northeast- 
southwest stress system and may reflect local stresses 
produced by bedding plane faulting within the allochthon.
The interpretation of the total subfabric geometry of P-24 
suggests a southeast-northwest movement along the bedding 
plane fault. Because the bedding plane faults probably 
originated at the time of movement of the entire allochthon, 
movement on the bedding plane fault*can justifiably be 
inferred to have paralleled the movement of the allochthon
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as a whole. Because its effects have been erased by bedding 
plane faulting during southeast-northwest movement, the 
northeast-southwest stress system may be inferred to have 
acted prior to the emplacement of the allochthon.

Analysis of Group C Samples
Samples of this group represent an allochthonous 

limestone mass bounded on three sides by exposures of Pre- 
cambrian Pinal Schist and on the fourth by alluvium. The 
rocks of the allochthon resemble Concha Limestone in their 
massiveness. The sole fault beneath the allochthon is 
estimated to dip 25° west. The allochthon is located near 
the center of section 19, T 17 S, R 17 E (Figure 15).

Sample P-5
The sample was collected from a site approximately 

75 meters west of the east edge of the allochthon (Figure 
17). The base of the allochthon is estimated to lie about 
25 meters below the sample location. The total calcite 
subfabric (Figure 28) shows little preferred orientation 
except for a very subdued, steeply dipping, north-south 
band of maxima. This weak band is strongly enhanced in the 
twinned subfabric plot. The deduced compressive axes ex
hibit one strong maximum plunging to the southwest and 
several subordinate maxima plunging.generally to the north
west. The southwest plunging maximum may be a manifestation



Figure 28. Sample P-5, stereograms of C and T 
and calcite subfabric orientation

a. T-axis diagram (N = 79)
b. C-axis diagram (N = 79)
c. Twinned subfabric (N = 79)

Total subfabric (N = 156)d.



of the regional northeast-southwest stress system in some
what more priminent form than in the previously discussed 
samples.

Sample P-6
The sample site is at the extreme eastern edge of 

the allochthon in a basal recrystallized zone (Figure 17). 
Within a meter of the sample site, the Pinal Schist, upon 
which the allochthon rests, is exposed. The total calcite 
subfabric plot (Figure 29) exhibits an approximately random 
symmetry although a weak northwest trending band is present 
and is emphasized in the twinned subfabric diagram. The 
strongest C-axis maximum plunges to the west with several 
other smaller eight percent maxima plunging in directions 
ranging from northwest to southwest.

As in the example of sample P-24, discussed pre
viously, recrystallization probably acts to obscure or 
erase older stress records making the effects of the 
hypothesized northeast-southwest regional system difficult 
or impossible to observe. The similarity in inclination of 
the sole fault and the C-axis maxima probably reflects 
lower resistance to shear of auspiciously dipping bedding 
planes prior to movement. The angular relationship does 
not preclude consideration of either gravigenic or external 
compressive forces in explaining the movement of the alloch
thon. The west-plunging maxima of the C-axis diagram

89
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C

Figure 29. Sample P-6, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 66)
b. C-axis diagram (N = 66)
c. Twinned subfabric (N = 66)
d. Total subfabric (N = 153)
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strongly support the contention that the allochthon has 
moved in a westerly direction, especially when considered 
in conjunction with the few east-plunging slickensides 
(mentioned elsewhere) observed near the inferred leading 
edge of the block.

Sample P-19
The sample was selected near the center of the 

south half of the allochthon (Figure 17). The total sub
fabric of the sample is generally of random orientation 
with the twinned subfabric displaying only slightly strong
er maxima (Figure 30). No strong concentrations of maxima 
are represented in either the C or T diagram.

Sample P-20
The sample was collected near the center of the 

block (Figure 17). The subfabric plots of this sample are 
similar to those of sample P-19 with no strong concentrations 
of maxima observable (Figure 31). The distribution of the 
optic axes is best characterized as being random. The 
C-axis diagram shows one small maximum whose concentration 
exceeds eight percent. The maximum lies along the north
east-southwest trend (after rotation of bedding to horizon
tal) and may be attributable to the suggested regional 
system in that direction.
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b d
Figure 30. Sample P-19, stereograms of C and T axes and calcite subfabric orientation

a. T-axis diagram (N = 84)
b. C-axis diagram (N = 84)
c. Twinned subfabric (N = 84)
d. Total subfabric (N = 158)
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b d
Figure 31. Sample P-20, stereograms of C and T axes 

and calcite subfabric orientation
a. T-axis diagram (N = 82)
b. C-axis diagram (N = 82)
c. Twinned subfabric (N = 82)

Total subfabric (N = 150)d.



Sample P-21
94

This sample was taken from a point as close as 
reasonably possible to the western terminus of the alloch- 
thon without running the risk of encountering a portion of 
the allochthon where toe-end buttressing effects might 
generate anomalous stresses (Figure 17). The total sub
fabric diagram of the sample reveals the calcite subfabric 
to be non-random (Figure 32). The preferred orientation is 
strengthened in the twinned subfabric diagram. This aniso
tropic fabric is not reflected as strong concentrations of 
stress axes in the C- and T-axis diagrams. The C-axis plot 
exhibits only a few five percent concentrations, one of 
which plunges to the northeast.

Summary of Analyses of Group C Samples 
In most of the samples in group C, regardless of 

their stratigraphic position with respect to the sole 
fault, a northeast-southwest compressional influence can 
be inferred. Sample P-6, a notable exception, representing 
the recrystallized rock immediately above the sole fault, 
is interpreted to reflect local stresses generated in the 
basal fault zone during westerly movement. Because of the 
recrystallized nature of the rocks, evidence of the north
east-southwest stress system is not observed in P-6, nor is 
it expected. In none of the other samples representing 
portions of the allochthon significantly above the sole
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Figure 32. Sample P-21, stereograms of C and T axes and calcite subfabric orientation
a. T-axis diagram (N = 77)
b. C-axis diagram (N = 77)
c. Twinned subfabric (N = 77)
d. Total subfabric (N = 141)



fault is there evidence for compressional stresses acting in 
other than the northeast-southwest direction. Because 
movement direction indicators and the analysis of sample 
P-6 suggest east-west movement, the northeast-southwest 
direction is interpreted to be unimportant within the local 
kinematic framework. Petrofabric data not not appear to 
reflect the effects on the allochthon in its entirety of 
other compressional systems. As a consequence, movement 
of the allochthon, represented by sample group C, is in
ferred to have resulted primarily from gravigenic forces.
A possible genetic relationship exists between this alloch
thon and two others located immediately to the east and up- 
slope. (See discussion of sample P-18 below.)

Analysis of Individual Samples
Samples from relatively small rock masses, inter

preted to have responded to deformation as separate struc
tural bodies, are interpreted below. Sample locations are 
shown on Figure 15.

Sample P-14
The location of this sample in proximity to an apo

physis of the main body of the Sycamore stock would seem to 
favor recrystallization of the limestone; however, the lime
stone does not show metamorphic effects. Samples P-12 and 
P-13, taken in the same general structural setting, as

96
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expected, were highly strained and somewhat recrystallized. 
Because of that, no data were derived from P-12 or P-13.
The trend of the contact between the limestone wall rock 
and the igneous rock near the sample sites is approxi
mately northwest.

The total calcite subfabric shows a strong maximum 
plunging toward the northeast and a second cluster of maxi
ma plunging toward the west (Figure 33). The two groups of 
maxima are strengthened in the plot of twinned subfabric 
and are reflected in the T-axis maxima which plunge toward 
the northeast and a band of maxima whose trends range from 
northwest to southwest. Because of the anisotropy of the 
subfabric, deduced stress directions must be considered 
suspect. The C-axis diagram shows two groups of maxima, 
one group ranging in trend from southeast and east and a 
second, a band, ranging in trend from west to southwest.

Sample P-15
The sample was collected from a limestone mass known 

as Pantano Hill which is located immediately east of the old 
Murphy Ranch (now called the Flying-R Ranch). The total 
calcite subfabric is assigned a random orientation (Figure 
34). The usual strengthening of the maxima of the total 
subfabric is observed in the twinned subfabric diagram.
Even the twinned subfabric diagram, however, shows little 
preferred orientation. The overall character of the
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Figure 33. Sample P-14, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 54)
b. C-axis diagram (N = 54)
c. Twinned subfabric (N = 54)
d. Total subfabric (N = 97)
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Figure 34. Sample P-15, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 134)
b. C-axis diagram (N = 134)
c. Twinned subfabric (N = 134)
d. Total subfabric (N = 237)
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C-axis diagram reflects a northeast-*southwest preferred 
orientation. The single eight percent maximum plunges also 
to the northeast, parallel to the regional direction ob
served in previous samples.

Sample P-16
The sample site for P-16 is in a mass of limestone 

closely associated with the lobate, fractured mass of 
Scherrer Quartzite in the northeast quarter of section 20 
(Figure 1). The total calcite subfabric of the sample 
(Figure 35) is generally of a random character with the 
twinned subfabric displaying two small, strong maxima, one 
plunging to the north-northwest and the other to the south
east (after bedding rotated to horizontal).

The C-axis diagram shows no strong maxima and a 
weak clustering of five percent maxima trending generally 
to the east. When bedding is rotated to the horizontal, 
the trend of this cluster changes to northeast. However, 
the somewhat anisotropic nature of the sample's fabric 
casts doubt on the reliability of any interpretation of the 
C-axis diagram. Additionally, the sample was collected to 
act as a check on the interpretation of the lobate mass as 
a product of mass-wasting. The only reasonably inferred 
direction of travel of this mass is downslope, to the north. 
Any compressional stresses generated in the movement of the 
mass must have acted in a generally north-south direction.



Figure 35. Sample P-16, stereograms of C and T 
and calcite subfabric orientation

a. T-axis diagram (N = 85)
b. C-axis diagram (N = 85)
c. Twinned subfabric (N =85)
d. Total subfabric (N = 210)
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No indication of north-south directed stresses can be 
realized from analysis of the stress diagram.

Sample P-18
The sample was collected from a site near the cen

ter of the southwest quarter of section 20, directly east 
and approximately 350 feet higher than the general area of 
samples of group C (Figure 1). The site was located in a 
large, highly fractured limestone block and within ten feet 
of the underlying volcanic rocks of the Gardner Canyon 
Formation. Rocks in the vicinity of the sample exhibited a 
bleached character interpreted to reflect recystallization. 
The total calcite subfabric is assigned to the random 
class (Figure 36). The C-axis diagram reflects local stress 
application in the east-west direction.

The location of the sample close to the sole fault 
precludes any interpretation concerning the vertical distri
bution of stresses present at the time of overall movement 
of the allochthon. The small drag-fold discussed previously 
(see section under macroscopic analysis) is located approxi
mately 200 feet south of the sample site. The orientation 
of the axis of the fold parallel to the north-south direction 
is generally compatible with the east-west directed stress 
system inferred from the C-axis diagram.

Because of the proximity and uphill position of this 
allochthon with respect to the limestone block represented
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b d
Figure 36. Sample P-18, stereograms of C and T axes and calcite subfabric orientation

a. T-axis diagram (N = 89) ’
b. C-axis diagram (N =89)
c. Twinned subfabric (N = 89)
d. Total subfabric (N = 242)



by sample group C , a genetic relationship between them is 
suggested. The absence of the northeast-southwest system 
is attributed to erasure during recrystallization.

Sample P-23
Another apophysis of the main intrusive body occurs 

several hundred feet east of the collection site of sample 
P-23; an occurrence which may explain the recrystallized 
state of the sampled rock. The rock body from which the 
sample was collected was mapped by the present writer as 
Escabrosa which, according to Bryant (1968), recrystallizes 
under relatively low temperature/pressure conditions.

The total calcite subfabric (Figure 37) shows two 
dominant maxima, one plunging gently toward the southeast 
and the other trending slightly north of west. Both lie at 
low angles to the relict bedding. The fabric of marble with 
a strong anisotropic character such as that of P-23, in some 
cases, can be related to the stress system inferred to exist 
at the time of recrystallization. Turner and Weiss (1963) 
give examples of [0001] maxima broadly coincident with the 
maximum compressive stress direction active during recrystal 
lization of marble specimens. In their examples, they state 
that the subfabric must display a single strong maximum 
normal to foliation. The individual crystals, ideally, 
should show mutual parallelism of the slightly elongate 
dimension. In the case of sample P-23, foliation is not
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Figure 37. Sample P-23, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 83)
b. C-axis diagram (N = 83)
c. Twinned subfabric (N = 83)

Total subfabric (N = 1 8 7 )d.
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present. Considering only the subfabric orientation then, 
the stresses present during recrystallization can be in
ferred, in a manner analogous to that used by Turner and 
Weiss above, to have acted in a direction somewhere between 
northwest-southeast and east-west. The trace of the large 
strike-slip fault (fault D in Figure 2), a few hundred feet 
to the south, trends northwest-southeast, a favorable orien
tation when compared with the orientation of the stresses 
derived from petrofabric data.

Sample P-31
The sample was collected near a south-dipping fault 

with unknown relative displacement in the southwest quarter 
of section 30 (Figure 1). Because of the massive nature of 
the rock and the abundance of fractures, bedding was not 
discernible. The total calcite subfabric plot is charac
terized by several irrationally related maxima. The twinned 
subfabric plot (Figure 38) displays the same general nature 
with strong enhancement of maxima in the southern half of 
the diagram. The subfabric is not of a random character.
The resulting interpreted stress axis diagrams are of mar
ginal value because no symmetry planes common to both dia
grams can be found.
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Figure 38. Sample P-31, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 51)
b. C-axis diagram (N = 51)
c. Twinned subfabric (N = 51)

Total subfabric (N = 112)d.
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Sample P-33

Sample P-33 represents Paleozoic rocks very near the 
contact with the main Sycamore stock. In the area of the 
sample site, the contact trends east-west but immediately to 
the east and west the contact swings sharply to the north- 
south direction (Figure 1). The total calcite subfabric 
(Figure 39) exhibits a random character thus allowing di
rect analysis of the C-axis diagram without concern for 
errors introduced by fabric anisotropies. The single C-axis 
maximum plunges to the northwest. This direction may 
reflect movement of the allochthon along the low-angle 
fault (Figure 1), but without further corroborating evidence 
either in the form of petrofabric or field data, this must 
be considered extremely speculative.

Sample P-34
The sample was removed from rocks which, on the 

basis of field relationships, were not closely involved in 
the structural events affecting Permian rocks closer to the 
Sycamore stock to the north (Figure 1). The sample site is 
about two miles south of the southernmost exposure of the 
stock. Glance Conglomerate is exposed in areas between the 
sample site and the hogbacks of Permian rocks to the north 
adjacent to the stock in section 9. The exposures of 
Permian rock from which the sample was taken are the result
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Figure 39. Sample P-33, stereograms of C and T axes and calcite subfabric orientation
a. T-axis diagram (N = 80)
b. C-axis diagram (N = 80)
c. Twinned subfabric (N = 80)
d. Total subfabric (N = 156)
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of high-angle faulting similar to that causing the exposures 
to the northeast from which sample group A were collected.

The total calcite subfabric (Figure 40) is generally 
of random nature with a few minor exceptions. Several five 
percent maxima occur in a very weak band trending northwest. 
The twinned subfabric diagram reflects the strong enhance
ment of only one of the five percent maxima which plunges 
toward the northwest. Because of the diffuse character of 
the total subfabric, the C-axis diagrams can be directly 
interpreted.

A single eight percent maximum plunging to the 
southwest reflects the regional stress system observed in 
previous sample data.

Sample P-35
The sample site for P-35 is closer to the Sycamore 

stock than P-34 by about one and one-half miles (Figure 1). 
Although the sample is significantly closer to the intrusion, 
the rocks do not display metamorphic effects. The rocks 
sampled were interpreted to lie within the Concha Limestone. 
The sedimentary rocks in the area of the sample site lay in 
a series of hogbacks produced when the intrusion of the 
Sycamore stock upturned them.

The total calcite subfabric geometry (Figure 41) is 
anisotropic. As a consequence, there is a strong possibility 
of fabric-induced bias in the stress diagrams. No symmetry
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Figure 40. Sample P-34, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N = 63)
b. C-axis diagram (N = 63)
c. Twinned subfabric (N = 63)
d. Total subfabric (N = 148)
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Figure 41. Sample P-35, stereograms of C and T axes 
and calcite subfabric orientation

a. T-axis diagram (N =60)
b. C-axis diagram (N = 60)
c. Twinned subfabric (N = 60)

Total subfabric (N = 115)d.
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plane common to fabric and stress diagrams can be discerned, 
thus precluding the extraction of useful stress data from 
them.

Sample P-36
The northeast-striking contact between the Sycamore 

stock and the sedimentary rocks is exposed approximately 20 
feet north of the sample site. The plane of the contact 
dips sharply to the southeast. The rocks from which the 
sample was collected are recrystallized, reflecting their 
proximity to the pluton. The resulting calcite subfabric 
displays strong preferred orientation. Both the total and 
the twinned calcite subfabric diagrams (Figure 42) are 
characterized by maxima plunging to the northwest, approxi
mately normal to bedding. Using reasoning analogous to 
that introduced in the discussion of sample P-23, the maxi
mum compressive stress may be interpreted to be reflected 
by the northwest plunging subfabric maxima. Thus, the sub
fabric geometry is interpreted to be a product of syntec- 
tonic recrystallization of the Permian limestone wallrock 
near a forcefully intruded pluton.
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Figure 42. Sample P-36, stereograms of C and T axes 
and calcite subfabric orientation

42a. T-axis diagram (N = 89)
42b. C-axis diagram (N = 89)
42c. Twinned subfabric (N = 89)

Total subfabric (N = 191)42d.



CONCLUSIONS - OVERALL

The data evolved in the present study support the 
contention that tectonism in the Empire Mountains took place 
in three broad episodes: 1) mid-Mesozoic uplift, 2) Late
Cretaceous-Early Tertiary plutonism, and 3) mid-Tertiary 
block faulting. The mid-Mesozoic episode is evidenced 
mainly in the absence of the normal Paleozoic and Mesozoic 
stratigraphic section north of the major east-west trending 
reverse fault within the northern portion of the study area. 
Gravity data require large, vertical displacements of the 
basement north of this fault. The low-angle faults mapped 
there are interpreted to be late surface responses to the 
high-angle faulting. Much of the absent section accumulated 
to the south of the fault in great thicknesses of erosional 
detritus presently assigned to the Glance Conglomerate. This 
accumulation is distinguished by megaclasts, sometimes tens 
of ifeet in lateral extent, whose true nature is revealed only 
after recognition that they are embedded in normal Glance 
Conglomerate. Laramide effects in the study area have 
undoubtedly masked many older structural features as in turn 
they have been obscured by subsequent events. Presently, 
the most obvious manifestation of the Laramide in the study 
area is the Sycamore stock (70 m.y*). The intrusion of the
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stock caused large vertical uplift-here interpreted to be 
primarily responsible for the movement of all the alloch- 
thons in the study area. The subsequent mid-Tertiary block 
faulting appears to have been responsible for genesis of ■ 
the topographic gradients over which the limestone slump 
masses on Pantano Hill and the sandstone slide (NE1/4) 
section 20) moved.

The forces causing translation of the large alloch- 
thons, the primary concern of the present study, appear, on 
the basis of petrofabric and field data, to have been 
dominantly gravitational. Evidence for this conclusion 
lies in the absence of data reflecting the exposure of the 
allochthons to compression in other than a regional 
northeast-southwest direction or along a few select struc
tural horizons near their bases. Importantly, most of 
the allochthons are composed of rock near the top of a 
relatively thick Paleozoic section; mainly the Concha with 
minor Rainvalley and Scherrer Formations. During uplift 
caused by the intrusion of the Sycamore stock, these upper
most portions of the stratigraphic sequence would be raised 
to the greatest elevations and would, therefore, because of 
their greater potential energy, be most likely to undergo 
significant gravigenic movement.

Petrofabric data from samples collected near the 
sole faults indicate that the blocks near the Andrada Ranch
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(sections 19 and 20) moved .generally in a westerly direction, 
one overriding the Pinal Schist. This direction is supported 
by a single dragfold, striae on toe-end faults as well as by 
the presence, along the base of the west edge of the block 
(middle section 19), of the small wedges of highly deformed 
siltstone. The similarity in character of the stress dia
grams from the two allochthons (samples P-6 and P-18) also 
strengthen the inference. The large allochthon near the 
Sonoita highway (section 25) also moved to the west, over
riding for a short distance, Upper Cretaceous sandstone.
This inference is based mainly on the orientation of striae 
and the overall geometry of the limestone mass.

Sample 23, representing a mass of recrystallized 
Escabrosa Limestone near an apophysis of the Sycamore stock, 
may reflect compressive stresses acting on those rocks. The 
maximum compressive stresses appear to have acted on the rock 
in the locality of the sample in a direction parallel to that 
which could have caused the nearby, northwest trending high- 
angle fault. Although insufficient data are available to 
strongly support the hypothesis, it is suggested that the 
intrusion of the apophysis caused the strike-slip faulting.

Most of the samples which have not undergone ex
tensive recrystallization because of proximity to the stock, 
or in response to faulting, produced evidence for compres
sion in the northeast-southwest direction. This stress
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orientation is compatible with that necessary to produce 
the large-scale northeast-southwest thrust faulting south 
of Tucson (Drewes, 1973). This direction, however, is not 
reconcilable with the interpreted westerly movement of the 
allochthons in the study area. For this reason, the 
northeast-southwest stress system, which may have major 
regional significance, is inferred to be unrelated directly 
to the movements of the allochthons although an indirect 
involvement is not precluded. Some of the rocks of the 
study area, then, appear to have been subjected to both 
gravitational movement and compressive stress, placing them 
in an intermediate position in the genetic continuum proposed 
above. The evidence for the regional northeast-southwest 
compressional system poses a host of questions. Any attempt 
to pursue solutions to these questions would transcend the 
scope of the study but could provide the basis for future 
investigations.

The structural and stratigraphic relationships 
revealed in this study are complex and perhaps susceptible 
to alternate interpretation. However, results generated in 
the study indicate that the technique of dynamic analysis of 
mineral grains can be successfully applied to the origin of 
a number of problematical geologic structures whose his
tories have heretofore been equivocally interpreted.



APPENDIX A

DESCRIPTION OF ROCK UNITS

Pinal Schist (Precambrian)
The Pinal Schist, in the study area, is composed of 

several lithologic types among which are sericite schist, 
banded slate, and phyllite. The sericite schist appears 
to be most common, and generally occurs as what appears to 
be fault wedges or slices in the Rincon Valley Granodiorite.

Cooper and Silver (1964) report great thicknesses 
of Pinal Schist which they believe represent deposition in 
a geosynclinal environment, dominated by interbedded gray- 
wacke, and siltstone and shale, now represented by meta- 
morphic equivalent metagraywacke and sericite schist. Also 
present in the Pinal in the Dragoon Quadrangle are con
glomerates, tuffs, and rhyolite and basalt flows, all, of 
course, in metamorphic form.

Drewes (1971a) indicated that L. T. Silver dated a 
rhyolite flow within the Pinal at 1.7 b.y.

Rincon Valley Granodiorite (Precambrian)
The age of the Rincon Valley Granodiorite in the 

eastern Rincon Mountains is placed at 1.5 b.y. by Drewes 
(1971b). In the study area, the Rincon Valley Granodiorite
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appears generally as a mesticratic, fine to medium grained 
rock, commonly faintly gneissose. The frequently observed 
wedges of Pinal Schist are useful in recognizing this 
granitoid rock.

Bolsa Quartzite (Middle Cambrian)
The basal Paleozoic rock unit in the Empire Moun

tains, as elsewhere in southestern Arizona, is the Bolsa 
Quartzite. It is characteristically a dense quartz-cemented 
sandstone containing individual quartz grains ranging from 
fine to very coarse sand size. Some units within the forma
tion contain pebble-sized clasts. The gritty nature of the 
rock, plus small-scale cross-stratification, and a weathering 
phenomenon producing a dark, hematitic coating on exposed 
surfaces, serve best in the identification of the Bolsa.

The thickness of the Bolsa in the region is variable 
due to relief on the Precambrian surface. Cooper and Silver 
(1964) report the presence of two erosional surfaces on the 
Precambrian rocks in the Dragoon Quadrangle 25 to 30 miles 
to the northeast of the study area. One surface truncates 
structural features in the Pinal Schist and the other occurs 
at the top of the Apache Group of younger Precambrian age. 
Since the nearest Apache Group rocks are in the Johnny Lyon 
Hills, approximately 25 miles northeast of the Empire 
Mountains, the age of the unconformity separating the

..midWiTr'
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Phanerozoic rocks in the study area is uncertain.1 It may 
represent either the Pre-Apache Group surface, on which no 
deposition took place during Apache Group time, or a more 
complete development of the post-Apache Group unconformity 
on which all previously deposited Apache Group rocks were 
removed.

The relief on the post-Apache Group unconformity in 
the Dragoon Quadrangle, as reported by Cooper and Silver 
(1964), is three hundred feet.

In the area mapped during the present study only 
one questionable outcrop of autochthonous Bolsa was ob
served. This outcrop of shattered quartzite rested upon 
Pinal Schist and Rincon Valley Granodiorite. The overall 
appearance of the outcrop as well as the proper strati
graphic position are used as support for suggesting an 
in-place designation for the rocks.. Finnell (1971) , in 
his mapping of the Empire Mountains Quadrangle, shows other 
in-place outcrops of Bolsa in the southern part of the range.

Abrigo Formation (Middle to Upper Cambrian)
The Abrigo Formation is an impure limestone whose 

most diagnostic feature is the presence at several hori
zons of "edgewise" intraformational conglomerates. These

1. Drewes (1971, oral commun.) believes, on the 
basis of occurrence of diabase dikes in the Rincon Mountains, 
that Apache Group rocks are present there (ten miles from 
the Empire Mountains).



conglomerates appear to be the results of the action on 
slightly indurated sediments of low-energy currents.

The total thickness of the Abrigo in the Dragoon 
Quadrangle ranges from 560 to 910 feet (Cooper and Silver, 
1964). Thicknesses range from 808 to 867 feet in the 
Whetstone Mountains immediately to the east (Creasey, 1967).

In the Empire Mountains, the Abrigo is commonly some 
what metamorphosed, with the result that many typical litho
logic features are obscured. Nevertheless, its overall 
heterogeneous nature can, in most places, be used in its 
recognition. The Horquilla Limestone, of Pennsylvanian 
age, if encountered out of stratigraphic context, exhibits 
features similar to the Abrigo, especially when somewhat 
metamorphosed, and thus may be mistaken for the Abrigo.

Nowhere in the Empire Mountains is the Abrigo ex
posed in anything resembling completeness. Probably, 
faulting along shaly units like those exposed in the 
Whetstone Mountains, immediately to the east, explains the 
reduction in thickness of the Abrigo in the Empires.

Martin Formation (Upper Devonian)
According to Bryant (1968), the distinctive yellow- 

brown weathering of some units within the Martin is one of 
the best criteria for field recognition of the formation.
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In southeastern Arizona, the Martin is dominantly 

limestone and dolomite, containing some fine-grained clastic 
units present at several places near the bottom and top 
(Creasey, 1967; Cooper and Silver, 1964).

The Martin, like many of the other less competent 
formations in the Empire Mountains is present in extremely 
reduced thicknesses resulting from high and low angle 
faulting. The Martin in the Whetstone Mountains ranges in 
thickness from 205 to 320 feet (Creasey, 1967). In the 
Empires, the only Martin recognized with assurance is in 
slivers or megaclasts within the Glance. Elsewhere, rocks 
that resemble Martin were sampled in an attempt to date 
them using conodonts (sample processing and examination was 
conducted by R. Bruns). Possibly because of the shattered 
nature of the rocks, no recognizable conodonts were found.

Escabrosa Limestone (Lower Mississippian)
Limestone is the dominant lithologic type in the 

Escabrosa Limestone. Dolomite is present in the 755 feet 
of Escabrosa described by Cooper and Silver (1964) in the 
Gunnison Hills, but is in subordinate thicknesses. Creasey 
(1967) measured two sections of Escabrosa in the Whetstone 
Mountains; one is 557 feet thick and the other, 627 feet. 
Here too the formation is dominated by thickly bedded 
limestones.



124
Irregularly distributed chert, massive bedding, and 

numerous crinoid fossil fragments usually allow easy recog
nition of the Escabrosa Limestone in the field.

Horquilla Limestone (Pennsylvanian)
The Horquilla is the thickest Paleozoic formation in 

the region, having a thickness of 1231 feet (Creasey, 1967) 
in the Whetstone Mountains and 1595 feet in the Gunnison 
Hills (Cooper and Silver, 1964).

The formation commonly forms a "ribbed" topographic 
surface that reflects the presence of thin shale units 
interstratified between limestone beds. Some of the lime
stone units contain chert nodules.

Fusulinids generally can be used to recognize the 
lower contact of the Horquilla, but in the Empires, probably 
due to low-grade metamorphic effects, only rare fossils were 
observed in the formation. The contact was generally 
chosen at the point where massive limestones of the 
Escabrosa give way to ledges characteristic of the Horquilla.

The upper contact is less confidently located. It 
commonly is approximately placed where shale or phyllite 
becomes obvious.

Earp Formation (Pennsylvanian-Permian)
Cooper and Silver (1964) assign 1126 feet to the 

Earp Formation in the Gunnison Hills. Creasey (1967)
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measured a maximum thickness of 801 feet of Earp in the 
Whetstone Mountains.

As with the Horquilla, fossils are not helpful in 
identifying rocks from this formation, probably due to 
destruction by metamorphism.

Most of the Earp Formation exposed in the areas 
mapped in the present study is light yellow brown phyllite 
interbedded with limestone. The phyllite is of such a 
massive nature that bedding is commonly impossible to dis
tinguish from joints.

The contact of the Earp Formation with the Colina 
Limestone is easily established at the place where the shaly 
beds of the Earp are abruptly succeeded by the massive 
limestone of the Colina.

Colina Limestone (Permian)
The Colina Limestone is well exposed in the Empire 

Mountains below Total Wreck Ridge. Butler (1969) measured 
343 feet of Colina and described it in detail. The formation 
is dominated by limestone and dolomite. A few thin beds of 
marl and shale are present.

In the northern part of the Empires, the Colina is 
present variously in partial and complete thicknesses. On 
the hill above the Andrada Ranch, an extremely abbreviated 
section of Colina is exposed. Below Eagle Bluff (section 33, 
T 17 S, R 17 E), a complete section of the Colina is present.
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Position in the stratigraphic sequence is the best 

criterion for recognizing the Colina Limestone. The shaly 
character of the Earp and the weakly indurated marl and 
gypsiferous siltstone of the Epitaph contrast sharply with 
the limestone of the Colina.

Epitaph Formation (Permian)
Butler (1969) measured 1005 feet of Epitaph in the 

southern part of the Empire Mountains. These sedimentary 
rocks are characterized by impure dolomite and limestone, 
marl, calcareous siltstone, and gypsiferous units.

A section of Epitaph, probably complete, is exposed 
on the north slopes of Eagle Bluff (section 33). Nowhere 
else in the area mapped was Epitaph exposed. The incom
petent nature of the unit is undoubtedly responsible for 
its frequent absence in the study area. During the in
trusion of the Sycamore stock, the lateral movements 
necessary to make room for the intrusion took the form of 
bedding-plane thrusts occurring along weaker horizons 
common in the Epitaph.

Scherrer Formation (Permian)
The Scherrer is easily recognized in the field due 

to its distinctive rock types. It is made up of three mem
bers : an upper and lower sandstone member and a middle 
carbonate member. The sandstone is cross stratified and
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weathers to orange brown and gray brown. Butler (1969) indi
cates 572 feet as the total thickness of the formation in the 
southern Empires. The upper member is 101 feet thick, the 
middle member is about 107 feet thick, and the lower member 
is 360 feet thick. Brecciation, typical of the sandstone 
units in the Scherrer, reflects the brittle response of the 
rocks to stress.

Concha Limestone (Permian)
Most of the hills in the Empire Mountains are capped 

by Concha Limestone. Butler (1969) reports the Concha to 
be 516 feet thick. The massive character of the formation 
makes it resistant to fracture and weathering. Most of the 
previously described exotic blocks are probably Concha.
This seems reasonable as Concha blocks would resist most 
effectively transport attrition and be preserved at the site 
of final deposition.

Rainvalley Formation (Permian)
At the top of the Permian section, the Rainvalley 

reflects perhaps the final regression of the sea in which 
the Permian rocks were deposited (Bryant and McClymonds, 
1961). Although the upper part of the Rainvalley has been 
partially removed by erosion, sandstone near the middle of 
the remaining part may reflect a series of minor regressions 
that were harbingers of the last, great withdrawal. The
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maximum thickness of the Rainvalley exposed in the Empires 
is 149 feet (Butler, 1969). Although the formation is domi
nated by limestone more thinly bedded than the underlying 
Concha, the thin, fine-grained sands serve as the best 
criteria for its field recognition.

Gardner Canyon Formation (Triassic?)
Finnell (1971) assigned a sequence of red shales, 

green to red sandstone, and conglomerates and minor volcanic 
rock in the Empires to the Gardner Canyon Formation, whose 
type section is in the Santa Rita Mountains. The present 
writer agrees with this correlation after examining the 
formation in both of these localities.

Cooper (1971), on the basis of similar lithologic 
types and stratigraphic position, correlated rocks of the 
Rodolfo Formation in the Sierrita Mountains with the 
Gardner Canyon Formation. Drewes (1971a) tentatively 
correlated the Recreation Redbeds of the Tucson Mountains 
with the Gardner Canyon.- Hayes (1970a) believes the lower 
member of the Canelo Hills Volcanics to be correlative 
with the Gardner Canyon.

Finnell (1971) reports an approximate thickness of 
the Gardner Canyon Formation (?) in the Empire Mountains of 
1200 feet. In the Santa Rita Mountains, Drewes (1971a) be
lieves the formation to be at least 1000 feet thick, and 
composed predominantly of red siltstone.
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In the study area, the Gardner Canyon Formation is 

commonly in normal conformable stratigraphic position below 
the Glance Conglomerate and above the Rainvalley. In 
several places, for instance on the slopes above the An- 
drada Ranch house, and also along the bank of Davidson 
Canyon about one quarter mile southeast of the marble 
quarry, the Gardner Canyon Formation might be interpreted 
to rest in angular depositional contact upon older Paleo
zoic rocks such as the Colina and Earp Formation. This 
interpretation is speculative as exposures are poor and 
the relationship could just as easily be interpreted as 
resulting from faulting.

The common relationship between the Gardner Canyon 
Formation and exotic blocks such as along the southwestern 
flank of Pantano Hill and on the hill to the east of 
Andrada Ranch (Figure 1) is compelling evidence for sug
gesting that the Gardner Canyon Formation may have acted as 
a surface over which some of the exotic blocks glided.

Glance Conglomerate (Lower Cretaceous)
The Glance Conglomerate, basal member of the Bisbee 

Group, varies from extreme thickness to extreme thinness, 
in some places possibly even being absent. Finnell (1970) 
states that the thickness of the Glance exceeds 5000 feet 
in the Empires.



The Glance, whose type section is located near 
Bisbee, has been described throughout southeastern Ari
zona. The lithology of the Glance is variable, even over 
very short distances, and grades from coarse conglomerate 
to siltstone over distances of a few tens of feet.

Regionally, the Glance reflects the lithology of 
the local basement during Early Cretaceous time. In the 
Empires, the formation commonly contains clasts of Permian 
limestone with clasts of Bolsa Quartzite and Rincon Valley 
Granodiorite also commonly present in the northern portions 
of the range. Several well rounded clasts of basalt were 
also observed.

Of prime interest in the Glance are the megaclasts 
discussed previously. The entire assemblage of lithologic 
types, reflected in the small clasts as well as the mega
clasts, seem to require a slow steady uplift of the source 
area maintaining a surface of relief with a constant gravi- 
tational/erosional potential. A steady decrease in clast 
size upward in the section would require a steady reduction 
in the relief of the source area. This contrasts with a 
reasonably constant clast size in most of the Glance 
Conglomerate.
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Post-Glance Rocks
Directly above the Glance Conglomerate, the Early 

Cretaceous Willow Canyon Formation occurs. In the study
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area the Willow Canyon Formation is exposed immediately ad
jacent to the areas mapped. It consists generally of a 
yellowish-brown, coarse grained sandstone which locally 
exhibits small-scale cross-stratification. In the Empire 
Mountains, the Willow Canyon Formation is at least 3000 
feet thick (Finnell, 1970).

Although not present in the area mapped in the 
present study, the Apache Canyon, Shellenberger Canyon, 
and Turney Ranch Formations are reported by Finnell (1970) 
to be present in the Empire Mountains. Work has also been 
carried out on these post-Glance rocks of southeastern 
Arizona by Ransoms (1904), Stoyanow (1949), Gilluly (1956), 
Schafroth (1965), Drewes (1968a, 1971a and c), Hayes and 
D r ewes (1968), Hayes (1970b), Cooper (1971), and Simons 
(1972).



APPENDIX B

METHODS

Sampling Procedures
Samples were taken from locations as noted on Figure 

15. Each sample was oriented with two horizontal lines 
drawn on faces as nearly normal to one another as possible. 
A north arrow was drawn on a nearly horizontal face along 
with the sample number. Care was taken to sample rocks 
which were not subject to near surface, recent disturbance.

In the laboratory, three mutually perpendicular 
chips were- cut which were then sent to a commercial labora
tory for the grinding of oriented thin sections. One of 
the chips was cut in the geographic horizontal plane, the 
other two in the vertical, one striking east and the other 
north. The three sections were cut to eliminate the cen
tral "blind spot" of single thin sections which is present 
due to the total reflection of light by the thin section 
when it is inclined at high angles on the Universal Stage 
of the microscope.

Data Processing
Universal stage data derived from the oriented thin 

sections consists of two parts: (1) orientation data for 
the optic axes of calcite crystals, and (2) orientation
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data for the (0112) twin planes. In practice, identifica
tion of the twin planes was not made during the petrographic 
stage of the study, but was done by a computer subroutine 
of the main program that examined the angular distance be
tween the pole to the plane and the optic axis. If the 
angle was between 22° and 32° (the ideal value is 26.25°) , 
the set of values was retained, but if the angle fell out
side this range of values, it was discarded. The range of 
10° is skewed upward because the mean value of a large 
number of these determinations appears to fall somewhat 
above the ideal 26° value (Turner, 1953).

Crystals chosen for measurement displayed easily 
visible twins or translation planes. The coordinates of 
each grain were noted using the small reference square on 
the stage. Back checking on coordinates prevented duplicate 
grain measurement.

In some samples, irregularities on the specimens 
collected required cutting the sample chips and the re
sulting thin sections with north non-parallel to the long 
axis of the slide on which the section was mounted. In 
these samples, the departure from north was noted in terms 
of the amount of clockwise rotation in the horizontal plane 
required to get the data oriented properly. This value was 
punched onto the rotational parameter card and the data were 
rotated by a subroutine of the main computer program.



The orientation of the twin planes was obtained in 
accordance with the procedures set forth in most optical 
mineralogy texts (Kerr, 1959) as well as in the memoirs by 
Emmons (1943) and Knopf and Ingerson (1938) .

The optic axis orientation could not be determined 
using conventional techniques, so a method modified from 
one suggested by Turner (1949) was used (see Appendix C).

As many as 240 observations were made on each 
sample, that is, for each group of three thin sections. The 
average number of observations per sample was about 150. Of 
tJiese observations, slightly more than half actually were 
u s e d  in the construction of the stress diagrams, because 
only half of the crystallographic planes measured turned out 
-to be (Oil2) twins.

From each group of three thin sections, the data 
from two had to be rotated to the horizontal, the plane of 
-the third thin section, so that a composite plot of the 
data from all three thin sections could be produced. For 
these rotations to be accomplished, another subroutine of 
the main computer program was utilized.

Stereograms of the total calcite subfabric, the 
twinned calcite subfabric, the T-axes, and the C-axes were 
plotted by another computer subroutine in terms of percent 
total data per one percent area of the net.



APPENDIX C

OPTIC AXIS DETERMINATION OF CALCITE CRYSTALS

The determination of the optic axis orientation 
presented problems initially due either to the slight altera
tion or to the strained nature of the calcite crystals of 
the samples. The normal method for the determination using 
the universal stage as described by Knopf and Ingerson 
(1938), among others, could not be successfully applied. An 
alternate method, modified from one suggested by Turner 
(1949), was devised with the help of W. J. McLean.

In this method, with all the axes of the universal 
stage "zeroed," the optic axis of the crystal under observa
tion is oriented north-south by rotating the inner stage 
about its vertical axis (A5) until the crystal becomes ex
tinct. At this position, the optic axis may be either 
north-south or east-west. To distinguish between these 
possibilities, the relief is checked under plane light in 
jjoth extinction positions. The calcite crystal will display 
higher relief when the optic axis is east-west than when it 
j_s north-south. The azimuth of the low relief extinction is 
noted and plotted on an equal-angle (Wulff net) stereonet. 
tptie inner stage is then rotated 20°, a constant, arbitrarily
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chosen value, clockwise about its north-south horizontal 
axis (A4). The crystal rotates out of extinction unless the 
optic axis lies in the horizontal, in which case the 
orientation of the optic axis is immediately known. If the 
optic axis is not horizontal, it is again brought to the 
north-south extinction position by rotation about the inner 
vertical axis (A5) of the stage (see Appendix E for error 
involved in this manipulation). The azimuth of this ex
tinction is noted and plotted on the net. The final rota
tion about the horizontal north-south axis (A4) is in a 
counterclockwise sense, rotating the stage back through 
horizontal until 20° clockwise is reached. Extinction is 
regained as in the first two measurements and the azimuth 
noted and plotted. The rotations about the horizontal 
north-south axis (A4) will cause the optic axis to move 
along a small circle of a stereonet (the exception being 
-the case when the optic axis is horizontal or vertical), 
along an arc for a total of 40°, twenty degrees on both 
sides of the originally defined extinction position. The 
three azimuths, forming three lines passing through the 
center of the net, determined during the two 20° rotations, 
*#i.ll be separated from one another by a distance in pro
portion to the steepness of plunge of the optic axis.
•Thus, the three lines corresponding to the three azimuths 

extinction will be found to be separated from one



another by 20° along only one small circle, the small circle 
corresponding to the plunge of the optic axis. The half of 
■the net in which the optic axis actually lies is uniquely 
defined by the sense of rotation of the optic axis during 
the 20° rotations.

To more fully clarify the above procedures, sample 
values are used in Figure 43. In Figure 43a, the optic-axis 
is labeled "a" and in this case is assumed to be of known 
orientation for the purposes of showing its movement during 
the above described rotations. "a" moves to "a^" during 
the first 20° clockwise rotation and to "a^" during the 20° 
counterclockwise rotation. As seen in the figure, lines 
(not shown) passing through the center of the net and points 
"a," 11 ," and ," respectively, are separated from their
neighbors by 20° only along the small circle corresponding 
to a "plunge" of 30° in the north-south plane. The 20° 
rotations will cause an optic-axis in the northern half of 
the net to shift in a direction requiring the stage to be 
rotated, in reacquiring extinction, in a sense opposite to 
that required if the axis were in the southern half. This 
allows the location of the optic-axis with respect to north 
or south hemisphere.

Figure 43b presents raw data as read from the 
universal stage. "b" is the azimuth of extinction when the 
jiorizonal north-south inner axis (A4) of the stage is at
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ft '•

Figure 43. Illustration of method for optic 
-termination (see text for related discussion) axis
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zero. "b^" is the extinction azimuth after the 20° clock
wise rotation and "b^" the 20° counterclockwise rotation, 
azimuths read from the stage are: b = 310°; b^ = 340°, and
1^2 = 280° (using the universal stage, 180° is at the north 
position, and 0° and 360° at the south position). The three 
lines on the figure represent the three azimuths. From the 
geometric constraints of rotation, discussed above, the op
tic axis must lie in the northern half of the net. The 
three lines are separated by 20° along only one small circle 
which is the 60° circle. Thus the optic axis, again in 
universal stage convention, lies with an azimuth of 230° 
a nd a plunge of 60°.

The actual determination of the optic-axis orienta
tion is done by a small routine incorporated into the main 
computer program. The routine is based upon an equation for 
a  fitted curve derived as follows: a series of values for
t h ®  difference in azimuth at extinction for individual hypo
thetical optic-axes were determined. The optic-axes were 
^elected to increase regularly in plunge. The plunges

plotted against the azimuth differences and the re- 
g^lting curve was matched, using a least-squares procedure, 

a curve of the form Y = aX^, where Y is the inclination 
the optic-axis, X is the difference in azimuths of ex- 

tj.nation of the crystals, and a and b are the constants



140
2.074986 and 0.829789, respectively. The correlation co
efficient for the fit of the curve is 0.993169.



APPENDIX D

ANALYSIS OF ERROR IN DETERMINATION 
OF ORIENTATION OF OPTIC AXIS

Some error is inherent in the optic-axis determina
tion method outlined in Appendix C. The error exists 
because of the assumption that after each of the 20° rota
tions , extinction is reacquired by rotation of the inner 
stage about a strictly vertical axis. In reality, extinc
tion is regained by rotation about a previously vertical but 
now inclined (20°) axis. The inclination cannot be avoided 
since the inner vertical axis of the universal stage must be 
rotated when the stage is rotated 20° about the horizontal 
north-south axis. Figure 44 illustrates the error. A 
randomly selected crystal whose optic-axis is inclined 30° 
from the horizontal is first rotated 20° about the horizontal 
north-south axis placing it at point Cr on Figure 44. A.R. 
represents the inclined axis of rotation, Y is the locus of
cr as it should be when rotated about a strictly vertical 
axis and X is the locus of Cr when it is rotated about A.R.

and Cg are points of extinction of Cr after being rotated 
about A.R. and the vertical axis, respectively.

The actual error inherent in this determination is
the difference in angular distance between c -r and rr i dnu r~C2 *

141



142

Figure 44. 
determination Analysis of error in the optic-axis
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In this case, the difference is extremely small. However, 
in cases where the optic—axis is more steeply plunging, the 
difference is larger but still acceptable for the purposes 
of this study.



APPENDIX E

GRAVITY DATA



Station Elevation . Observed Gravity
Simple Bouguer 
Anomaly 2.67 Complete Bouguer

No. (feet) (mgal) (mgal) Anomaly (mgal)

-1 3920 979129.139 -127.173 -126.8
-2 3908 979129.537 -127.482 -127.1
-3 3887 979130.488 -127.771 -127.5
-4 3887 979130.495 -127.764 -127.5
-5 3892 979130.312 -127.672 -127.4
-6 3901 979129.567 -127.853 -127.6
-7 3917 979128.776 -127.686 -127.6

. —8 3929 979128.368 -127.410 -127.3
-9 3922 979128.319 -127.837 -127.7

-10 3936 979127.839 -127.531 -127.4
-11 3945 979127.275 -127.526 -127.4
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Station
No.

Elevation
(feet)

Observed Gravity 
(mgal)

Simple Bouguer 
Anomaly 2.67 

(mgal)
Complete Bouguer 
Anomaly (mgal)

-12 3945 979127.213 -127.588 -127.5
0 3925 979128.653 -127.340 -126.9
1 3934 979127.978 -127.458 -126.9
2 3949 979126.762 -127.811 -127.2
3 3988 979124.466 -127.758 -127.1
4 4026 979121.984 -127.963 -127.2
5 4054 979120.351 -127.935 -127.2
6 4039 979121.573 -127.607 -126.9
7 4017 979123.251 -127.253 -126.6
8 3986 979125.61 -127.183 -126.6
9 3958 979126.789 -127.257 -126.8

10 3936 979127.887 -127.448 -127.0 146



Station Elevation Observed Gravity
Simple Bouguer 
Anomaly 2.67 Complete Bouguer

No. (feet) (mgal) (mgal) Anomaly (mgal)

11 3924 979128.806 -127.266 -127.0
12 3912 979129.524 -127.279 -127.0
13 3896 979130.378 -127.342 -126.8
14 3901 979130.301 -127.131 -127.0
15 3910 979129.903 -126.990 -126.8
16 3918 979129.538 -126.894 -126.7
17 3925 979128.843 -127.163 -127.0
18 3941 979128.173 -126.850 -126.7
19 3962 979128.228 -125.653 -125.5
20 3961 979126.900 -126.949 —126.8
NS 1 3676 979152.373 -123.111 -123.1
NS 2 3642 979154.242 -122.786 -122.8
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Simple Bouguer
Station
No.

Elevation
(feet)

Observed Gravity 
(mgal)

Anomaly 2.67 
(mgal)

Complete Bouguer 
Anomaly (mgal)

NS 3 3699 979151.004 -122.110 -122.1
NS 4 3726 979149.600 -121.700 -121.7
NS 5 3767 979147.542 -120.846 -120.8
NS 6 3844 979143.203 -120.081 -120.1
NS 7 3898 979139.336 -120.216 -120.2
NS 8 3898 979139.860 -120.260 -120.3
NS 9 3931 979136.178 -120.648 -120.6
NS 10 3992 979131.218 -121.475 -121.4
NS 11 4092 979125.080 -121.200 -120.9
NS 12 4175 979118.770 -121.947 -121.6
NS 13 4257 979112.324 -123.145 —122.4
NS 14 4370 979103.509 -124.754 . -123.7

148



Station
No.

Elevation
(feet)

Observed Gravity 
(mgal)

Simple Bouguer 
Anomaly 2.67 

(mgal)
Complete Bouguer 
Anomaly (mgal)

1 E 4174 979120.075 -121.198 -121.0
2 E 4054 979126.223 -122.294 -122.1
3 E 4107 . 979121.825 -123.589 -121.7
4 E 4261 979112.043 -124.144 -122.0
5 E 4579 979090.606 -126.502 -123.2

. 6 E 4269 979112.865 -122.866 -120.2
7 E 4105 979123.801 -121.761 -119.7
8 E 4148 979121.522 -121.462 -120.1
9 E 4081 979124.857 -122.162 -121.8

10 E 4017 979128.224 -122.657 -122.5
1 W 4145 979121.354 -121.684 —121.5
2 W 4038 979126.348 -123.140 -122.9
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Station
No.

Elevation
(feet)

Observed Gravity 
(mgal)

Simple Bouguer 
P Anomaly 2.67 

(mgal)
Complete Bouguer 
Anoma1y (mgal)

3 W 4115 979120.703 -124.184 -124.0
4 W 4186 979115.727 -124.842 -124.6
5 W 4007 979126.025 -125.286 -125.0
6 W 3928 979131.216 -124.805 -124.5
7 W 3981 979126.757 -126.025 -125.8
8 W 3871 979133.306 -126.052 -125.7
9 W 4008 979124.345 -126.711 -126.6

10 W 3926 979129.497 -126.450 -126.3
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