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ABSTRACT

Structural relations in the eastern foothills of 
the Huachuca Mountains disclose superposed Laramide thrusting 
and mid-Tertiary normal faulting along a single complex 
zone. This northwest-striking zone is entirely contained 
within Precambrian granite. The zone is marked by a 
discontinuous series of northeast-dipping wedge-shaped 
slivers of tectonites derived from Paleozoic, Triassic-Jurassic, 
and Cretaceous tectonites derived from Paleozoic—Cretaceous 
rocks. Steeply dipping penetrative mylonitic foliation 
and S-C surfaces are consistent with a thrust-derived sense 
of shear. Superposed pressure solution cleavage and asymmetric 
minor folds represent a shallow flattening fabric consistent 
with a normal sense of shear. Structural elements can 
be organized into a system of fundamentally ductile structures 
which have accommodated shortening, overprinted by a system 
of fundamentally brittle structures which have accommodated 
stretching. A model of Laramide thrust faulting followed 
by mid-Tertiary normal faulting is consistent with the 
observed geometric and age relationships as well as with 
the tectonic setting of southeastern Arizona.



INTRODUCTION

Purpose of Study
The expression of fault displacement through the 

formation of shear zones, and the characteristic microstructures 
which develop as a result of shear, are exciting topics 
of study in the field of structural geology. The Huachuca 
Mountains in southeastern Arizona offer a unique opportunity 
to appraise the interrelations of fault displacement, shearing, 
and microkinematics.

A major, though enigmatic, fault zone extends northwest 
along the east flank of the Huachuca Mountains. This fault, 
the Foothills fault zone of Weber (1950), shows evidence 
of both ductile compression and brittle extension superposed 
along a single complexly deformed zone. This zone is located 
at the interface of two structural domains; to the southwest, 
a series of stacked Laramide-age thrust/reverse faults, 
and to the northeast, the mid-Tertiary listric(?) normal 
Nicksville fault of Crespi and others (1982). An analysis 
of the physical/geometric properties of the Foothills fault 
zone and interpretating their kinematic/tectonic significance 
is the focus of this thesis. This analysis may provide 
insight into the processes of shearing, from a structural 
geologic point of view. The results of this study may

1



2
contribute to a better understanding of the tectonic/regional 
structural geologic history of southeastern Arizona.

A multifacted approach was used to reconstruct 
the deformational history of the Foothills fault zone. 
Both detailed- and reconnaissance-scale mapping of the 
Foothills fault zone were carried out in 1982 and 1983. 
The entire length of the fault, approximately 20 km, was 
mapped at a scale of 1" = 2,0001 (1:24,000) using D.S. 
Geological Survey 7.5 minute quadrangles as a topographic 
base. Key localities where complexly deformed slivers 
of Mesozoic and Paleozoic rocks occur within the fault 
zone were mapped at a scale of 1" = 2,000' (1:2,400) using 
an aerial photographic base, a -detailed structural analysis 
was performed for each deformed sliver. Samples of key 
rock types were collected for microfabric analysis and 
determination of protolith. Linear and planar structural 
elements measured in the field were examined statistically 
and graphically through the use of stereonet plotting and 
contouring programs developed by Greg Cole of The University 
of Arizona.

Previous Geologic Studies
The earliest geologic studies completed in the 

Huachuca Mountains emphasized stratigraphy. The first 
citations of specific rock units in the Huachuca Mountains 
and their tentative correlation with similar units in the
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Santa Rita Mountains may be credited to Blake (1901). 
Comstock (1901) noted the occurrence of Carboniferous limestones 
in the range, and described regional structural trends. 
In 1921, C. Lausen (Darton, Lausen, and Wilson 1924) of 
the Arizona Bureau of Mines completed a quadrangle-scale 
reconnaissance geologic map of the Huachuca Mountains, 
a map later incorporated into the first geologic map of 
Arizona. In his study of the Lower Cretaceous stratigraphy 
of southeastern Arizona, Stoyanow (1940) described a section 
of the Lower Cretaceous Mural and Lowell Formations in 
Parker Canyon on the west side of the range, identified 
fossils, and proposed refinements in the stratigraphy. 
Alexis (1949) mapped the geology of the northern part of 
the Huachuca Mountains and summarized the stratigraphy. 
He briefly described the range (1949, p. 40) as "essentially 
a fold or folds...broken by a reverse or thrust fault...then 
subject to normal faulting of the Basin-and-Range type."

Weber's (1950) work was the first detailed structural 
investigation of the Huachuca Mountains. He mapped an 
area of approximately 6 km by 8 km in the east-central 
portion of the range, at a scale of 1:12,000. He identified 
six major southwest-directed thrust fault systems superposed 
on the northeast limb of a regional anticlinal fold, with 
fold axes and t h r u s t  faults striking persistently 
northwestward. Weber recognized no faults showing normal
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displacement and believed tectonic activity to have culminated 
in Laramide time.

In 1968, Hayes and Raup of the D. S. Geological 
Survey completed a definitive map of the Mule and Huachuca 
Mountains at a scale of 1:48,000, published without text. 
Map relationships reveal evidence for superposed deformation 
through time. On the basis of these map relations, Billings 
(1972, p. 247) has aptly described the Huachucas as "an 
excellent example of a complex fault-block mountain," exhibiting 
a complexly deformed internal structure.

Simons and others (1966) described exotic blocks 
and coarse sedimentary breccias in Mesozoic volcanic and 
sedimentary rocks of the Huachuca Mountains and surrounding 
ranges in southeastern Arizona. They interpreted these 
exotic blocks and breccias as evidence of a widespread 
Mesozoic deformational event.

In 1970, Hayes published a D. S. Geological Survey 
Professional Paper detailing the Mesozoic stratigraphy 
of the Mule and Huachuca Mountains. He recognized the 
Triassic-Jurassic Canelo Hills Formation, the Tertiary 
Bisbee Group, and Upper Tertiary Fort vrittenden Formation.

Davis (1978) described structural styles and summarized 
the tectonics of a portion of the northern Huachuca Mountains. 
Included in this summary is a geologic map of the Kino 
Springs fault zone in the northern Huachuca Mountains by
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R. Dockweiler. Drewes (1981) , in his Professional Paper 
on the tectonics of southeastern Arizona, also mapped the 
area around the Kino Springs fault zone in detail, 
reinterpreting structures mapped by Hayes and Raup (1968). 
Davis (1979) included the Huachuca Mountains in an analysis 
of fold and thrust relationships in southeastern Arizona. 
Crespi and others (1982) completed a preliminary detailed 
structural-geologic map of a portion of the east flank 
of the Huachuca Mountains, documenting that multiple episodes 
of deformation had occurred.

Geologic Framework of the Huachuca Mountains 

Location and Physiography
The Huachuca Mountains are a northwest-trending 

mountain range approximately 30 km long located in southwestern 
Cochise County, Arizona. They are situated within the 
mountain subprovince of the Basin-and-Range physiographic 
province, a region characterized by alternating mountain 
ranges and intermontane valleys. The Huachuca Mountains 
project northwest of the area of study into northeastern 
Santa Cruz County. The southernmost extent of the Huachuca 
Mountains is 4 km south of the Arizona/Sonora border. 
The Mustang Mountains lie north of the area of study across 
the Babocomari River, the Canelo Hills lie to the west.



6
and the San Pedro river valley and the Mule Mountains lie 
to the east (Figure 1).

The area of this study lies within the eastern 
foothills of the range, a series of rolling hills and ridges 
dissected by parallel northwest-trending canyons (Figure 2). 
There is moderate physiographic relief in the study area? 
canyon bottoms stand at 5,000 feet, ridges reach elevations 
of 6,100 feet or more. The Huachucas reach a maximum elevation 
of 9,466 feet at Miller Peak.

The geologic map of the Mule and Huachuca Mountains 
published by Hayes and Raup (1968) expresses most of the 
current interpretations of the geology of the range. Figure 3 
summarizes, at a reduced scale, the major rocks and structural 
components of the range as interpreted on the Hayes and 
Raup geologic map.

Rocks
The Precambrian basement in the Huachuca Mountains 

is made up of a coarse-grained, porphyritic, anorogenic 
quartz monzonite of middle Proterozoic age. This rock 
type comprises the eastern foothills of the range, and 
has been unofficially titled "Foothills granite" by Weber 
(1950). The Foothills granite has been intruded by irregular 
m a s s e s  and i n t e r t o n g u i n g  lobes of a finer-grained 
lighter-colored aplitic and pegmatitic granite, referred 
to as the Fletcher Ridge granite by Weber (1950). Locally,
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I MUSTANG MTK5.

Santa Cruz. Go.

Figure 1. Map of the Huachuca Mountains and vicinity 
showing study area. /
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Huechuca P k . Garden On.

Figure 2 physiographic features of the Huachuca Mountains.
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Figure 3. Geologic map of the Huachuca Mountains, 
generalized from Hayes and Raup (1968).
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these two granites lie in fault contact along the Foothills 
fault zone.

A 500 m thick shelf sequence of Paleozoic sedimentary 
rocks nonconformably overlies the Precambrian granite. 
Cambrian clastic strata are disconformably overlain by 
Devonian dolomitic limestones, which are in turn overlain 
by Mississippian through Permian limestones, dolomitic 
limestones, and interbedded mudstone and sandstone (Bryant 
1968; Butler 1971). Paleozoic formations represented in 
the range include: Cambrian Bolsa Quartzite and Abrigo 
Formation, Devonian Martin Limestone,' Mississippian Escabrosa 
Limestone, Pennsylvanian Horquilla Limestone and Earp Formation, 
and local remnants of the Permian Colina Limestone, Sherrer 
Formation, Epitaph Dolomite, Concha Limestone, and Rainvalley 
Formation.

Evidence of middle Mesozoic volcanism, sedimentation, 
and plutonism abound in the Huachuca Mountains. Andesitic 
to rhyolitic volcanic and volcanoclastic rocks of late 
Triassic(?) to mid-Jurassic age are preserved in the southern 
and northern portions of the range. These rocks include 
the Canelo Hills Volcanics, and the "Silicic Volcanic Rocks 
of the Huachuca Mountains" (Hayes and Raup 1968; Hayes 
1970) . These rocks have been described and interpreted 
by Hayes, Simons, and Raup (1965), Simons and others (1966), 
Hayes and Drewes (1968), and Drewes (1971). Disposition
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of the coarse elastics and volcanics of the Canelo Hills 
Volcanics marked a profound change in geologic environment 
from the marine shelf rocks deposited in the Paleozoic, 
and a change in tectonic regime from quiescence to instability 
(Hayes and others 1965). An important characteristic of 
the "Silicic Volcanic Rocks of the Huachuca Mountains" 
is the presence of abundant exotic blocks and megabreccia 
lenses derived from clastic sedimentary rocks. These blocks 
and lenses range in length from a few to several thousand 
feet and are several hundred feet thick. Many are composites 
of several smaller blocks. The Jurassic (?) Huachuca Quartz 
Monzonite intruded the southern portion of the range.

In the Huachuca Mountains, Cretaceous sedimentary 
and volcanic strata are represented by the Bisbee Group 
and Port Crittenden Formation. The Bisbee Group is made 
up of the basal Glance Conglomerate, overlain by the Morita 
Formation, the Mural Limestone, and the Cintura Formation. 
In the Huachuca Mountains, the Glance Conglomerate contains 
a mapped unit of lavas of andesitic composition as well 
as several unmapped layers of the same lithology (Hayes 
and Raup 1968). Hayes and Drewes (Drewes 1981) have noted 
that these andesitic lavas intercalated with the Glance 
may be separated from the Bisbee Group in the Huachuca 
Mountains and may prove to be correlative with the lower 
Cretaceous Temporal and Bathtub Formations of pre-Bisbee
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Group age. Near the southern end of the mountain range, 
the Glance Conglomerate contains numerous large exotic 
blocks of Paleozoic limestone, some up to 450 m in length, 
incorporated into the volcanic member (Simons and others 
1966).

Uniformly southwest-dipping Oligocene conglomerates 
at the northern end of the Huachuca Mountains may be related 
to other range-front structures. These conglomerates have 
been correlated with the late Oligocene Pantano Formation 
(Drewes 1981). An andesite flow interbedded in this tilted 
conglomerate at Babocomari Ranch has been dated to 27 m.y. 
to 28 m.y. (Vice 1974). Minor normal faults have been 
found in these conglomerates. The younger, horizontal 
conglomerate unit which unconformably overlies the tilted 
older conglomerate is of probable late Tertiary age (Hayes 
and Raup 1968).

Structural Components
The geologic map of the Mule and Huachuca Mouhtains 

published by Hayes and Raup (1968) reveals evidence for 
superposed deformation through time. Careful study of 
map relationships reveals that at least four styles of 
deformation contribute to the present geometry of the range:

1) vertical and transcurrent block faulting along 
a N55°W-trending crustal discontinuity.
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2) Southwest-directed compressional thrust-reverse 

faulting and folding, accompanied by plutonism 
and volcanism.

3) Extensional tilting and normal faulting, volcanism 
and sedimentation.

4) Basin-and-Range forming block faulting.
In the Huachuca Mountains, a major N55°W-trending 

linear tectonic grain, the Sawmill Canyon discontinuity 
(Titley 1976) or Lone Mountain fault (Hayes and Raup 1968), 
is exposed along the south flank of the range. Titley 
(1968) interpreted the discontinuity as an expression of 
Mesozoic vertical tectonics. Simons and others (1966) 
interpreted house-size clastic blocks of Paleozoic limestone 
encased within the Canelo Hills volcanics of the Huachuca 
Mountains as indicating the presence of high-relief troughs 
or basins characterizing the Mesozoic depositional system. 
Davis and others (1974), and Davis and others (1979) concluded 
that exotic blocks encased in the clastic unit of the Canelo 
Hills volcanics near the northeast end of the northern 
Canelo Hills were transported southwestward from scarps 
along the Sawmill Canyon fault zone to their present position.

During the late Cretaceous and early Tertiary time, 
deformation resulting from the Laramide orogeny was expressed 
in a system of complex, imbricate, northeast-dipping, 
N40°W-striking thrust and reverse faults and overturned
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folds, which define the crest of the range. Over 1000 m 
of stratigraphic separation occur across the westernmost 
thrust fault. Paleozoic strata for the most part consist 
of juxtaposed faulted homoclinal sections. The Mississippian 
Escabrosa Limestone is deformed into large-scale overturned 
folds in the hanging-wall block of this fault zone, while 
the massive, competent Bolsa Quartzite displays large-scale 
kink or conjugate folds adjacent to the reverse/thrust 
faults. Cretaceous sedimentary strata in the footwall 
block are deformed by very large scale, tight, subhorizontal 
folds, overturned to the southwest and occupying the crest 
of the mountain range.

Crespi and others (1982) reinterpreted the low-angle 
Nicksville thrust fault of Weber (1950) and Hayes and Raup 
(1968) as a low-angle listric(?) normal fault of mid-Tertiary 
age. The Nicksville fault, exposed along the eastern range 
front, juxtaposes moderately back-tilted Permian limestone 
strata, Cretaceous Horita Formation, and mid-Tertiary 
conglomerates in the hanging wall against Precambrian granite 
in the footwall. The fault strikes N46°w, and dips 22° 
to the northeast, striations in the footwall granite trend 
predominantly northeast. Bedding in Permian Colina Limestone 
above the fault averages east-northeast and dips into the 

fault plane.
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Late Tertiary Basin-and-Range faulting uplifted 

the range some time between 14 m.y. and 5 m.y. range-bounding 
fault is not exposed on the eastern flank of the Huachuca 
Mountains.



ANATOMY OF THE FOOTHILLS FAULT ZONE

Geologic Relationships
The trace of the Foothills fault zone crops out 

for a distance of approximately 20 km, slicing through 
the Precambrian granite basement of the east flank of the 
Huachucas (Figure 4, in pocket). This fault trace displays 
great variation in morphological expression. Although 
consistently northwest-trending and northeast-dipping, 
the zone is curviplanar, changing in orientation along 
its length. Additionally, it ranges from a single discrete 
discontinuity to a wide zone of intense deformation localized 
between subparallel boundaries.

At a few locations, the Foothills fault zone is 
represented by a discrete discontinuity in the rock. Intense 
shearing along the discontinuity has produced cataclasis 
and foliation, and has reduced the rock to clay in a zone 
1.5 km to 4 km wide. Away from this discontinuity, the 
rock is little deformed, with only very weak foliation 
and brecciation present. Less than 4 km away from the 
margins of the zone the rock appears unstrained in hand 
specimen. Where represented by a discrete discontinuity, 
the fault is difficult to trace for great distances along 
the ground surface. Without artificial exposures, such

16
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as mine adits excavated into the trace of the fault, this 
discontinuity is impossible to locate. Where the fault 
could not be located, it is probable that it was expressed 
in this manner. At other localities, no discrete discontinuity 
may be observed at the outcrop scale. Rather, the fault 
broadens into zones of distributed shear, exhibiting outcrop 
breadths which may reach 250 m. The granite is pervasively 
mylonitized, with meter-scale zones of intense phyllitic 
foliation development showing an anastomosing pattern around 
remnant lenses of relatively less deformed rock. Such 
zones of distributed shear are easily traced on the ground 
surface.

To the north of warden Canyon, the Foothills fault 
is most commonly expressed as a zone of very strongly 
mylonitized, phyllitically foliated Precambrian granite. 
This 8 m to 15 m-wide zone typically weathers back along 
the northeast-dipping foliation surfaces to form conspicuous 
serrated ridges, which may be easily traced in surface 
exposures. Foliation planes are locally kink folded and 
asymmetrically folded at the outcrop scale.

South of Garden Canyon, the fault zone has a different 
aspect (Figure 5, in pocket), within the Precambrian granite 
is a discontinuous series of tapering slivers of tectonized 
rock of sedimentary and volcanic origin. Rocks within 
these northwest-trending, northeast-dipping slivers are
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pervasively and strikingly mylonitized. Northwest-trending, 
northeast-dipping foliation surfaces are parallel to lithologic 
contacts within the slivers and lie in low-angle relation 
to the sliver boundaries. A penetrative mylonitic foliation 
increases in intensity toward the structurally lower, or 
footwall, faults, whereas the structurally higher, or hanging 
wall, faults are characterized by the development of an 
enigmatic breccia zone. This breccia incoporates fragments 
of all tectonites as well as undeformed clasts of sedimentary 
origin into a matrix of chloritized, brecciated, and foliated 
Precambrian granite. Flattened and stretched myIonites 
have been asymmetrically folded at the outcrop scale. 
A microscopic-scale kinking and pressure solution cleavage 
disrupt the foliation planes. Tension gashes are well 
developed in the competent lithologies.

Faults
Because of the ductile response to deformation 

exhibited by both wallrock and fault sliver rocks, the 
Foothills fault zone may be defined as a "brittle-ductile" 
shear zone (Ramsay 1980). In Ramsay's brittle-ductile 
shear zone model, it is possible that the ductile part 
of the deformation history formed at a different time from 
that of the brittle fault discontinuity; predating it, 
postdating it, or occurring concurrently. In other words, 
the presence of a component of brittle deformation does
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not affect interpretive shear zone models. The same principles 
as for ductile shear zones will apply. This definition 
permits evaluation of the Foothills fault zone according 
to shear zone models developed by Ramsay (1980).

The fault zone is nonsystematically curviplanar. 
Dips along the greater part of the fault vary from 20° 
to as much as 61° locally, and average 41°. Faults which 
bound the slivers were examined individually. Dips of 
northeastern, or hanging wall, faults are markedly steeper 
than the zone as a whole, varying from 51° to 71°, and 
averaging 60°. Dips of southwestern, or footwall, faults 
are compatible with dips of the fault zone as a whole 
(Figure 6). A lower-hemisphere equal-area plot of both 
hanging wall and footwall fault orientations (Figure 7) 
exhibits a marked pairing of these data points, each pair 
representing an individual fault sliver, yet the hanging 
wall faults consistently dip more steeply than do the footwall 
faults. Data are based on field measurements, 3-point 
problem calculations based on elevations and distances 
determined from reconnaissance-scale mapping, and structure 
contour calculations based on elevations and distances 
measured with tape and compass.

The footwall faults are consistently well exposed, 
and are sharp contacts. Foliation development is at a 
maximum of intensity at these discontinuities, and foliation
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Figure 6. Lower-hemisphere equal-area stereonet 
plot of all fault orientations.
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Figure 7. Lower-hemisphere equal-area stereonet - 
plot of hanging-wall and footwall faults. 
Circles represent the footwall faults.
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appears to continue undeflected from mylonitized fault 
rocks above into the mylonitized Precambrian granite footwall 
rocks below. Wallrocks show permanent strain for distances 
of up to tens of feet.

The hanging wall faults are typically marked by 
the development of a tectonite breccia, which incorporates 
fragments of all mylonitized fault rocks as well as undeformed 
clasts into a foliated matrix. The fault is difficult 
to locate, due to poor outcrop, and the extent of deformation 
within the hanging wall rocks is impossible to determine.

M e a s u r e d  and c a l c u l a t e d  dip values for the 
sliver-bounding faults may be used to construct accurate 
cross sections of each fault sliver. The approximate depth 
at which each downward tapering sliver pinches out may 
be determined. For the Torpedo fault sliver, this constructed 
depth value is consistent with field observations (Figure 8).

Foliation
Although a mylonitic foliation is penetratively 

developed in the tectonized fault sliver rocks of the Foothills 
fault zone and in the Precambrian granite adjacent to the 
fault, this foliation is not developed with equal intensity 
and orientation in all lithologies present. Foliation 
development is at a maximum in the least competent fault 
sliver rocks, which exhibit a ductile response to the 
d e f o r m a t i o n , while foliation developed in the massive
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Figure 8. Schematic cross-section of the Torpedo 
fault sliver, illustrating narrowing of 
the fault sliver with depth.
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Precambrian granite exhibits a more brittle character. 
A stereoplot of all foliation data is presented in Figure 9. 
The average orientation of foliation is N45°Wf 35°NE.

When foliation orientations within the Precambrian 
granite are compared with the orientations of the Foothills 
fault, consistent relationships are apparent. Foliation 
developed in the Precambrian granite dips more steeply 
than does the fault. This is illustrated in Figure 4. 
This is true over most of the fault trace length, although 
at the northern terminus of the fault, foliation and fault 
orientations are subparallel. Strike directions of foliation 
and faults are always comparable.

Along the entire fault trace, foliation orientations 
in the Precambrian granite footwall rocks may be compared 
to foliation orientations in the Precambrian granite hanging 
wall rocks (Figure 10). Data for footwall rocks are tightly 
clustered. Data for hanging wall rocks exhibit a greater 
degree of variability in both strike and dip. However, 
average orientation of strike and dip of foliation in hanging 
wall rocks and footwall rocks are identical. The relatively 
tight clustering of data in footwall rocks is an expected 
result of foliation formation beneath the overriding hanging 
wall. Foliation developed in the hanging wall, while simlar 
in orientation, developed with less intensity and more 
scatter. There is no evidence for rotation of one block
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Figure 9. Lower-hemisphere equal-area stereonet 
plot of poles to foliation.
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Lower-hemisphere equal-area stereonet 
Plots of foliation in footwall rocks 
(above) and in hanging-wall rocks (below)

Figure 10
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with respect to the other.

When foliation orientations within the fault slivers 
are compared with the orientations of the sliver-bounding 
faults, consistent relationships are again apparent. Foliation 
developed in tectonized fault sliver rocks typically dips 
more steeply than do the bounding faults. This is illustrated 
in Figure 5. Additionally, a systematic variation in dip 
of foliation surfaces is apparent in cross-sectional traverses 
of all fault slivers. The foliation steepens from the 
southwest to the northeast, by as much as 30°. This is 
best expressed in the Torpedo fault sliver.

Strike of foliation and strike of fault surfaces 
are not always parallel. This could be a sampling error, 
resulting from calculation of averaged fault orientations. 
Conversely, this might also serve as evidence for a component 
of strike-slip movement during faulting. In the Torpedo 
fault sliver, which provides the most data for analysis, 
the strike direction of foliation appears to have been 
rotated in a clockwise direction away from the strike direction 
of faulting. However, these data are contradicted by data 
from the smaller Bolsa and Tomatoe fault slivers, where 
the foliation appears to have been rotated in a counterclockwise 
direction (see Figures 4 and 5).

When foliation orientations within fault sliver 
rocks and within the Precambrian granite are compared with
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orientations of the bounding faults, previously described 
relationships become more readily apparent. Foliation 
in fault sliver rocks adjacent to the footwall faults usually 
dips 15° to 35° more steeply than do the faults, which 
average 41° dip. Foliation in fault sliver rocks adjacent 
to the hanging wall faults usually dips 5° to 20° more 
steeply than do the faults, which average 60°. In other 
words, foliation is steeper than the hanging wall fault, 
and is either steeper than or subparallel to the footwall 
fault. There is little difference between behavior of 
foliation in Precambrian granite and in mylonitized fault 
rocks.

Strike of foliation and strike of fault plane are 
not always parallel. Adjacent to the southwestern bounding 
fault of the Miller fault sliver, all foliation appears 
to have been rotated clockwise with respect to the fault. 
Foliation within the fault rocks of the Torpedo fault sliver 
appears to have been rotated clockwise with respect to 
the faults. However, the opposite relationship appears 
true for the Bolsa sliver. These are illustrated in Figure 5.

Penetrative foliation surfaces undergo a statistically 
apparent deflection in orientation across lithologic contacts 
within the fault sliver rocks. This is recognizable at 
the outcrop scale as well (Figure 11) . in the Torpedo 
and Miller fault slivers, foliation dips more steeply in
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Figure 11. Photograph of lithologically controlled deflection 
of foliation in the clastic sedimentary tectonite. 
Miller fault sliver. Foothills fault zone.
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the massive resistant rocks, and less steeply in the ductile, 
less competent rocks. This variation in average foliation 
orientation ranges from 5° to 15° in dip, and 5° in strike, 
as illustrated by rocks of the Torpedo fault sliver (Figure 12), 
and serves to further complicate scatter in data plots. 
In fact, the systematic steepening in dip of foliation 
planes observed in a southwest to northeast traverse of 
the fault slivers may be due in part to the systematic 
change in lithology, from less competent to more competent.

Area Summaries
Internal geologic relationships vary considerably 

from fault sliver to fault sliver within the Foothills 
f ault zone, and each sliver represents a separate 
physiographic-geologic domain. From north to south, these 
fault slivers have been named; Bolsa sliver. Torpedo sliver, 
Tomatoe sliver. Grape sliver, and Miller sliver. With 
the exception of the Grape sliver, these names were derived 
during field research completed by Crespi and others (1982). 
Salient geologic relationships are summarized here for 
each sliver.

The Torpedo Fault Sliver
Tectonite fabrics are best displayed by the 1000 m 

long and 150 m wide Torpedo fault sliver, which crops out 
as a resistant serrated wall along the crest of Scheelite
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Lower-hemisphere equal-area stereonet 
plots illustrating lithologically controlled 
deflection in foliation orientations, 
Torpedo fault sliver. From left to 
right, tectonite lithologies are: limestone 
conglomerate, rhyolite porphyry, clastic 
sedimentary protolith, and M-breccia.

Figure 12
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Ridge north of Brown Canyon (Figure 13). Outcrops of this 
wedge-shaped sliver pinch out in the canyon bottoms at 
an elevation of 5,150 feet, and reach a maximum width at 
5,475 feet at the ridge crest (Figure 14, in pocket).

The dominant lithology in this fault sliver is 
a mylonitized rhyolite porphyry dike. This dike intrudes 
and is offset by the hanging wall fault, is present as 
deformed fragments within the breccia which marks this 
fault, and is cut by the footwall fault. The same rhyolite 
porphyry dike has intruded undeformed Precambrian granite 
east of the fault sliver and is less deformed there.

A deformed limestone conglomerate parallels the 
southwestern margin of the fault sliver, and represents 
the structurally lowest unit. The northwest-trending, 
northeast-dipping foliation present throughout the sliver 
is defined in this unit by the now stretched and flattened 
multicolored limestone c l a s t s . Flattened clasts are 
asymmetrically folded, with the asymmetric minor folds 
overturned to the northeast, subparallel to the dip of 
the foliation surfaces. A subhorizontal pressure solution 
cleavage has overprinted the more steeply dipping foliation. 
Deformed clasts of the rhyolite porphyry are present in 
the conglomerate.

The limestone conglomerate is overlain by a massive, 
weakly foliated crinoidal limestone. This lenticular body
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Figure 13. Photograph of aerial view northward of the 
Torpedo fault sliver. Foothills fault zone.
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of limestone has responded to the deformation by pervasive 
flow, and at its southeastern terminus has been replaced 
by a layered cryptocrystalline silica.

Juxtaposed above the limestone and paralleling 
the northeastern boundary of the sliver is a unit of variable 
clastic sedimentary origin, incorporating sandstone, siltstone, 
and limestone. An unusual breccia, of tectonic origin, 
has developed between the overlying clastic sedimentary 
rocks and the overlying Precambrian granite along the 
northeastern margin of the zone.

Tension gashes are well developed in the more competent 
lithologies.

The Miller Fault Sliver
Tectonite fabrics are also well developed in the 

Miller fault sliver, a 1,000 m long and 100 m wide wedge 
of deformed rocks which crop out north of the mouth of 
Miller Canyon at elevations between 5,075 ft and 5,325 ft 
(Figure 15) . Fault rock lithologies within the Miller 
sliver are unusual, consisting predominantly of felsic 
volcanics and iron-stained clastic sedimentary rocks, all 
of which weather to subdued outcrops (Figure 16, in pocket).

The dominant lithology in this sliver is a fine-grained 
red sandstone interlayered with coarse-grained white quartzite, 
which crops out just below the hanging wall fault. The 
massive quartzite layers parallel foliation surfaces that



Figure 15. Photograph of rocks of the Miller fault sliver 
Foothills fault zone.



are well developed in the finer-grained sandstone and stand 
in resistant en-echelon ridges up to 3 m high. A small 
lens of deeply iron stained fine-grained intermediate volcanic 
rock is enclosed within the clastic sedimentary rocks.

The northwestern and southeastern ends of the fault 
sliver are composed of an unusual silicic volcanic rock. 
Northwest-trending, northeast-dipping foliation surfaces 
in the silicic volcanics are asymmetrically kink-folded 
at the outcrop scale in the same style as folds in the 
limestone conglomerate of the Torpedo fault sliver. Asymmetric 
minor folds are present at the microscopic scale as well. 
A microscopic subhorizontal pressure solution cleavage 
has been superimposed onto the foliation surfaces.

The footwall fault is marked along its length by 
a series of small lenses and pods of coarse-grained altered 
sandstone, and pods of deformed Precambrian granite.

The Tomatoe and Grape Fault Slivers
The Tomatoe and Grape fault slivers crop out on 

a hilltop between Ramsey Canyon to the southeast and Brown 
Canyon to the northwest (Figure 17). Although very different 
in physical expression, the slivers are similar structurally 
and lithologically (Figure 18, in pocket).

The 300 m long and 15 m wide Tomatoe fault sliver 
crops out at the top of the hill, between elevations of 
5,700 ft and 5,870 ft. The sliver is lithologically identical
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Figure 17. Photograph of aerial view southward of the 
hillcrest containing the Tomatoe and Grape 
fault slivers. Foothills fault zone.
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to the Torpedo fault sliver, yet is expressed physiographically 
as a vertical cliff face. The tectonized rhyolite porphyry 
dike crops out in the middle of the fault sliver. This 
dike overlies a narrow band of the deformed limestone 
conglomerate which is in turn juxtaposed above Precambrian 
granite. Clasts in this conglomerate are not as profoundly 
attenuated as those in the Torpedo sliver, nor do they 
display the asymmetric drag folding. The northeastern 
bounding fault overlies a tectonic breccia identical to 
that which defines the northeastern margin of the Torpedo 
fault sliver. A small pod of iron stained intermediate 
volcanic rock simlar to that in the Miller fault sliver 
is incoporated into the northern end of the Tomatoe sliver.

The Grape fault sliver crops out approximately 
60 m further down the hill, at elevations between 5,626 ft 
and 5,725 ft. This 275 m long and 25 m wide fault sliver 
has weathered to form a resistant serrated wall 5 m high. 
Deformed limestone conglomerate parallels the southwestern 
bounding fault. Elongate discontinuous lenses of fault 
breccia and pods of deformed Precambrian granite are 
incorporated along the contact of the limestone conglomerate 
with the underlying Precambrian granite. The major portion 
of this sliver is composed of a deeply iron stained 
phyllonitized rock, which is similar in appearance to the 
intermediate volcanic rock of the Miller fault sliver.
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The Bolsa Fault Sliver

The Bolsa fault sliver, the most unusual of the 
fault slivers, is located on the ridge crest north of Tinker 
Canyon at elevations between 5,450 ft and 5,550 ft (Figure 19). 
This fault sliver crops out abruptly as a conspicuous 
crescent-shaped vertical cliff, 150 m long and 40 m wide 
(Figure 20, in pocket). The sliver is composed of a massive 
aphanitic white to purple quartz. This unfoliated quartz 
is fractured, jointed, and cut by closely spaced parallel 
quartz veins 0.5 cm to 4 cm wide. Microscopic analysis 
reveals this rock to be pervasively microbrecciated and 
recrystallized, such that primary textures are obliterated.

Structures Common To All Slivers
A variety of structures are common to the mylonitized 

fault rocks of the Foothills fault zone. Two of the more 
pervasively developed structures, which are visible at 
the macroscopic scale, are the asymmetric minor folds and 
tension gashes.

Asymmetric Minor Folds
Small-scale asymmetric minor folds are present 

throughout fault rocks of the Foothills fault zone. All 
rocks were subjected to the ductile flattening and non-coaxial 
shear which resulted in the development of a penetrative 
foliation. However, in the limestone conglomerate and
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Figure 19. Photograph of aerial view northward of the 
Bolsa fault sliver, Foothills fault zone.
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the silicic volcanic rocks, foliation planes have been 
further deformed into northwest-trending, northeast-verging, 
upright to overturned asymmetrical minor folds. These 
folds were examined in two domains within the tectonized 
fault slivers. A third domain includes those folds distributed 
throughout the Precambrian granite outside of the fault 
slivers. However, these may be more correctly described 
as classic kink folds.

The small-scale asymmetric folds may be classified 
using a Ramsay classification system (Ramsay 1967) which 
compares thickness of fold hinges to thickness of limbs. 
Most folds examined show a geometrical form which closely 
approximates the similar fold model (class 2) with a thickened 
hinge relative to the limbs. The middle limb is either 
greatly overturned or steeply dipping, while the outer 
limbs have moderate dips which are subparallel to the foliation 
surfaces. Fold axes trend either northwest or southeast 
with a variable subhorizontal plunge.

The folds were examined according to both orientation 
and asymmetry. An "s" fold is defined as having the shape 
of an s as seen in profile view when looking down the plunge 
of the fold axis. A "z" fold may be similarly defined. 
An s-shaped fold requires counterclockwise rotation for 
formation, a z-shaped fold requires clockwise rotation.

Domain One. Domain one includes asymmetric minor
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folds in the limestone conglomerate of the Torpedo fault 
sliver. The limestone conglomerate presents the most numerous 
and spectacular examples for analysis. The folds are defined 
by the multicolored, elongate, tapering ribbon-like clasts 
of limestone and dolomite, which have responded to deformation 
in a ductile fashion. Some folds actually appear to be 
enclosed within enveloping foliation surfaces. This is 
only an apparent effect due to the extreme attenuation 
and differential movement of the clasts during deformation 
(Figure 21).

The folds are similar to slightly parallel, and 
they may be classified as isoclinal to close, with rounded 
hinges. The folds have an average amplitude of 10 cm to 
20 cm, and fold amplitude always greatly exceeds fold 
wavelength. Viewed from the northwest, folds are consistently 
"s" type. Viewed from the southeast, they are consistently 
"z" type. Fold axes display a variable subhorizontal plunge. 
Upon measurement, the fold axes fall into two clusters: 
axes of z fold generally plunge 11°N390 , while axes of 
s folds generally plunge 23°S45E . Fold axes measured in 
the field may be plotted on a lower-hemisphere equal-area 
stereonet (Figure 22) . The axial planes of these minor 
folds dip moderately to the northeast, 25° to 45° less 
steeply than the foliation (Figure 22). However, in the 
extreme southeastern part of the Torpedo sliver, where
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Figure 21. Photograph of small-scale asymmetric minor 
folds in the limestone conglomerate tectonite. 
Torpedo fault sliver.
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Figure 22. Lower-hemisphere equal-area stereonet 
plot of fold axes and of fold axial 
planes in the limestone conglomerate 
tectonite, domain one. Torpedo fault 
sliver. Open circles represent z-folds, 
dots represent s - f o l d s , and crosses 
represent fold axial planes.
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deformation is most intense, the folds become pervasive 
and have shallow axial surfaces that define a crude crenulation 
cleavage structure that begins to transpose the foliation.

Domain Two. Domain two includes asymmetric minor 
folds in the silicic volcanic rocks of the Miller fault 
sliver. The folds are defined by the crude layering which 
has resulted from a differential weathering of deformed 
foliation surfaces (Figure 23).

The folds may be classified as similar although 
many display only a very slight thickening of the hinge 
area. They range from open to close, and have rounded 
hinges. The folds have an average amplitude of 10 cm to 
15 cm, and fold wavelength generally equals or exceeds 
fold amplitude. As in domain one, folds are consistently 
"s" type as viewed southeast, and "z" type as viewed northwest. 
All fold axes plunge gently to the northwest. Fold axes 
plunge gently to the northwest. Upon measurement, fold 
axes plot in a single cluster, generally plunging 12°N40W 
(Figure 23).

Domain Three. A third domain includes the widely 
scattered and variably oriented asymmetric minor folds 
observed in the Precambrian granite adjacent to the Foothills 
fault zone north of warden Canyon. There the folds are 
defined by a crude layering which has resulted from a
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Figure 23, Photograph of small-scale asymmetric 
minor folds in the silicic volcanic tectonite, 
and lower-hemisphere equal-area stereonet 
plot of fold axes, domain two, Miller 
fault sliver.
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differential weathering of abruptly kinked foliation surfaces 
(Figure 24).

The folds may be classified as ideal parallel to 
slightly similar, locally exhibiting a slight thickening 
of the hinges. The folds are upright and open with angular 
hinges. They have an average amplitude of 10 cm, and fold 
amplitude and wavelength are equal. When viewed to the 
northwest, the folds are consistently "z" type, and all 
fold axes plunge moderately to the north (Figure 24).

Tension Gashes
Descriptive. Tension gashes are common in tectonized 

fault rocks. Although a few are present in the less competent 
ductile rocks, tension gashes are pervasively developed 
only in the more brittle, competent rocks, where they occur 
in en-echelon zones (Figure 25). Tension gashes are planar 
or sigmoidal in cross section. Gash openings range from 
1 cm to 15 cm in length and 0 cm to 0.75 cm in width, while 
spacing between individual gashes range from 1 cm to 15 cm 
in areas of maximum development, strike direction of the 
tension gash planes ranges from parallel to perpendicular 
to the strike of the surrounding foliation planes, and 
dips vary from steep to subhorizontal. Host tension gashes 
are open; less often they are filled with elongate fibrous 
crystals of quartz and calcite, oriented with their longest 
dimensions parallel to the maximum opening across the gashes.
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Figure 24. Lower-hemisphere equal-area stereonet 
plot of fold axes in Precambrian granite 
adjacent to the Foothills fault zone, 
domain three.
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Figure 25. Photograph of en-echelon tension gashes developed 
in the silicic volcanic tectonite of the Miller 
fault sliver. Foothills fault zone.
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The orientation of tension gashes, quartz fibers, 

and the surrounding foliation surfaces were measured at 
36 locations in the Miller, Torpedo, Tomatoe, and Grape 
fault slivers and in the Precambrian granite. As the 
orientations of the enclosing foliation surfaces exhibited 
a marked variation, these orientations were normalized 
to an average value, and the accompanying tension gash 
orientations in each instance were submitted to the same 
correction factor. Figure 2 6 is a stereonet plot of the 
normalized orientations of tension gashes. The lithology 
in which each gash occurs is indicated.

At first glance, the stereonet plot of tension-gash 
data resembles a scatter plot. However, a semblance of 
order may be forced upon it. Tension gashes which opened 
up in the tectonized rhyolite porphyry dike and in the 
Precambrian granite have strikes which are perpendicular 
to strike of the surrounding foliation. Dips vary from 
moderate to steep; all dip more steeply than does the 
foliation. In the silicic volcanics and the breccia units, 
strike of tension gashes parallels the strike of surrounding 
foliation planes. Dips are less steep than those of the 
foliation; however, dips may be in the opposite direction. 
Tension gashes formed in the intermediate volcanics and 
the sedimentary tectonites exhibit variable strikes and
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Figure 26. Lower-hemisphere equal-area stereonet 
plot of poles to tension gashes (open 
circles) and trend and plunge of the 
infilling quartz fibers (dots).
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dips, both subparallel and subperpendicular to the foliation 
surfaces.

Orientations of elongate quartz fibers trend 
consistently northeast and southwest. Plunges are variable, 
yet most fibers plunge to the northeast (Figure 26).



FAULT ROCKS AND MICROSTRUCTURES

Fault rocks, including tectonites, within the Foothills 
fault zone display a wide variation in lithology and structural 
response. Turner and Weiss (1963, p. 39) have defined 
a tectonite as "any rock whose fabric clearly displays 
coordinated geometric features that indicate continuous 
solid flow during formation." The microscopic appearance 
of the rocks, including shape of individual deformed mineral 
grains, morphology of grain boundaries, and the expression 
of deformation in terras of microstructures, can provide 
a basis for interpretation of the deformational history. 
Thus, an examination of fault rocks and their microstructures 
is of importance.

Mvlonitized Precambrian Granite

Distribution and Outcrop Expression
Precambrian granite is the predominant rock type 

in the study area. The two types of granite present, the 
Foothills granite and the Fletcher Ridge granite, have 
been named and described by Weber (1950) . The Fletcher 
Ridge granite postdates and has intruded into the Foothills 
granite as irregular lobes and dikelike masses. Locally 
the two types of granite lie in fault contact with each 
other.

53
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The Foothills granite comprises most of the eastern 

foothills of the Huachuca Mountains and lies in fault contact 
with the northeast and southwest margins of the Bolsa, 
Torpedo, and Miller fault slivers and in fault contact 
with the southwest margin of the Tomatoe and Grape fault 
slivers. The Fletcher Ridge granite lies in fault contact 
with the northeast margins of the Tomatoe and Grape fault 
slivers. Irregular masses of the Fletcher Ridge granite 
also crop out on the hill crest north of Tinker Canyon 
between the Bolsa and Torpedo fault slivers, and southwest 
of both the Torpedo and Miller fault slivers.

Physical appearance and weathering characteristics 
of the granites depend on their structural condition. 
Dndeformed granite generally forms low rounded hills and 
ridges where spherically weathered outcrops are surrounded 
by grus-covered slopes. Locally, the granite is very deeply 
weathered to a soft, semi-coherent grus, which retains 
the original rock fabric. Where deformed, the granite 
has developed a variably dipping foliation and forms flattened 
parallel ridges with serrated tops. Fresh rock surfaces 
are gray to white, but most outcrops are stained reddish 
brown due to decomposition of abundant biotite.

Lithology
Nonmylonitized Foothills granite is medium to light 

gray with a slight pinkish tinge. It is coarse-grained.
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with crystals ranging from 0.4 mm to 5.5 mm in diameter; 
however, some phenocrysts are as large as 12 mm. It is 
porphyritic and displays a hypidiomorphic-granular texture. 
The granite has a fairly uniform mineralogy consisting 
of approximately 32% potassium feldspar, 32% plagioclse, 
25% quartz, and 10% biotite. Weber (1950) reported magnetite, 
apatite, sphene, and rare zircon as accessory minerals.

Plagioclase is one of the most abundant minerals 
and form 32% of the rock. Most plagioclase occurs as subhedral 
crystals; a few are anhedral. It is present as phenocrysts 
up to 3 mm long, distributed throughout a finer-grained 
matrix. Many plagioclase crystals display well-developed 
twinning. Plagioclase compositions determined by Weber 
(1950) are approximately Ab 96 (albite). Some crystals 
are partially to completely replaced by sericite and clay 
minerals, particularly where the granite is deeply weathered.

The granite also contains approximately 32% potassium 
feldspar. Most potassium feldspar crystals are from 1 mm 
to 0.5 mm in diameter, although phenocrysts up to 16 mm 
long are locally abundant. Crystals are microcline-perthite. 
Most are anhedral, but a few subhedral crystals are also 
present. Some crystals have been weakly altered to sericite.

Quartz constitutes approximately 25% of the rock. 
It occurs as irregularly shaped, coarse, anhedral grain
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aggregates up to 5.5 mm in diameter and as smaller faceted 
crystals poikilitically included in the feldspars. A few 
crystals display a weak undulatory extinction, and most 
have sutured boundaries.

The accessory minerals include magnetite, apatite, 
sphene, and zircon. Magnetite occurs as isolated interstitial 
subhedral grains up to 1.0 mm in diameter. Sphene occurs 
locally as euhedral grains up to 3.5 mm long. Weber (1950, 
p. 63-64) noted that the presence of apatite as subhedral 
prisms up to 0.4 mm long with the biotite and as inclusions 
in feldspar. He also noted that sphene is very rare.

The lighter color of the Fletcher Ridge granite 
is due to a deficiency of mafic minerals. The granite 
is fine- to medium-grained, slightly porphyritic, and composed 
of crystals between 1.5 mm and 5.5 mm in diameter. It 
has a hypidiomorphic-granular texture.

The granite contains approximately 35% potassium 
feldspar, 35% quartz, 20% plagioclase, and 10% muscovite. 
Mineralogy of the Fletcher Ridge granite differs from that 
of the Foothills granite in that the Fletcher Ridge granite 
contains more quartz, less plagioclase, and muscovite rather 
than biotite.

Potassium feldspar constitutes approximately 35% 
of the rock. It is generally present as subhedral laths 
up to 5.5 mm long, commonly displaying carlsbad twinning.
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Microcline-perthite is the most common feldspar, although 
orthoclase is also abundant as smaller anhedral grains. 
Most potassium feldspar is fresh, although some is uniformly 
flecked with sericite and clay minerals.

The Fletcher Ridge granite contains approximately 
35% quartz. Most quartz crystals are approximately 1.8 mm 
in diameter. The quartz occurs principally as grain aggregates 
with sutured contacts, but smaller, rounded to euhedral 
grains displaying an undulatory extinction are also common.

Plagioclase constitutes approximately 20% of the 
rock. It occurs as subhedral laths and short prisms up 
to 1.5 mm long, scattered throughout the matrix as small 
phenocrysts. Rarely, it occurs in euhedral forms. Albite, 
carlsbad, and rarely, pericline twinning are present. 
Plagioclase compositions determined by Weber (1950) are 
approximately AB 96 (albite). Plagioclase phenocrysts 
are uniformly flecked with sericite and clay minerals.

Muscovite content is approximately 10%. Most muscovite 
crystals are large, clear flakes up to 3.5 mm in diameter 
and deeply embayed by quartz. Some are flexed and broken. 
Secondary muscovite is present as irregular aggregates 
along grain boundaries and in fractured veinlets. Alteration 
to muscovite, sericite, and clay minerals is very slight. 
A few small cubes of limonite as pseudomorphs after pyrite 
are present.
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A distinctive, very fine-grained muscovite aplite 

phase of the Fletcher Ridge granite is locally present. 
This pale-green to white aplite is typified by abundant 
coarse corroded scales of muscovite up to 10 mm in diameter. 
Weber (1950, p. 67-68) described this as compositionally 
very similar to the Fletcher Ridge granite, except that 
its texture is much finer grained and subequigranular. 
Anhedral microcline perthite, subhedral potassium feldspar, 
and anhedral rounded quartz constitute most of the rock, 
as grains averaging 0.4 mm in diameter (Weber 1950). The 
muscovite occurs as very coarse flakes in optical continuity 
across abundantly included grains of quartz and rare feldspar.

A variably developed mylonitic fabric is present 
in the Foothills granite adjacent to the Foothills fault 
zone. This fabric is subtle along the northeastern margins 
and well developed along the southwestern margins. Outward 
from the fault zone, the fabric grades quickly into undeformed 
granite over intervals of 5 m. Mylonitization has modified 
the appearance of the granite and darkened its color but 
has not obliterated the original lithology.

The Fletcher Ridge granite is less affected by 
the deformation than is the Foothills granite, probably 
due to its greater resistance. Foliation is locally well 
developed adjacent to the fault and abruptly grades into 
granite of an undeformed appearance. Mineralogic
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characteristics of the mylonitic granite are similar to 
those described for the Foothills granite.

Foliation in the Precambrian granite is much more 
apparent on a mesoscopic scale than it is on a microscopic 
scale due to the very coarse-grained nature of the rock 
(Figure 27) . Where present, the mylonitic foliation is 
defined by elongate quartz aggregates, oriented mica flakes, 
and thin bands of intensely granulated and recrystallized 
deformed rock. Foliation is most strongly developed in 
concentrations of biotite and sericite. A rare lineation 
is defined by elongate and flattened aggregates of quartz 
and other minerals and by discontinuous streaks and trains 
of biotite and broken feldspars.

Microstructures
Mylonitization has significantly altered the microscopic 

appearance of the granite (Figure 28) . At the thin section 
scale, anastomosing layers of very fine-grained highly 
deformed rock surround coarse-grained aggregates of less 
deformed rock.

In all quartzo-feldspathic protoliths, the initial 
mesoscopic manifestation of the mylonitization process 
is the appearance of mortar textures. Microscopically, 
quartz is recrystallized into aggregates of small grains, 
and biotite, commonly partially altered to chlorite, appears 
comminuted and occupies interstices between the more rigid
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Figure 27. Photograph of foliation in mylonitized Precambrian 
granite.
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feldspars. At this stage, the anastomosing nature of zones 
of higher intensity deformation discernable on the outcrop 
scale is also evident on the microscopic scale. Discrete 
shear seams of recrystallized quartz and comminuted or 
reoriented phyllosilicates occur between comparatively 
less deformed m i c r o l i t h o n s . With continuing dynamic 
recrystallization of quartz, well defined elongate quartz 
grains develop locally, and a flattening fabric is 
recognizable. The progressive recrystallization of quartz 
is accompanied by the synkinematic growth of biotite, muscovite, 
sericite, and chlorite.

Quartz has deformed plastically in all lithologies 
present in the Foothills fault zone mylonites, most notably 
in the quartzo-feldspathic intrusive rocks. Recrystallization 
of some original quartz grains into aggregates of extremely 
fine grains has occurred at even very low levels of strain. 
Other quartz grains display undulose extinction. Where 
undulose extinction is most strongly developed, subgrains 
form, misoriented by 1° to 10° from the parent grain. 
Dynamically recrystallizing new grains appear around parent 
grain boundaries, forming core-and-mantle structures. 
With increased strain, the original shape of quartz grains 
shows flattening and elongation. At moderate strain, these 
elongate primary quartz grains may wrap around porphyroclasts 
of brittle material. Sigmoidal grain shapes are common.
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At the highest strain exhibited in the most ductile lithologies, 
quartz ribbons of very high length to width ratios are 
characteristic. Intracrystalline quartz deformation accompanies 
this shape change of primary grains.

Feldspars remain equidimensional and porphyroclastic 
relative to all other mineral grains in the mylonites. 
However, they have been reduced in size by brittle fracture 
or cataclasis. Dndulose extinction and, rarely, kinking 
of plagioclase twins are the only forms of ductile 
intracrystalline deformation observed. Only in cases of 
extreme mylonitization, where feldspars have been reduced 
to matrix grain size, has dynamic recrystallization occurred.

Both quartz and feldspar porphyroclasts in most 
fault rock lithologies exhibit recrystallized overgrowths 
as pressure shadows. These pressure shadow "wings" are 
symmetrically or asymmetrically positioned with respect 
to the foliation surfaces on either side of the mineral 
grain. Recrystallization is directional; elongate fibers 
are formed with fiber axes parallel to the foliation planes. 
Elongate sigmoidal fibers also fill extension fractures 
in brittle mineral grains, and reconnect displaced broken 
grains. While dissolution of single mineral species occurs, 
reprecipitation of a complex mixture of minerals will occur 
adjacent to the same grain. Complex reactions are involved 
in precipitate phases, resulting in recrystallization of
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a mix of quartz, feldspar, calcite, and phyllosilicates.

Micas have most commonly rotated so that their 
basal cleavage planes are parallel to the direction of 
elongation of quartz grains. Sigmoidal or parallelogram 
grain shapes are common. Rarely, muscovite porphyroclasts 
may have been further deformed by pull-aparts along and 
parallel to basal cleavage. Non-porphyroclastic biotite, 
however, typically has lost any regular grain shape due 
to deformation between more rigid feldspars or as a result 
of chloritization and sericitization.

Mylonitization of the Precambrian granite as a 
whole has locally been expressed by cataclastic flow. 
Microscopically, the rock reveals a dispersed, interconnected 
network of intra- and intergranular microcracks. Fracture, 
loss of cohesion, rolling and frictional sliding of grains 
and grain fragments have occurred on all scales. All mineral 
constituents have been reduced to angular fragments of 
a wide range of grain sizes. Quartz and, less commonly, 
feldspar exhibit a patchy and undulatory extinction due 
to the arrays of microcracks. The matrix is locally granulated, 
but more often is composed of minute grains of all minerals, 
exhibiting a steady-state dynamic recrystallization.

Quartz Microbreccia

Distribution and Outcrop Expression
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A distinctive quartz microbreccia makes up the 

entire Bolsa fault sliver, forming a conspicuous crescent-shaped 
vertical cliff along a ridge crest. The microbreccia is 
massive, aphanitic, white to purple, and locally shattered 
and recemented with white quartz (Figure 29). Margins 
of the microbreccia appear gradational into strongly brecciated 
Precambrian granite, which in turn grades into weakly foliated 
and undeformed granite over a distance of 5 m to 10 m. 
Adjacent to the quartz microbreccia, the Precambrian granite 
is very fine-grained to aplitic in texture. Fault contacts 
are locally defined by a gray to purple microbreccia as 
well as strongly brecciated Precambrian granite in a similar 
microbrecciated matrix.

Lithology and Microstructures
The quartz microbreccia is composed of angular 

to subrounded fragments of quartz and accessory microcline 
in a foliated and granulated matrix of quartz and sericite 
(Figure 30). The largest fragments in a given thin section 
are 2 mm in diameter, and the smallest are almost too small 
to be resolved with a petrographic microscope. An arbitrary 
designation of matrix was made for those fragments less 
than 0.09 mm in diameter. Accordingly, the breccia consists 
of 75% to 90% fragments and 10% to 25% matrix. Composition 
of the fragments is 97% quartz and 3% microcline feldspar. 
The matrix is approximately three-fourths quartz and one-fourth
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Figure 29. Photograph of microbrecciated quartz of the 
Bolsa fault sliver (below), in contact with 
brecciated Precambrian granite (above).
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Figure 30. Photomicrograph of the quartz microbreccia 
Crossed nicols. Scale bar is 20 mm.
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sericite. The angular to subrounded fragments range from 
equant to elongate, with aspect ratios of up to 5:1, averaging 
3:1. All fragments are monomineralic, and most are 
monocrystalline, with a few scattered polycrystalline grains 
of quartz.

The effects of both brittle and ductile deformation 
may be observed in the microbreccia. The rock as a whole 
has deformed by cataclastic flow. Quartz and microcline 
fragments are shattered by numerous fractures and microfaults; 
and loss of cohesion, rolling, and frictional sliding of 
grains and grain fragments have occurred on all scales. 
Some adjacent fragments have not been displaced with respect 
to one another, whereas other fragments have slid, rotated, 
and totally detached from one another.

Dndulatory extinction is developed in most quartz 
grains, and ranges from weak to strong. Where best developed, 
this process has resulted in the formation of aggregates 
of unstrained subgrains, new grains, and core and mantle 
structures. Open fractures in quartz grains are infilled 
with elongate, sigmoidal fibers of quartz and sericite. 
Quartz in the matrix is pervasively recrystallized to minute, 
pinpoint-size, equant unstrained grains intermixed with 
sericite.

Interpretation of Protolith
Some lithologic characteristics of the quartz



69
microbreccia closely resemble those of a rock of sedimentary 
origin, specifically the Cambrian Bolsa Quartzite of Ransome 
(1904, p. 28-30). In the microbreccia, which locally resembles 
a grain-supported sandstone, some quartz grains are subrounded 
and meet each other with concavo-convex contacts. The 
microcline feldspar grains display the very minor degree 
of alteration also characteristic of those in the Bolsa 
Quartzsite, where microcline predominates over plagioclase. 
Sericite, as coatings on quartz grains and as refilling 
in pore spaces, characterizes the Bolsa Quartzite and the 
quartz microbreccia. Polycrystalline and two-grain fragments 
in the microbreccia may be features inherited from the 
Bolsa Quartzite where individual sedimentary grains may 
be polycrystalline or bicrystalline. Hayes and Raup (1968) 
tentatively assigned the protolith of this rock to the 
Cambrian Bolsa Quartzite.

Other characteristics of the microbreccia indicate 
an igneous source rock. Quartz overgrowths, ubiquitous 
in the Bolsa Quartzite of southeastern Arizona and a 
characteristic of all quartz sandstones, are not present 
in the angular to subrounded quartz grains of the microbreccia. 
Most quartz grains in the microbreccia are elongate, with 
aspect ratios of up to 5:1, averaging 3:1, whereas a mature 
quartzite such as the Bolsa would be characterized by equant 
grains. The size distribution of fragments observed in
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the microbreccia, 0.09 mm to 2 mm and smaller, would be 
highly unusual in a pure quartzite such as the Bolsa. 
These larger grain sizes and poor sorting are common in 
immature, first-cycle sediments and are usually accompanied 
by a large percentage (>25%) of feldspar (R. P. George, 
Jr. 1983, personal communication) as opposed to the 3% 
feldspars in the microbreccia. It may be noted, however, 
that the Bolsa Quartzite is locally characterized by poor 
sorting.

Evidence suggests that the rounding of some quartz 
grains may actually be attributable to grain-boundary 
recrystallization. Subgrains developed in the interior 
of large strained quartz fragments, and new grains developed 
adjacent to them in the matrix, were originally part of 
the same very large strained grain. This finding implies 
that the quartz grains were originally much more angular 
and decreases the likelihood of a sedimentary origin for 
the source rock.

Shafiqullah and others (1980) have documented the 
presence of, and dated, 47 m.y. old quartz veins intrusive 
into the Cambrian Bolsa Quartzite of the Huachuca Mountains. 
Perhaps the conflicting evidence for both a sedimentary 
and an intrusive source for quartz grains in this tectonite 
can be explained by attributing the protolith to a combination 
of the two.
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Clastic Sedimentary Tectonites

Distribution and Outcrop Expression
A subdued, yet continuous, band of tectonites of 

mixed clastic sedimentary origin extends the length of 
the Torpedo fault sliver, separated from the structurally 
overlying Precambrian granite by a variably developed zone 
of tectonite breccia. Locally, the clastic sedimentary 
tectonites are structurally overlain by mylonitized rhyolite 
porphyry and by limestone tectonite.

Lithologies in the Miller fault sliver are dominated 
by tectonites of clastic sedimentary origin which exhibit 
subdued outcrops. The most prominent lithology, a lens 
of strongly foliated, fine-grained red sandstone, is 
interlayered with white quartzite. The silicified white 
quartzite interlayers, which parallel the foliation surfaces 
in the sandstone, stand up as inclined tabular bodies 4 m 
high. At the northwestern and southeastern ends of the 
Miller fault sliver, clastic sedimentary tectonites lie 
structurally above the silicic volcanic tectonites. The 
footwall fault is marked along its length by a discontinuous 
series of lenses and pods of a very coarse-grained altered 
sandstone. An additional sandstone unit encloses a small 
lens of the maroon phyllonite.
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Lithology and Microstructures

Most outcrops of the clastic sedimentary tectonites 
cannot easily be subdivided into individual lithologies. 
In the Torpedo fault sliver, variably sized lenses of 
phyllonitized shale, siltstone, fine-grained sandstone, 
and weakly foliated coarse-grained sandstone are intermixed 
with blocks of silicifled quartzite and pods of white 
cryptocrystalline silicia. In the Miller fault sliver, 
rocks of clastic sedimentary origin may be grouped into 
three subdivisions; a gray phyllonite, a red phyllonite, 
and a very coarse-grained altered quartz sandstone.

The gray phyllonite of the Miller fault sliver 
is identical to the mix of clastic sedimentary tectonites 
of the Torpedo fault protolith. The red phyllonite is 
composed of a very strongly foliated fine- to medium-grained 
sandstone and siltstone interlayered with white quartzite 
(Figure 31). The most distinct lithology, a very coarse-grained 
sandstone, is very strongly altered, well rounded, well 
sorted, friable, and iron stained. An incipient to very 
weakly developed foliation is present. This sandstone 
occurs only as discontinuous pods and lenses incorporated 
into the hanging wall and footwall faults and along lithologic 
contacts.

All clastic sedimentary tectonites are foliated, 
and the less competent rocks display a very well developed
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Figure 31. Photograph of clastic sedimentary tectonites 
of the Miller fault sliver.
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foliation. All incorporate varying amounts of fine-grained 
recrystallized quartz, sericite, biotite, and granular 
opaques within interstices between quartz grains.

In tectonites of clastic sedimentary origin, there 
is a progressive dimensional alignment of lensoid grains 
of quartz and calcite, as well as an increase in comminution 
and reorientation of phyllosilicates. Concommitant with 
the development of the flattening fabric, the discrete 
surfaces of shear which are evident in all fault rocks 
are more penetrative, and a second fabric element appears. 
This second planar fabric element is marked by the crenulation 
of the flattened grains and by sigmoidal bends in elongated 
quartz grains.

S-C fabrics are best developed in tectonites derived 
from medium-grained quartz sandstone. The C-surfaces are 
delineated by alignment of primary and secondary phyllosilicate 
flakes and by a profound recrystallization of matrix and 
quartz grains. S-surfaces are defined by the asymmetry 
of dynamically recrystallizing tails of quartz grains, 
which impart a sigmoidal shape to individual grains 
(Figure 32) • Incipient C-surfaces developing in the tectonite 
breccia units impart a sigmoidal asymmetry to the flattened 
aggregates of breccia clasts. Quartz grains display well 
developed asymmetric augen-type structures.
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Figure 32. Photomicrograph of the clastic sedimentary 
tectonite, illustrating the development of 
S-C fabric. Crossed nicols. Scale bar is 
20 mm.
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Interpretation of Protolith

Weber (1950, p. 108) describes the contents of 
the Miller fault sliver as "...predominantly limestones 
of various Paleozoic unitsf but some maroon shale that 
may be of lower Cretaceous age, possibly Pennsylvanian 
or Permian, is also present." He also notes (1950, p. 110) 
that "slabs of calcareous sandstone, shale and limestone.. .have 
characteristics of strata in the Abrigo Limestone (sic) 
and Picacho de Calera Formation." However, detailed mapping 
in this study has shown that limestone is not a major 
constituent of the Miller fault sliver.

A variety of clastic sedimentary rocks are common 
in the Paleozoic and Mesozoic age strata of the Huachuca 
Mountains. Lower Paleozoic clastic sedimentary rocks, 
including the Cambrian Bolsa Quartzite and Abrigo Formation, 
and Cretaceous strata such as the Morita Formation, are 
composed of calcareous sandstones, siltstones, and claystones 
and provide ample source-rock for the clastic sedimentary 
tectonites. However, the intensity of deformation expressed 
in the rocks has obliterated the subtle variations in mineralogy 
and texture that would, if present, allow accurate assignment 
of protolith. A possible source for rock of clastic sedimentary 
origin is the exotic blocks incorporated into the Cretaceous 
Glance Conglomerate and the Trlassie (?)-Jurassic Silicic 
Volcanic Rock of the Huachuca Mountains.
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Limestone Tectonite

Distribution
Substantial outcrops of deformed limestone are 

present only in the Torpedo fault sliver, where they make 
up the south-central portion of the sliver. This limestone 
is incorporated into the core of the zone, juxtaposed above 
limestone conglomerate along much of its length and tectonically 
overlain by and intermixed with deformed rocks of clastic 
sedimentary origin. Other meter-scale lenses of similar 
mylonitized limestone are distributed throughout the limestone 
conglomerate and along the contact between the limestone 
conglomerate and the deformed rhyolite porphyry.

Outcrop Expression and Lithology
Outcrops of the limestone weather back along inclined 

foliation planes to form an extensive dip slope. Continuous 
outcrops parallel the crest of the ridge at its southernmost 
terminus, while much of the outcrop lower down on the hill 
is obscured by vegetation and float.

The limestone displays a variety of colors, ranging 
from mottled pink and white to medium bluish-gray and dark 
gray. It is massive, and ranges in hand specimen from 
fine-grained to granular. It contains thin beds and nodules 
of light-gray to smokey-gray chert, and dolomitic horizons 
incorporating white chert nodules. Zones of bleaching.
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marbleization, and silicification are also present. Beds 
of crinoid columnal fragments are prominent where fossil 
fragments constitute up to 50% of the rock volume. These 
beds crop out in lenses 3 m to 10 m long, which are oriented 
with their long axes parallel to the foliation planes in 
the rock. Crinoid columnal segments also display the 
deformation exhibited by the limestone (Figure 33). Foliation 
in the limestone is weak to moderate. Where the foliation 
is most strongly developed, the limestone also incorporates 
elongate lenses of white, gray, and red phyllonite, ranging 
from 3 m to 6 mm in length.

This limestone unit was observed to be profoundly 
silicifled at its southernmost terminus. At the extreme 
southeastern end of the fault sliver, intensely foliated 
limestone becomes gradational into a foliated and layered 
mass of whiteish to tan silica. Silica and limestone, 
interlayered in bands 5 m to 50 cm thick, become increasingly 
folded and contorted and give way to a large irregular 
body of crudely layered silica with many small and large 
jagged open cavities (Figure 34) . This silica probably 
represents remobilized chert from the limestone. In thin 
section, the limestone is pervasively silicifled and 
recrystallized to minute pinpoint-sized grains.

Interpretation of Protolith
The protolith of this rock is interpreted to be
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Figure 33 Photograph of limestone tectonite with deformed 
crinoid columnal segment, from the Torpedo 
fault sliver.
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Figure 34. Photograph of interlayered bands of silica 
and limestone paralleling the deformed foliation 
surfaces in the limestone tectonite. View 
is of the south end of the Torpedo fault sliver, 
looking northward. Ann Bykerk-Kauffman for 
scale.
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the Mississippian Escabrosa Limestone. Schreiber (1983, 
personal communication) noted that the Escabrosa Limestone 
in southeastern Arizona is usually characterized by large 
quantities of silica. In his description of rocks caught 
up in the Foothills fault zone, Weber (1950, p. 108) noted 
the presence of a wedge of rock with characteristics of 
the Martin and Escabrosa Limestones. Hayes and Raup (1968) 
also indicated the presence of Escabrosa Limestone at this 
location in the fault zone.

Areas of outcrop of the Escabrosa Limestone in 
the Huachuca Mountains are confined to the higher portions 
of the range, where it has been thrust over lower Cretaceous 
rocks. A discontinuous, faulted and folded belt of this 
limestone forms precipitous cliffs and scarps which crop 
out from the vicinity of Carr Peak in the south to north 
of Huachuca Peak.

Silicic Volcanic Tectonite

Distribution
Rocks of probable silicic volcanic origin make 

up a large part of the Miller fault sliver, where they 
crop out at o p p o s i t e  ends of the sliver. At the 
southeasternmost end of the Miller fault sliver, these 
rocks incorporate irregular pods and lenses of a coarse 
altered sandstone along their southwestern margin and are
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tectonically overlain by a much finer-grained sandstone 
to the northeast. At the northwesternmost end of the fault 
sliver, these silicic volcanic rocks lie in fault contact 
with deformed Precambrian granite in both the hanging wall 
and the footwall.

Outcrop Expression
In the southeastern outcrops, the rock is fine-grained 

and purplish-gray and exhibits scattered minute quartz 
phenocrysts. It weathers to form a low slope in which 
outcrops are irregular and often masked by soil and vegetation. 
In the northwestern outcrops, the rock is extremely 
fine-grained, light gray to tan, aphanitic, and pervasively 
silicified. There it weathers to form rounded resistent 
ridges, which may stand up to a height of 4 m at the crest 
of the hill. These are cross-cut by irregularly spaced, 
subhorizontal curviplanar fracture parting. Drag folds, 
overturned to the northeast and subparallel to the foliation 
surfaces, are developed at several locations (Figure 35).

Lithology and Microstructures
The original mineralogy has been reduced to quartz 

and sericite. Small quartz porphyroblasts are distributed 
through a uniformly fine-grained matrix of quartz and sericite 
with accessory biotite and chlorite, in the finer-grained, 
strongly foliated rocks, subrounded unstrained quartz



83

« g„. =S. tect.„lte.



84
porphyroblasts 0.1 ram in diameter make up approximately 
10% of the whole rock. In the coarser-grained, weakly 
foliated rocks, rounded quartz porphyroblasts 0.15 mm in 
diameter constitute up to 25% of the rock. All grains 
display fine-grained elongate recrystallizing tails. Grain 
boundaries are hazy and invaded by minute accicular plates 
of sericite. Grain boundaries of quartz and sericite grains 
in the matrix are indistinct, and difficult to distinguish 
even at higher magnifications. Accessory elongate plates 
of biotite and chlorite lie in the foliation planes. Minute 
angular opaque minerals, 0.5 mm in diameter, make up 1% 
to 3% of the rock. Foliation surfaces are defined by the 
parallel alignment of elongate and flat mineral grains 
and by the elongate recrystallizing tails of quartz 
porphyroblasts.

In the penetratively deformed silicic volcanic 
rocks of the fault zone, a microscopically visible pressure 
solution cleavage has been superposed onto the mesoscopically 
visible mylonitic fabric (Figure 36) . Discontinuous 
anastomosing seams of insoluble residue, up to 2 cm in 
length and spaced from 1/2 mm to 3 mm apart, are aligned 
in parallel en echelon rows. This subhorizontal pressure 
solution cleavage warps the previously formed steep mylonitic 
foliation into minute microfolds and kink bands. Shortening 
of the rock has been accommodated by volume loss along
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Figure 36, Photomicrograph of the silicic volcanic tectonite, 
displaying a microscopic pressure-solution 
cleavage superposed onto the mylonite foliation. 
Scale bar is 20 mm.



surfaces defined by the clay residue, through the mechanism 
of mass transport.

Interpretation of Protolith
These silicic volcanic rocks may prove to be correlative 

with the siliceous volcanic rocks of the Huachuca Mountains 
(Hayes 1970). These siliceous volcanics consist of a complex 
mixture of quartz latite to rhyodacite tuffs, felsite, 
siliceous flow-banded lavas, clastic sedimentary rocks, 
exotic blocks, and megabreccia lenses, up to 1220 m thick. 
Due to the altered nature of both protoliths and fault 
zone tectonites, no direct correlation was made between 
the tectonite and a particular unit within the siliceous 
volcanic rocks of the Huachuca Mountains.

T.imestone Conglomerate Tectonite

Distribution and Outcrop Expression
Limestone conglomerate present in the Torpedo fault 

sliver, and to a lesser extent in the Tomatoe and Grape 
fault slivers, display the most visually stunning response 
to deformation. The Torpedo fault sliver derives its name 
from the distinctive outcrop made of this spectacularly 
mylonitized limestone conglomerate, which defines the crest 
of Scheelite Ridge in a conspicuous serrated wall 30 m 
wide. This multicolored rock is intensely foliated and 
weathers back along the inclined foliation planes to form

86
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a series of stacked tabular torpedo-like masses which may 
reach 10 m in height. In the Tomatoe and Grape fault slivers, 
outcrops of the limestone conglomerate are more subdued, 
weathering back to subvertical faces beneath the more resistant 
overlying sliver rocks. In all three of the slivers, the 
limestone conglomerate defines the southwestern margin 
of the fault sliver, and is juxtaposed structurally above 
Precambrian granite. The limestone conglomerate is 
structurally overlain by mylonitized rhyolite porphyry 
to the northeast in both the Torpedo and Tomatoe fault 
slivers. In the Grape fault sliver, it is overlain by 
tectonites of intermediate volcanic origin.

Limestone conglomerate is multicolored, and composed 
of clasts of variable lithology. These clasts range from 
pebbles to boulders, with most falling within the cobble 
size interval. Clasts are embedded in a scant matrix of 
sandy silt with calcite cement. Foliation is profoundly 
developed such that the originally spherical clasts have 
been reduced to tapering ribbon-like bands and the matrix 
has been locally squeezed out (Figure 37). In places, 
the conglomerate consists of concentrations of uniformly 
pebble-sized clasts in elongate lenses up to 10 m long. 
In such cases the matrix comprises as much as 25% of the 
rock volume. Foliation development and flattening of clasts 
are pronounced.
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Figure 37. Photograph of spectacular foliation in outcrops 
of the limestone conglomerate tectonite of 
the Torpedo fault sliver.
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Locally, lensoid blocks of foliated gray limestone, 

the size of apartment buildings, have been incorporated 
in the conglomerate. Lenses of a fine-grained, almost 
schistose phyllonite, ranging from red to light gray and 
from 3 m to 8 m in length, are intermixed with the limestone 
conglomerate at all structural levels. Both matrix and 
pebbles of the conglomerate are locally pervasively chloritized.

Lithology and Microstructures
Limestone, as white, yellow, green, blue, gray, 

pink, red, and purple clasts, is the predominant lithology 
in the conglomerate, making up about 40% of the total 
composition. Aspect ratios of deformed limestone clasts 
may be in excess of 100:25:1 where they are most intensely 
deformed. Dolomite, as yellow, orange, and brown clasts, 
makes up about 20% of the total composition. Dolomite 
clasts deform in a slightly less ductile manner, although 
long to short aspect ratios of clasts exceed 10:1. Fine- 
and coarse-grained sandstone make up about 10% of the clast 
composition, and quartzite and chert represent 5% and 3%, 
respectively. All have responded to the deformation in 
a more brittle manner. Aspect ratios of long to short 
axes are on the order of 3:1, and tension gashes developed 
in the clasts are common. Recognizable protoliths for 
the conglomerate clasts include the Mississippian Escabrosa 
Limestone, Devonian Martin Formation, and the Cambrian
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Abrigo Formation and Bolsa Quartzite. Flattened boulders 
of the mylonitized rhyolite porphyry have been incoporated 
into the structurally lowest levels of the limestone 
conglomerate tectonite.

The flattened and stretched limestone clasts define 
foliation surfaces. Long axes of pebbles and aligned mineral 
grains in the matrix define an apparent penetrative lineation. 
Alternately, this lineation may be an effect of weathering 
enhancing the edges of flattened clasts on the outcrop 
surface. Foliation increases markedly in intensity toward 
the footwall fault, and where best developed, is deformed 
into asymmetric minor folds overturned to the northeast, 
with axial planes parallel to but less steeply dipping 
than the foliation (Figure 37). Locally a shallow crenulation 
cleavage transposes the steeper foliation.

Interpretation of Protolith
The protolith for the limestone conglomerate is 

interpreted to be the Cretaceous Glance Conglomerate of 
Ransome (1904). The Glance Conglomerate crops out in the 
Huachucas in an irregular faulted band that extends almost 
the length of the range. Along most of its length, the 
exposure is on the west flank of the range, but between 
the head of Garden Canyon and Pat Scott Peak, the exposure 
forms the crest of the range.
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Intermediate Volcanic Tectonlte

Distribution
Outcrops of intermediate volcanic tectonlte are 

confined to the Miller fault sliver. A single tapering 
wedge of this volcanic rock, 120 m long, lies sandwiched 
between deformed rocks of various clastic sedimentary origin 
just below the crest of the ridge. The intermediate volcanic 
unit blends laterally in a mylonitized contact with a sequence 
of interbedded sandstones and quartzites that exhibit a 
remarkably similar physical expression.

Outcrop Expression
The intensely deformed intermediate volcanic rock 

weathers along inclined foliation surfaces to form a succession 
of stacked tabular bodies. These are aligned end to end 
into two parallel upright ridges, which stand 2 m to 5 m 
high. These parallel ridges and the foliation surfaces 
which permitted their development are oriented at an oblique 
angle to the margins of the fault sliver, and cut nearly 
tranversely across the Foothills fault zone (Figure 38)•

The intermediate volcanic rock is deep maroon to 
purple on weathered surfaces and slightly lighter on fresh 
surfaces. It is aphanitic, and very strongly foliated 
such that it resembles a phyllonite. Where the foliation 
is most strongly developed, the inclined foliation planes
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Figure 38. Photograph of outcrops of the foliated 
intermediate-volcanic tectonite, which lies 
at an oblique angle to the bounding faults 
of the Miller fault sliver.
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are crosscut by closely spaced, subhorizontal tension gashes.

Lithology and Microstructures
Mylonitization has profoundly affected the microscopic 

appearance of the intermediate volcanics (Figure 39) .
A comparison of thin sections from different structural 
levels within this phyllonite reveals a development of 
foliation varying from weak to strong.

The rock is aphanitic and in thin section displays 
a coarsely microlitic groundmass, which shows a weak flow 
structure. Red and purple iron oxides make up 20% to 40% 
of the matrix, as mottled splotches and elongate trains, 
which define the foliation surfaces. The oxides are speckled 
with minute shreds of sericite and chlorite. Minute laths 
of altered feldspar locally make up to 25% of the rock. 
These are extensively replaced by fine-grained sericite; 
however, relict twinning may be observed in many grains.

Quartz makes up to 25% of the rock volume, distributed 
throughout the groundmass both as minute recrystallized 
grains and as large porphyroblasts. The porphyroblasts 
consist of clusters of equant five- and six-sided unstrained 
grains with sutured boundaries. All porphyroblasts are 
surrounded by clouds of minute recrystallized quartz grains, 
which extend outward along foliation surfaces. Where foliation 
is best developed, quartz defines the foliation surfaces 
in elongate lensoid bands composed of trains of equant
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Figure 39. Photomicrograph of profoundly my1onitized 
intermediate-volcanic tectonite. Crossed nicols. 
Scale bar is 20 mm.
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unstrained grains. The boundaries of quartz grains are 
invaded by minute shreds and flecks of sericite and chlorite, 
and quartz grains contain clouds of dusty inclusions.

Sericite and accessory chlorite, as minute shreds 
and flecks, make up to 25% of the total rock volume and 
are distributed in the matrix and in altered mineral grains. 
Accessory biotite is scattered through the matrix as occasional 
large lath-shaped grains oriented parallel to the foliation 
surfaces. These usually exhibit minute kink bands.

Interpretation of Protolith
The intermediate volcanic tectonite has been tentatively 

correlated with the intermediate volcanic lava unit mapped 
within the Cretaceous Glance Conglomerate of the Huachuca 
Mountains by Hayes and Raup (1968). Volcanic rocks included 
in the Glance Conglomerate here are made up of dusky red 
to grayish-purple, locally porphyritic lavas. Some of 
the nonporphyritic volcanics are vesicular or amygdaloidal 
with calcite fillings.

Maroon Phvllonite

Distribution
Phyllonitized rock of this description occurs primarily 

in the Grape fault sliver, where it makes up the larger 
part of the deformed rocks incorporated into the fault. 
It tectonically overlies the deformed limestone conglomerate
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which bounds it on the southwest, and is partially overlain 
by a coarsely brecciated version of itself. Small lenses 
of a similar phyllonite are present in the Tomatoe fault 
sliver directly to the northwest.

Outcrop Expression
Outcrop expression of the maroon phyllonite is 

remarkably similar in appearance to that of the limestone 
conglomerate. Differential weathering along inclined foliation 
surfaces has left a series of stacked tabular masses, which 
form an overhanging serrated wall 3 m to 10 m high along 
the backbone of the ridge. The rock is deep maroon to 
purple on weathered and fresh surfaces, aphanitic, and 
strongly foliated. Minute rounded augen-like quartz grains 
about 1 mm in diameter are distributed along the surfaces 
of foliation. Where the foliation is most strongly developed, 
parallel striae or minute grooves may be observed on foliation 
surfaces. Where the rock is weakly foliated, it appears 
amygdaloidal, with calcite infilling small open cavities 
in the rock. Along the northeast margin, where the maroon 
phyllonite abuts the hanging wall fault, it is very coarsely 
brecciated, with angular fragments of weakly foliated phyllonite 
intermixed with chunks of white quartz 5 cm to 10 cm long. 
Open spaces have been filled with coarsely crystalline 
quartz.
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Lithology and Microstructures

The original mineral constituents and primary textures 
of this rock have been so modified by the deformation that 
it is impossible to determine their origin (Figure 40). 
Quartz was present in the protolith as scattered equant 
single-crystal grains 1 mm to 2 mm in diameter. Many are 
now shattered and granulated, with strongly developed undulatory 
extinction. Most display core-and-mantle structure developed 
to the extent that more than half of the original grain, 
from the periphery inward, has been recrystallized to a 
girdle of equant unstrained new grains an order of magnitude 
smaller than the original. These porphyroblasts are distributed 
throughout a matrix comprised of equal parts of reddish 
iron oxides, quartz, sericite, and biotite, and accessory 
chlorite.

C-surfaces are outlined and partially obscured 
by accumulations of minute opaque minerals in elongate 
trains and streamers, which anastomose around sigmoidal 
aggregates of recrystallized quartz and feldspar. Elongate 
quartz, sericite, and biotite grains parallel the foliation 
surfaces. Individual grain boundaries are difficult to 
distinguish even at the highest magnification.

Interpretation of Protolith
The lithology of the maroon phyllonite may be 

differentiated from all others, with the exception of the
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Figure 40. Photomicrograph of Maroon phyllonite. All 
original mineral constituents and primary textures 
have been obliterated. Crossed nicols. Scale 
bar is 20 mm.
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intermediate volcanic tectonite, only by the presence in 
the matrix of a large percentage of red and purple iron 
oxides. Quartz, sericite, and biotite are minerals that 
are present in all tectonites. The unusual concentration 
of iron oxides in these rocks alone suggests that they 
may be correlative. However, the intermediate volcanic 
lava unit intercalated with the Cretaceous Glance Conglomerate 
contains no primary quartz phenocrysts. Additionally, 
the maroon phyllonite lacks a microlitic groundmass.

The protolith of this phyllonite may have had a 
sedimentary origin, even though it has a striking similarity 
in macroscopic appearance to the intermediate volcanic 
phyllonite. A probable protolith would be the Cretaceous 
Morita Formation of Ransome (1904, p. 56). The Morita 
Formation is dominated by a repeated sequence of massive 
siltstone, mudstone, and claystone, and lacks well defined 
bedding and conspicuous sedimentary structures. The dominant 
constituents are clay minerals, but other minerals are 
also present.

Rhyolite Porphyry Tectonite

Distribution
Rhyolite porphyry is one of the dominant tectonite 

lithologies in both the Torpedo and Tomatoe fault slivers. 
In the Torpedo sliver it parallels and lies just below
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the crest of Scheelite Ridge and extends part way into 
Tinker Canyon to the northwest. It structurally overlies 
limestone conglomerate tectonite and is in turn structurally 
overlain by tectonites of clastic sedimentary origin. 
Outcrops of the rhyolite porphyry terminate against the 
footwall fault, yet are traceable into undeformed Precambrian 
granite outside the fault sliver to the northeast. In 
the Tomatoe sliver, a narrow band of rhyolite porphyry 
structurally overlies a similar limestone conglomerate 
tectonite and is overlain by tectonite breccia. Weber 
(1950, p. 72) also noted the presence of the rhyolite porphyry 
as "several small ovate to dike-like masses" confined to 
the Precambrian granitic platform near the mouth of Brown 
Canyon, midway between the Torpedo and Tomatoe fault slivers.

Outcrop Expression
The rhyolite porphyry is light colored, and weathers 

slightly darker, to a tan or gray. In hand specimen it 
appears porphyritic with a granular aphanitic groundmass 
and scattered chalky-white feldspar phenocrysts from 0.5 cm 
to 3 cm in diameter. Within the Torpedo sliver, where 
foliation is strongly developed, the rhyolite porphyry 
weathers to a dip slope with inclined foliation surfaces 
subparallel to the hillside. Where the rhyolite porphyry 
intrudes Precambrian granite, it is only weakly foliated 
and forms an elongate low rounded ridge, standing just



101
above the surrounding Precambrian granite. Intrusive contacts 
between the rhyolite porphyry and the granite are defined 
by a conspicuous aphanitic purple chilled margin 1 ft to 
3 ft wide (Figure 41) . Foliation is well developed, and 
the rock resembles a phyllonite.

Lithology of Nonmylonitized Rhyolite Porphyry
Nonmylonitized rhyolite porphyry, which has intruded 

Precambrian granite outside of the fault zone, is composed 
of scattered phenocrysts of quartz, orthoclase, and plagioclase, 
uniformly distributed in a fine-grained altered matrix. 
Quartz occurs as euhedral hexagonal dypyramids up to 4 mm 
in diameter. It makes up 50% to 60% of the total phenocrystic 
composition. Euhedral and subhedral orthoclase-perthite 
phenocrysts constitute 35% to 40% of the total volume. 
These phenocysts, which may be as large as 4 mm in diameter, 
appear pink to purple in plane polarized light, with the 
color distributed irregularly throughout the phenocrysts 
but especially prominent in the cores of individual grains. 
Plagioclase content varies from 10% to 50% as subhedral 
to anhedral phenocrysts embayed by orthoclase. Some plagioclase 
occurs as single grains; others are twinned, and many show 
overgrowths of orthoclase. Magnetite is rare.

The matrix, which makes up approximately 30% to 
40% of the total rock volume, consists of equal parts of 
quartz and orthoclase, expressed as equant equigranular
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Figure 41. Photograph of outcrops of the rhyolite porphyry 
tectonite, displaying a conspicuous aphanitic 
margin adjacent to the Precambrian granite.
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grains interlocked in a mosaic texture. Sericite and accessory 
biotite, occurring as minute irregular shreds, have completely 
overprinted orthoclase in the matrix and have invaded the 
grain boundaries of all minerals present.

A weakly developed foliation is locally present 
in the nonmylonitized rhyolite porphyry. This foliation, 
apparent only in thin section, is expressed by the parallel 
alignment of elongate shreds and traces of sericite in 
the matrix.

Lithology and Microstructures of the Mylonitized 
Rhyolite Porphyry

Mylonitization has significantly modified the 
microscopic appearance of the matrix of the rhyolite porphyry 
but has not completely obliterated the original phenocryst 
lithology (Figure 42) . A variably developed fabric is 
present, expressed as ductile flattening, foliation, and 
recrystallization in the matrix, and brecciation and brittle 
fracturing of phenocrysts. Lineation is rarely developed. 
Surprisingly, phenocrysts now make up 45% to 55% of the 
rock as a whole rather than 10% to 20% as in the nonmylonitized 
rhyolite porphyry. All phenocrysts occur as subhedral 
fragments, some are slightly shattered, and all are altered 
to a greater or lesser degree.

Quartz grains now make up between 80% and 90% of 
the total phenocrystic composition. Most occur as smaller

/
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Figure 42. Photomicrograph of mylonitized rhyolite porphyry 
with remnant original phenocrysts of quartz. 
Crossed nicols. Scale bar is 20 mm.
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granulated fragments pulled apart in the direction of the 
rare 1 ineation. Fractures and cracks are filled with
dynamically recrystallizing quartz and sericite. Orthoclase 
phenocrysts are represented by shattered and granulated 
fragments. Due to pervasive sericitization, they are almost 
indistinguishable from the matrix. These now make up less 
than 10% of the total phenocrysts as compared with 35% 
to 40% of the nonmylonitized total. Plagioclase phenocrysts 
have been incorporated into the matrix by extreme comminution, 
recrystallization, dissolution, and redeposition.

The matrix, now representing only half of the total 
rock volume, is made up of approximately 65% biotite, 25% 
quartz, and 10% sericite. Sericite, and most biotite, 
is present as small irregular shreds intermixed evenly 
throughout the matrix. Locally, however, individual elongate 
biotite grains up to 4 mm long wrap around phenocrysts 
or bifurcate around lenses of granulated quartz and rejoin, 
giving the appearance of augen structures. Quartz is scattered 
through the matrix as patches and lenses of densely-clustered, 
minutely-recrystallized grains. All phenocrysts are surrounded 
by irregularly shaped clouds of these pinpoint-sized quartz 
grains, which extend outward as elongate asymmetrical tails, 
parallel to the foliation surfaces. Quartz is also dispersed 
throughout the matrix as occasional tiny irregular unstrained 
grains. These may represent fragments of relict primary
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grains, or more probably, secondary recrystallized grains.

In moderately foliated tectonites derived from 
rhyolite porphyry, macroscopically visible millimeter-scale 
C-surfaces are outlined by accumulations of dark biotite 
and chlorite. These C-surfaces anastomose around the larger 
mineral grains.

Tectonite Breccias

Distribution
Three distinctive varieties of breccia, all tectonic 

in origin, crop out as mappable rock units along the 
northeastern margins of the fault slivers. These have 
been named M, B, and S tectonite-breccia. These breccias 
also occur as pods and discontinuous lenses incorporated 
into the interiors of all fault slivers, usually at a scale 
too small to be shown on the map. Additionally, granitoid 
pods and lenses have been incorporated into all breccia 
units to such an extent that the deformed breccias locally 
attain a granitic appearance and actually seem to grade 
into Precambrian granite in unexpected and unlikely locations.

All the brecciation appears to be a product of 
cataclastic flow. Angular fragments of all tectonites 
in a wide range of grain sizes are incorporated into a 
granulated and dynamically recrystallizing matrix of pervasively 
foliated material.



107
The M tectonite-breccia forms the most continuous 

outcrops, defining the hanging wall fault contact of all 
slivers. This breccia is weakly developed in the Miller, 
Grape, Tomatoe, and Bolsa fault slivers, but crops out 
as an uninterrupted band along the northeastern margin 
of the Torpedo fault sliver. The M breccia is consistently 
structurally overlain by Precambrian granite to the northeast, 
and typically grades structurally downward into the B or 
S breccias to the southwest.

The enigmatic B tectonite-breccia, which exhibits 
many characteristics of a sedimentary conglomerate, crops 
out structurally beneath the M breccia. It is best developed 
in the Torpedo and Tomatoe fault slivers. At the northern 
reaches of the Torpedo fault sliver, a continuous strip 
of the B breccia lies in apparent gradational contact with 
the structurally higher M breccia. Along the northeastern 
margin of the Tomatoe fault sliver, the B breccia is sandwiched 
between the overlying Precambrian granite to the northeast 
and the S breccia to the southwest.

The S tectonite-breccia also crops out at the southern 
reaches of the Torpedo fault sliver, where it lies as* elongate 
discontinuous lenses below the overlying M breccia. At 
the southernmost terminus of the Torpedo fault sliver, 
the S breccia outcrop abruptly widens and bifurcates, becoming
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interlayered with the mylonitized fault sliver rock structurally 
below it.

Outcrop Expression of the M Tectonite-Breccia
The distinctive M tectonite-breccia crops out along 

the northeastern margin of the Torpedo sliver in a continuous 
band ranging from 1 m to 5 m in thickness. This breccia 
appears purple to dark green on weathered surfaces and 
may be locally iron-stained and silicifled. Foliation 
is well developed throughout. In outcrop, it exhibits 
scattered subangular clasts of quartz up to 10 mm in diameter 
and, rarely, subrounded quartzite and limestone clasts 
up to 10 cm in diameter (Figure 43). At a single location, 
a shattered, weakly foliated subrounded boulder of rhyolite 
porphyry 30 cm in diameter was incorporated into the breccia. 
The breccia grades structurally upward through a transitional 
zone of sporadically foliated and brecciated quartz into 
undeformed Precambrian granite.

Lithology of the M Tectonite-Breccia
Within a single thin section, individual angular 

fragments composed of quartz, microcline, orthoclase, 
plagioclase, biotite, muscovite, chert, quartzite, sandstone, 
limestone, and intermediate volcanics may be observed, 
scattered through a strongly foliated and finely granulated 
matrix apparently derived from Precambrian granite. Fragments
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Figure 43. Photograph of outcrop of the M breccia, displaying 
a clast of mylonitized rhyolite porphyry.
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range in diameter from fractions of a millimeter to several 
millimeters, intermixed in haphazard arrangement. Most 
are microscopic. Many fragments show evidence of rounding, 
although aspect ratios of up to 5:1 are common. Most fragments 
are microcrystalline, although some are polycrystalline 
and polymineralic. The matrix, which may range from 10% 
to 60% of the whole rock, is pervasively sericitized and 
recrystallized.

Ample evidence of ductile and brittle deformation 
may be observed. Many minerals, including quartz, display 
shattering and granulation by pervasive fracturing and 
microfsuiting. An undulatory extinction ranging from weak 
to strong, and accompanied by the formation of subgrains 
and new grains, characterizes many of the quartz fragments. 
Some large quartz fragments have been completely recrystallized, 
whereas others display recrystallizing tails. Elongate 
quartz clasts are oriented with long axes parallel to foliation 
planes. Many quartz clasts, originally intact, are now 
fractured, rotated, and offset in the direction of foliation 
surfaces. Fracture openings have been infilled with elongate 
sigmoidal quartz fibers, which are oriented obliquely to 
the foliation surfaces. Quartz ribbons, composed of trains 
of obliquely recrystallized grains, are locally interlayered 
with foliation surfaces. Sericite grains invade the margins 
of all clasts, and some feldspar fragments have been completely
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replaced by sericite and calcite. Other feldspars show 
an apparent undulatory extinction and formation of subgrains.

Outcrop Expression of the B Tectonite-Breccia
Outcrops of the enigmatic B tectonite-breccia range 

from 3 m to 10 m in thickness. Where it is present in 
dip slope outcrops, this breccia weathers to low, fractured 
boulder strewn ridges. On hill crests, it is expressed 
as vertical cliff faces. Weathered surfaces are gray to 
medium brown. Foliation is locally moderately developed 
in some outcrops, yet nonexistent in others.

Lithology of the B Tectonite-Breccia
The striking B tectonite-breccia is characterized 

by the abundance and variable composition of incorporated 
fragments and clasts. Most notable is the abundance of 
well-rounded quartzite cobbles, pebbles, and boulders. 
These range from white and gray through vivid red and purple, 
and may be up to 25 cm in diameter. At some localities, 
these clasts are so densely packed that the rock more closely 
resembles a clast-supported cobble conglomerate (Figure 44). 
Intermixed with the above-described clasts are a variety 
of angular fragments of quartzite, sandstone, siltstone, 
limestone, and dolomite. The more competent, silicified 
fragments display tension gashes, whereas the less competent 
fragments are weakly to moderately foliated and flattened.
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Figure 44. Photograph of the B tectonite-breccia, displaying 
rounded pebbles and cobbles of quartzite.
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A small percentage of the fragments are composed of intermediate 
volcanic rock. These red to black clasts are very strongly 
foliated and flattened.

The matrix is composed primarily of a fine- to 
medium-grained, well-rounded, well-sorted quartz sand. 
Locally, it is more coarse-grained, containing angular 
pebbles of quartz. At structurally higher levels, it 
incoporates lenses and pods of deformed Precambrian granite 
and is indistinguishable from the overlying M breccia. 
The matrix is consistently less foliated than are the 
incompetent clasts it contains. Foliation in the matrix 
always parallels foliation in the incompetent clasts and 
curves around the competent clasts.

It may be of interest to speculate on the origin 
of the well-rounded quartzite cobbles present in the B 
breccia unit. The Cambrian Bolsa Quartzite of southeastern 
Arizona is characterized by a basal conglomerate of a remarkably 
similar nature. This basal conglomerate has been observed 
in the Bolsa Quartzite of the Huachuca Mountains (Weber 
1950).

Outcrop Expression of the S Tectonite-Breccia
Elongate discontinuous lenses of the S tectonite—breccia 

form resistant vertical faces, ranging from 3 m to 10 m 
in thickness where they crop out on the hill crest of the 
Tomatoe fault sliver. At the southernmost terminus of
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the Torpedo sliver, the S breccia has weathered to an extensive 
dip-slope outcrop, irregularly masked by vegetation and 
float. Outcrops weather to gray and tan. The rock is 
intensely foliated, with the foliation planes defined by 
the parallel alignment of elongate breccia fragments. 
Rock fragments incorporated into the breccia have been 
profoundly flattened and stretched until they resemble 
ribbons in cross-sectional view. Aspect ratios of these 
fragments generally exceed 10:1 in the direction of lineation.

Lithology of the S Tectonite-Breccia
The S tectonite-breccia is composed of interlayered 

attenuated bands of limestone, dolomite, quartz, and 
microbrecciated Precambrian granite (Figure 45). Limestone 
and dolomite clasts are silicified. Blocky pods of bluish-white 
silica up to 6 cm in diameter are distributed irregularly 
throughout the rock. These are pervasively tension gashed. 
Elongate lenses of a fine-grained sandstone incorporating 
pebbles of quartz may represent remnants of the matrix.

Microscopic textures in this breccia are markedly 
different from textures in rocks from which the breccia 
was derived. All lithologies are recrystallized. Most 
calcite grains are minute, and individual grain boundaries 
are difficult to distinguish. Slightly larger sized calcite 
crystals are sometimes oriented obliquely to the boundaries 
of the attenuated bands of limestone. Quartz is distributed
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Figure 45. Photograph of outcrop of the S tectonite-breccia



throughout the rock as tiny eguant unstrained grains. 
These occur individually and as trains and streamers aligned 
parallel to foliation planes.
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SUPERPOSITION OF STRUCTURES WITHIN FAULT ROCKS

Rock deformation is progressive, resulting from 
a complex array of processes with a long yet sporadic history. 
The resulting microstructures retain varying components 
of the deformational history, and are affected to different 
degrees by all the operative mechanisms. Thus, a rock's 
microstructure may be dominated by events early or late 
in its kinematic history, and the microstructure may not 
even reflect the dominant processes involved in its formation.

Superposed microstructures may be recognized in 
rock fabrics. Offset, truncation, or overprinting of an 
earlier set of microstructures or fabric by a later set 
provides unequivocal evidence of this. However, it is 
important to realize that the two sets of fabrics are not 
necessarily attributable to separate episodes of deformation.

A variety of deformed protoliths are represented 
as tectonites within the Foothills fault zone, and each 
lithology displays individual and characteristic rock fabrics 
and microstructures. All rocks may be classified as mylonites, 
based upon the terminology derived by Wise and others (1984). 
The characteristic response of each mylonite to the deformation 
may be attributed to: structural level within the fault 
sliver, timing of the deformational event, and protolith.
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Figure 46 presents a schematic "down-plunge" view of all 
tectonite slivers in the Foothills fault zone, and aptly 
illustrates the "structural" stacking of individual mylonite 
lithologies. Structural paragenesis diagrams may be drawn 
for each tectonite lithology, illustrating the relative 
overprinting relationships of microstructures (Figure 47). 
The earlier formed foliation surfaces have been warped 
into asymmetric folds and truncated by a pressure solution 
cleavage. The most pervasive overprinting relationship 
observed, however, is the superposition of brittle and 
ductile microstructures.

There are a number of scenarios which would result 
in the superposition of brittle and ductile microstructures. 
Intermediate depth regions of faults have been described 
as macroscopic brittle-ductile transition zones, reflecting 
a change in dominant deformation mechanism. Here, brittle 
and ductile deformation microstructures will develop 
concurrently. In many cases, one mineral, feldspar, will 
behave in a more rigid and brittle manner, while others, 
quartz and phyllosilicates, will behave more ductilely. 
For dip-slip fault displacements, rocks may move progressively 
through this brittle-ductile transition zone. Ductile 
mylonites, moved upward into regions of brittle overprinting, 
will retain evidences of both styles of response. However, 
brittlely deformed mylonites later subjected to a more
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ductile overprinting may lose all evidence of the earlier 
deformation after relatively small strains (G. Lister 1983, 
personal communication). In this example, overprinting 
results from a single episode of deformation under conditions 
of steadily increasing or decreasing temperature and pressure. 
The resulting microstructures will be difficult to interpret.

The superposition, or overprinting, of brittle 
and ductile microstructures may be a result of consecutive 
episodes of deformation. These may occur under either 
constant or non-constant conditions. The effects of an 
earlier brittle event could again be masked by the effects 
of a later ductile event.

Because of the number of possible scenarios, evidence 
provided by the superposition of ductile and brittle 
microstructures is inconclucsive proof of multiple episodes 
of deformation. The superposition of microstructures indicative 
of opposing senses of shear provides the only unequivocal 
evidence of multiple episodes of deformation.



KINEMATIC DEVELOPMENT OF THE FOOTHILLS FAULT ZONE

Kinematic Development of the Faults

Models
The basic geometry shared by all tectonite fault-slivers 

along the Foothills fault zone is that of a northeast-dipping, 
downward-tapering sliver of Phanerozoic rock sandwiched 
within Precambrian granite. Continuous outcrops of undeformed 
granite exceed a mile in outcrop breadth on each side of 
the fault. Such tectonite slivers can be emplaced in many 
ways, but each emplacement mechanism requires multiple 
faulting events. A dip-slip component of movement is necessary 
to create the observed fault geometries. A strike-slip 
component of movement may also be present in the Foothills 
fault zone, but this has no significant effect on the models.

Since two faults of distinctly different physical 
expressions are associated with the presence of each fault 
sliver, two faulting events may be assumed. All footwall 
faults have a relatively shallow dip, while hanging wall 
faults dip more steeply. Variables which affect the models 
are: sense of displacement on each fault, and relative 
order in which fault movement occurred. Models 1 and 2 
will examine superposition of motions along two faults
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with the same sense of displacement, while models 3 and 
4 will examine superposition of motions along two faults 
with opposing sense of displacement.

Model 1 (Figure 48) illustrates superposed reverse 
faulting. In type A, movement occurs first along the fault 
surface with shallow dip, followed by movement along the 
steeper fault surface. In type IB the opposite sequence 
is employed; movement along the steeper fault precedes 
rather than follows movement along the more shallow fault. 
In neither type is a downward tapering sliver of fault 
rocks formed, nor is the necessary expanse of surrounding 
Precambrian granite created.

Model 1 (Figure 48) illustrates superposed normal 
faulting. In type A, movement occurs first along the fault 
surface with steeper dip, followed by movement along the 
shallow fault surface. In type 2B, the opposite sequencing 
is followed: movement occurs first on the shallow fault, 
followed by movement on the steep fault. Again, in neither 
type is the required geometry created.

Superposition of normal and reverse motions, on 
the other hand, can produce the required geometry. In 
model 3, type B, a downward tapering sliver of younger 
rocks sandwiched between older rocks is produced when earlier 
normal faulting is followed by reverse faulting along a 
steeper surface (Figure 49). In model 4, the required
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Figure 48. Superposed reverse faulting (model 1) and superposed 
normal faulting (model 2). Initial displacement 
can occur along a fault with steep or with 
shallow dip.
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Figure 49. Reverse fault superposed onto a normal fault.
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geometry is produced in type C, when earlier reverse faulting 
is followed by normal faulting along a shallower surface 
(Figure 50). Thus, irrespective of which sense of movement 
occurs first, a downward tapering sliver of younger rocks 
sandwiched within older rocks can be produced when reverse 
faulting occurs along a steeper surface than does the normal 
faulting.

Kinematics
Superposed-fault models of the type described may 

be loosely applied to fault slivers within the Foothills 
fault zone. Thus, the steeply dipping hanging-wall faults 
are reverse/thrust faults, and the more shallow footwall 
faults are normal faults. This conclusion is consistent 
with "stratigraphic" separation across the faults. Additional 
confirmation is provided by crosscutting relationships. 
For example, in the Torpedo fault sliver, the rhyolite 
porphyry dike intrudes the thrust fault, displays an offset 
and deformation derived during thrust related shearing, 
and terminates against the normal fault. Thus, dike emplacement 
occurred concurrently with earlier thrust faulting, and 
normal faulting postdated both. This is consistent with 
structural evidence to be examined later.

The tectonized fault slivers, which pinch out along 
strike as well as downdip, owe their locations along the 
curviplanar Foothills fault zone to the presence of
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MODEL 4

Figure 50. Normal fault superposed onto a reverse fault



128
"mullion-like" structures within the fault surface (Figure 51). 
These mullion-like structures were defined by locally 
oversteepened portions of the more moderately dipping 
reverse/thrust fault. During the later reactivation, movement 
occurred along the more ductile tectonite lithologies, 
trapping deformed Phanerozoic rocks within the oversteepened 
portions of the fault.

Initially, reverse/thrust displacement occurred 
along a curviplanar, northwest-striking, moderately 
northeast-dipping fault plane characterized by the above 
described mullion structures. Precambrian granite in the 
hanging wall was juxtaposed above Phanerozoic rocks in 
the footwall, which were overturned, telescoped, and 
penetratively deformed. Later, the same fault surface 
was reactivated with normal offset. However, in areas 
of oversteepening of the fault surface, i.e., in the mullions, 
movement occurred along a more shallow plane consistent 
with the dip of the fault zone as a whole. This shallow 
surface is typically defined by the presence of the ductile 
Cretaceous Glance Conglomerate in the fault slivers. Deformed 
footwall rocks within the mullion structures were transformed 
into hanging wall rocks and sheared downward into contact 
with Precambrian granite below (Figure 51). Rocks thus 
incorporated into the mullion structures and, to a lesser
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Figure 51. Mullion-like structures of the Foothills fault 
zone.
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degree, all rocks in the fault zone, show preserved evidence 
of the earlier deformation.

Kinematic Development of the Foliation
It may be assumed that there is a causal relationship 

between shearing along the fault plane and formation of 
the foliation. Thus, foliation is kinematically active 
with respect to the fault displacement. If this assumption 
is true, an analysis of the changing orientations of foliation 
with respect to the orientations of the fault provides 
information about the kinematic history of the fault zone. 
It is possible to determine the sense of displacement on 
the shear couple which produced mylonitic foliation, and 
thus, identify the episode of faulting which produced it. 
Additionally, it becomes possible to recognize a component 
of rotation or of strike-slip displacement.

Foliation surfaces which develop during non-coaxial 
shear are initially oriented parallel to the plane of flattening 
(S-surfaces) at an angle of 45° to the margins of the zone 
undergoing shearing (Figure 52). With continuing deformation 
and increasing shear strain, foliation surfaces rotate 
into parallelism with the shear zone boundaries (Figure 52b,c). 
Ductile shear zone generally show a maximum displacement 
gradient in the zone center, with the gradient decreasing 
towards the margins. Thus, the tectonically induced planar 
fabrics of shear zones generally show a characteristically
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Figure 52. Rotation of foliation surfaces in non-coaxial 
shear, resulting in the characteristic sigmoidal 
form of shear zones.
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sigmoidal form (Figure 53) . From a study of the geometry 
of the foliation at shear zone margins, it is possible 
to establish the sense of shear displacement across the 
zone (Ramsay and Graham 1979).

The above model may be applied to the Foothills 
fault zone, which is clearly a brittle-ductile shear zone. 
The sliver-bounding faults are considered to be the shear 
zone boundaries. Thus, the foliation, which dips more 
steeply than the bounding faults, is kinematically related 
to the earlier, reverse/thrust, episode of faulting. The 
style of the foliation reflects the rheologic state of 
the rock at the time of deformation, and is a function 
of physical conditions such as temperature, pressure, mineral 
phases, and lithology. Figure 53 illustrates the behavior 
of a foliation derived from thrusting when subject to a 
later deformation with an opposing sense of shear.

Kinematic Development of the Asymmetric Folds
The classical interpretation of the mechanism of 

formation of asymmetric folds is as drag folds: asymmetrical 
folds produced in the incompetent rocks by differential 
movements of the more resistant rocks above and below them. 
Asymmetric folds in the FFZ tectonites may have developed 
in part through this mechanism. However, the actual mechanism 
of fold formation was some variable component of shear 
acting across the layering, here the foliation surfaces.
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Figure 53. Variation in dip of foliation surfaces across 
a shear zone, to be expected from a reverse 
sense of slip (above) and from a normal sense 
of slip (below).
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and transposing the layers as passive markers. Thus these 
folds may also be defined as "shear folds" (Ramsay 1967). 
Cobbold and Quinquis (1980) have suggested that passive 
asymmetric folds such as these may be developed by kinematic 
amplification of minor deflections and irregularities in 
layering. They have also concluded that for systems undergoing 
simple shearing, a necessary condition for the development 
of asymmetric folds is that the layering be oblique to 
the shear couple.

In limited circumstances, it is possible to determine 
the direction of shear displacement from the orientations 
of the resulting fold axes. The location and orientation 
of the fold axes, hinge lines, and axial surfaces of the 
folds in relation to the amount and orientation of the 
shear displacement which produced them is dependent upon 
the initial angle of intersection between layering in the 
rock and the shear surfaces. Given mutually perpendicular 
shear axes a, b, and c, where a is the slip line direction 
and the ab plane is the plane of shear, the hinge lines 
and fold axes will always initially parallel the line of 
intersection of the shear plane with the surface being 
folded (Figure 54). Therefore, if the b direction of the 
shear lies in the marker planes, the fold axes and hinge 
lines are always parallel to b, and perpendicular to the 
direction of shear displacement (Ramsay 1967, p. 425,
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A SHEAR SURFACE:

Figure 54. Relationship of initial angle of intersection 
between rock layering and shear surfaces to 
the location and orientation of resulting folds 
(after Ramsay, 1967, p. 425, fig. 7-91).
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fig. 7-91). Iff as is more generally true, the b direction 
of the shear lies at some angle to the marker planes, 
orientations of fold axes will not correctly indicate direction 
of shear displacement.

There is no simple relationship between geometric 
elements of the folds and the principal axes of mean strain. 
Fold systems with monoclinic fabrics have a single symmetry 
plane perpendicular to the fold axis. The remaining two 
symmetry planes (assuming a triaxial ellipsoid of mean 
strain) and the relative magnitudes of the principal strains 
cannot be deduced on the basis of symmetry.

Within the area of study, reactivation of the fault 
plane deformed the earlier penetrative foliation into asymmetric 
minor folds. The asymmetry of these folds is consistent 
with a normal sense of offset. Within the limits of accuracy 
of measurement, foliation is commonly parallel to a plane 
of shear strain (not necessarily the plane of maximum shear 
strain). If this is the case, and the assumption is made 
that the normal shearing took place along the same planes 
as the earlier deformation, the shear axis b will lie within 
the plane of foliation, and therefore, within the surface 
being folded.

Fold axes from domain 1 plotted according to the 
Hansen (1971) method reveal a slip-line direction of N49°E 
or S49°W with a subhorizontal plunge (Figure 55a). A Hansen
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Figure 55 Lower-hemisphere equal—area stereonet 
plots of fold axes, domains one, two, 
and three, top to bottom.
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analysis of 12 fold axes from domain 2 gives an approximate 
slip line direction of N50°E or S50w with a subhorizontal 
plunge (Figure 55b). A Hansen analysis of 5 fold axes 
from domain 3 gives a slip line direction of S16°Wf with 
a moderate plunge (Figure 55c).

The dip of fold axial planes varies from 10° to 
30°, and averages 20°. Dip of axial planes is 25° to 45° 
less steep than dip of the earlier formed foliation surfaces, 
defining a flattening fabric overprinted onto the earlier 
steep fabric.

Kinematic Development of Tension Gashes
Rupture of a rock body by tension fractures may 

occur in differing ways. A rock subjected to a uniaxial 
compressional force may rupture along a plane parallel 
to the directions of maximum and intermediate force. 
Additionally, rupture might occur on two inclined planes 
of shear developed parallel to the direction of intermediate 
force and inclined at 45° to the direction of maximum force 
(Figure 56) . A rock body in a shear couple may develop 
tension gashes initially oriented at 45° to the plane of 
shearing. This type of tension gash will develop the 
characteristic sigmoidal shape with continued shear. Tension 
gashes may also open as a result of slip or shearing parallel 
to the planes of foliation or schistosity in a rock. 
Inclination of these structures with respect to inclination
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Figure 56 Rupture of a rock body by tension fractures.
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of the foliation may range from 10° to 45°.

No single consistent mechanism of formation can 
account for the observed variability in orientation of 
tension gashes in the Foothills fault zone. It is impossible 
to determine whether the tension fractures are the result 
of pure shear or simple shear. Tension gashes which strike 
parallel to the surrounding foliation may have formed as 
a result of a shear couple related to the shear couple 
which formed the foliation planes. Similar tension gashes 
may have resulted from shearing along the foliation surfaces 
t h e m s e l v e s .  H o w e v e r ,  tension gashes which strike 
perpendicularly to the strike of surrounding foliation 
surfaces may have formed in response to localized uniaxial 
compressive forces not coincident with the major stress 
regime.

Kinematic Development of Microstructures 
A microstructural analysis focuses on all aspects 

of the microscopic appearance of the deformed mineral grains, 
such as grain shape, morphology of grain boundaries, and 
the expression of deformation in terms of dynamic 
recrystallization and dislocation substructures. Textural 
analysis is concerned with petrofabrics, the crystallographic 
preferred orientation of certain mineral phases in the 
rock. The effort involved in texture analysis may be 
disproportionate to the usefulness of results obtained.
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Published interpretations of data are often conflicting. 
Preliminary Universal-stage petrofabric analyses performed 
on quartz and calcite grains in the Foothills Fault zone 
proved inconclusive or uninterpretable, therefore, detailed 
textural analyses were not completed. However, microstructures 
in tectonites of the foothills fault zone were analyzed, 
and their significance was carefully evaluated. A summary 
of the development of the terminology and classification 
of microstructures follows, in order to clarify the significance 
of the examples discussed in the text.

Development of Microstructural Terminology and Classification
A major misconception in the early micromechanical 

interpretation of rocks was that mylonitic rocks deform 
largely by brittle processes. The reduction in grain size 
that typifies mylonitization was considered to be the result 
of breaking or crushing of parent grains. While there 
is undoubtedly a component of cataclastic behavior in some 
mylonites, most grain size reduction takes place by dynamic 
recrystallization of grains.

Higgins (1971), in his classification of cataclastic 
rocks, subdivided fault rocks first on the basis of whether 
they experienced a grain size reduction or grain growth. 
This was based on the premise that a grain size reduction 
in fault rocks results when brittle fragmentation, or 
cataclasis, is the dominant p r o c e s s . when mineral
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recrystallization dominates, grain size enlargement of 
one or more mineral components will occur. Higgins further 
subdivided the fault rocks that he considered to have formed 
by cataclasis into two categories, mylonites and cataclasites, 
on the basis of the respective presence of absence of "fluxion 
structure," or "cataclastically produced directed penetrative 
texture or...set of S-surfaces" (Higgins 1971, p. 3).

Bell and Etheridge (1973), however, have shown 
that most fault rocks considered to be mylonites have undergone 
reduction in grain size by dynamic recovery and dynamic 
recrystallization, rather than as a result of crushing, 
milling, or other brittle deformation. They have documented 
that the foliation observed in mylonites results from grain 
shape change during recrystallization.

Sibson (1977) concluded that the two fundamental 
processes by which grain size reduction occurs, brittle 
or cataclastic and plastic, are each responsible for producing 
a distinct fault rock type; the first produces fault rocks 
with no oriented fabric; and the second produces fault 
rocks which are foliated. Thus, Sibson redefined the primary 
basis of classification of fault rocks which have experienced 
grain size reduction in terms of the presence or absence 
of a foliation.

The cataclasite series is produced by brittle processes 
during shear; fracturing, rigid body rotation, and frictional



143
sliding. The processes may be referred to as cataclasis, 
and are responsible for the lack of fabric which characterizes 
the cataclasite series. The adjective "cataclastic" will 
thus be limited to those fault rocks inferred to be the 
products of cataclasis. Similarly, the mylonite series 
is produced by mylonitization, a ductile deformational 
process now known to result from the mechanisms of crystal 
plasticity. During mylonitization, grain size reduction 
is achieved through recrystallization in response to a 
variety of dislocation migration and grain boundary diffusion 
processes.

If the term mylonite is reserved for "strain 
localization accompanied by a drastic grain size reduction 
via ductile deformational processes, to produce a well 
banded and lineated rock" (Tullis and others 1982), then 
a true mylonitic fabric is rarely observed within the study 
area. However, evidence of all processes active in 
mylonitization may be found in the Foothills fault zone, 
and microstructures characteristic of mylonites are pervasively 
developed. Therefore, rocks which have undergone a grain 
size reduction through ductile processes will be referred 
to as mylonites, irrespective of the presence or absence 
of banding and lineation.

Tullis and Schmid (1982) have reserved the terms 
brittle and ductile to refer primarily to the mesoscopic



144
description of the rock behavior. Brittle behavior might 
display a variety of characteristics including: formation 
of a through-going fault or loss of cohesion across some 
surface, sudden drop on a stress-strain curve, accoustic 
emissions accompanying deformation, increase in volume 
(dilatancy) accompanying deformation, or an increase in 
strength with increasing confining pressure. Tullis and 
Schmid define ductile behavior as continuous, homogeneous, 
distributed, and involving no sudden stress drop. They 
feel that it is less correct to refer to a particular grainscale 
mechanism as being brittle or ductile. If this interpretation 
is adhered to, very little truly brittle deformation is 
recognizable in the Foothills fault zone, and none exists 
on a macroscopic scale.

A characteristic sequence of quartz microstructures 
with increased deformation has been documented by Bell 
and Etheridge (1973). Within a deforming quartz grain, 
increased strain is marked by a progression from undulose 
extinction to deformation bands and lamellae, then to subgrains 
and core-and-mantle structures, and finally to dynamically 
recrystallizing new grains. This sequence is seen in Foothills 
fault zone mylonites. It is the dynamic recrystallization 
of strained single grains to an aggregate of strain-free 
subgrains which are often an order of magnitude smaller 
that is responsible for the grain size reduction. Deformation
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occurs through a process of crystal plasticity; internal 
deformation of individual grains results from the movements 
of arrays of dislocations through the crystal lattice (Tullis 
and Schmid 1982) . White (1976, 1977) has shown that previously 
formed dynamically recrystallizing subgrains are subject 
to the same sequence of deformation microstructures as 
the initial grains. This is a process which culminates 
in cyclic recrystallization at a steady-state grain size. 
This continued intracrystalline plasticity is responsible 
for the progressive change in shape of original quartz 
grains. Initially equidimensional quartz grains become 
increasingly elongate during repeated cycles of dynamic 
recrystallization of the subgrains until characteristic 
quartz ribbons are formed. Although true quartz ribbons 
are rare in tectonites of the Foothills fault zone, elongate 
dynamically recrystallizing quartz grains are common.

Pressure shadows are structures diagnostic of the 
mechanism of mass transport. Dissolution of material from 
grain boundaries across which there is a high stress is 
accompanied by reprecipitation at grain boundaries across 
which there is a low stress. All mineral grains in tectonites 
of the fault zone display evidences of the mechanisms of 
pressure solution, and many grains exhibit well developed 
pressure shadows.
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Porphyroclasts with asymmetric pressure shadow 

"wings" may be confused with asymmetric augen structures. 
Asymmetric augen display tails of finer-grained dynamically 
recrystallizing material of the same composition as the 
augen porphyroclast extending outward along foliation surfaces 
in the direction of shear. These asymmetric augen, resulting 
from the processes of crystal plasticity, are commonly 
developed in quartz grains of the mylonitized Precambrian 
granite and the mylonitized rhyolite of the porphyry dike.

The variety of fabrics observed within the mylonitized 
Foothills fault zone tectonites is an expression of both 
differing amounts of strain and differing lithologies. 
On a local scale, zones of higher strain anastomose within 
the foliated portion of the fault zone. On a map scale, 
deformation becomes progressively more intense as the fault 
is approached from the hanging wall or the footwall, while 
the intensity of deformation in fault sliver rocks appears 
to be a function of the competence of lithology.

Displacement Analysis
Mylonitic fabrics of known kinematic significance 

have been documented and can be used to interpret the sense 
of shear of the deformation which produced them. 
Microstructural criterial useful in determining shear sense 
have thus been delinated, and used as the primary basis 
for determining sense of shear in fault rocks in a number
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of kinematic analyses in other shear zones (Ramsay and 
Graham 1970; Berthe and others 1979; White and others 1980). 
These criteria may be applied, especially in the absence 
of clearly defined shear zone boundaries and conspicuous 
offset markers, where kinematic history is unknown.

Kinematic Principles. Berthe and others (1979) 
recognized two distinct types of planar fabric elements 
in mylonites of the South American shear zone. S-surfaces 
are initially oriented at an angle of 45° to the walls 
of the shear zone and curve into them. S-surfaces may 
be defined as a plane of flattening associated with simple 
shear. Microstructurally, S-surfaces are defined by the 
preferred orientation of individual mineral grains and 
aggregates of grains. The second fabric elements, C-surfaces, 
are initiated and remain aligned parallel to the main shear 
zone boundary with progressive deformation. The C-surfaces 
are considered to be spaced surfaces of higher strain 
concentration that deflect the S-surfaces with a consistent
shear sense that is the same as that of the main shear/
zone.

In contrast to the shear zones analyzed by Ramsay 
and Graham (1970), in this more generalized two-fabric 
model, ductile shear is both continuous and discontinuous 
at a microscopic scale (Berthe and others 1979). These 
two fabric elements can be used to determine the sense
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of shear in rocks in which both are developed; the orientation 
of the plane of finite flattening relative to the plane 
of shear defines the sense of displacement. These two 
types of penetrative planar fabrics can be recognized in 
the Foothills fault zone mylonites.

Under conditions of progressive simple shear, 
fine-grained dynamically-recrystallizing material, typically 
within the tails of augen structure, has a higher rate 
of rotation into parallelism with the shear plane than 
do the larger relatively flow-resistant parent grains (Simpson 
and Schmid 1982). This relationship can be used to establish 
the sense of shear from mylonites in which only one planar 
fabric element is present. When an angle can be recognized 
between the two, it indicates the sense of shear. Quartz 
grains in mylonites of the Foothills fault zone commonly 
have undergone sufficient rotation to be interpreted in 
this manner.

Asymmetric pressure shadow "wings," although apparently 
contradictory, may be interpreted in a similar fashion. 
However, the relationship between enveloping foliation 
planes and rotation of the porphyroclasts must be closely 
examined. The sense of offset between displaced broken 
fragments of feldspar and mica, pulled apart along the 
plane of shear also indicates the sense of shear. The 
long axes of later formed dynamically recrystallizing grains
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and subgrains are oblique to the macroscopic foliation. 
These later formed fabric elements reflect only the final 
increments of the deformation, and thus lie in low angle 
relationship to the plane of shear.

Applications of Kinematic Principles. In order 
to apply these principles in a kinematic interpretation 
of mylonitic fault rocks from the Foothills fault zone, 
samples taken from mylonites of the fault zone were studied 
in oriented thin sections. These thin sections were cut 
perpendicular to the flattening plane and approximately 
parallel with the plane of shear. In general, this was 
found to correspond to a section cut perpendicular to foliation 
and parallel to the direction of maximum elongation of 
deformed constituents of the mylonites.

S-C surfaces are locally developed in a variety 
of mylonitized lithologies, apparently in response to only 
very localized areas of high strain. The C-surfaces are 
continuous and through-going only at a microscopic scale. 
They are not commonly visible macroscopically. The S-surfaces 
appear continuous on a microscopic scale. Commonly, however, 
what appears macroscopically as wavy foliation surfaces 
is actually a composite of the microscopically visible 
S- and C-surfaces. The rock characteristically breaks 
along these wavy surfaces, with the inevitable result that 
it is these surfaces which are measured as the foliation.
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In the mylonitized Precambrian granite, where this 

2-planar fabric is lacking, the angle between deforming 
parent grains and recrystallizing tails consistently indicates 
a thrusting sense of shear. Asymmetrically recrystallizing 
quartz augen in other fault rock lithologies typically 
show the same relationship.

In all cases where it was observed, sense of shear 
indicated by superposition of S- and C-surfaces is consistent 
with a thrust-derived sense of shear. This is in accord 
with shear-sense indicated by the macroscopic relationship 
between foliation surfaces and the orientation of the shear 
zone bounding faults.

If the assumption is made that S- and C-surfaces 
did not develop concurrently, an alternate interpretation 
of their significance can be made. Each represents a flattening 
fabric resulting from a distinct deformational event. 
The shallow C-surfaces truncate the earlier formed, more 
steeply dipping S-surfaces. Thus, a fabric derived from 
normal shear has been superimposed onto a fabric derived 
from thrust shear.

The subhorizontal pressure solution cleavage developed 
in silicic volcanic tectonites represents a flattening 
fabric which truncates and warps the earlier formed steeply 
dipping mylonitic foliation. Again, a fabric derived from
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normal shear has been superimposed onto a fabric derived 
from thrust shear.

Quartz grains throughout mylonites are commonly 
recrystallized, and the dynamically recrystallizing tails 
often exhibit an asymmetric distribution about the old 
mineral grains.

Although pressure shadow "wings" are one of the 
most common microstructures in all mylonitized fault rocks 
of the Foothills fault zone, this microstructure is the 
most difficult to i n t e r p r e t . Pressure shadow wings 
symmetrically distributed on either side of mineral grains 
can be found in every fault rock lithology examined. Elsewhere, 
elongate mineral grains appear to have rotated with respect 
to enveloping foliation surfaces resulting in an asymmetric 
distribution of pressure shadow wings. No consistent asymmetry 
is revealed. In still other locations, enveloping foliation 
surfaces seem to have experienced a greater degree of rotation 
than did the enclosed mineral grain, again resulting in 
conflicting interpretation. Data are inconclusive.

Offset between displaced broken grains in mylonites 
of the Foothills fault zone appears random in the sense 
that the offset exhibits little preferred orientation. 
Some shattered feldspar grains appear to have exploded 
outward radially. Other mineral grains, both quartz and 
feldspar, have been drawn apart in the direction of maximum
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elongation exhibited by the mylonite, in the plane of 
foliation. Open fractures are filled with elongate linear 
fibers of quartz and calcite. The sense of displacement 
along microfractures oriented obliquely to the foliation 
surfaces is sometimes opposite to that of overall shearing 
in the rock, and sometimes parallel. This is variable 
at the scale of a thin section. Tectonite breccias display 
a shattering of individual fragments, which are then rotated 
and transported through a foliated matrix. In other localities, 
the mylonitized rock has been overprinted by a pervasive 
shattering and microcracking.

It is apparent that more than one episode of brittle 
response is represented by the microstructures examined. 
In part, brittle deformation occurred concurrently with 
the more ductile styles of response, and in part, brittle 
deformation was overprinted onto previously formed ductile 
microstructures.

Secondary, dynamically recrystallizing, elongate, 
subgrains of calcite have formed in the pressure shadow 
areas of larger primary grains of quartz and feldspar in 
the many mylonites. These calcite grains are oriented 
obliquely to the macroscopic foliation, in a manner consistent 
with a thrust-derived sense of shear. However, these calcite 
grains may have formed in response to only localized stresses
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centered around the pressure shadows. Perhaps they cannot 
be used to accurately predict overall sense of shear.

Summary
A microkinematic analysis of tectonites in the 

Foothills fault zone, and a comparison of microscopic- 
and macroscopic-scale structural elements reveals that 
all elements can be organized into two distinct systems; 
a system of fundamentally ductile structures which have 
accommodated shortening, and a system of fundamentally 
brittle structures which have accommodated stretching.

A variety of microstructures have been described 
for the Foothills fault zone. With the exception of 
microcracking, predominant in feldspars, all microstructures 
in the individual mineral grains clearly and consistently 
indicate a thrust-derived sense of shear. Steeply dipping 
mylonitic foliation and S-C surfaces developed in tectonites 
are also consistent with a thrust-derived sense of shear. 
Pressure solution cleavage and asymmetric minor folds 
superimposed onto the mylonitic foliation represent a shallow 
flattening fabric consistent with a normal sense of shear. 
Most tectonites have been overprinted by a pervasive brittle 
microcracking.

In the Foothills fault zone, the two fundamental 
overprinting relationships typically seen at the scale 
of a thin section are the superposition of ductile and



b r i t t l e  m i c r o s t r u c t u r e s ,  and the superposition of 
microstructures indicative of opposing senses of shear.

Although evidence provided by the superposition 
of ductile and brittle microstructures is inconclusive, 
the superposition of microstructures indicative of opposing 
senses of shear provides unequivocal evidence of multiple 
episodes of deformation. Consistently, ductile microstructures 
indicative of a thrust-derived sense of shear are overprinted 
by brittle microstructures indicative of normal shearing. 
In accord with models described above, evidence of earlier 
ductile deformation has not been obliterated by the later 
brittle deformation. All lines of microstructural evidence 
are internally consistent, and support the field observations. 
Results of the microstructural analysis have provided 
unambiguous evidence for the nature of the movements on 
the fault zone.
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DYNAMICS OF THE FOOTHILLS FAULT ZONE

The Significance of Mechanism*
Laboratory deformation experiments have demonstrated 

that there are a number of distinct grain-scale deformation 
mechanisms. Different mechanisms will dominate at different 
conditions of pressure, temperature, grain size, and fluid 
pressure and composition. Each mechanism is associated 
with a particular constitutive behavior, and is characterized 
by a particular set of microstructures. When these 
microstructures are preserved in naturally deformed rocks, 
they may serve as a basis for extrapolating laboratory 
mechanical data, and thus for interpretation of the stress 
and strain history of the rock. However, no one has yet 
discovered a fixed relationship between amount of strain 
and the details of microstructural development, and this 
discovery probably will not happen in our lifetime.

Microstructures have been described for tectonites 
of the Foothills fault zone. It is possible to generalize 
from these microstructures the mechanisms which produced 
them. From the mechanisms dominating during a particular 
deformational event, at different structural levels, or 
in specific tectonite lithologies, it is possible to generalize
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conditions of depth, pressure, and temperature under which 
the deformation occurred.

All tectonites in the Foothills fault zone have 
been overprinted by a pervasive brittle microcracking. 
At the grain-scale, this inhomogeneous microcracking has 
resulted in the opening of transgranular extension cracks. 
These have locally coallesced into through-going shear 
fractures. This microcracking has little temperature or 
strain-rate sensitivity. However, the production of cracks 
involves a volume increase. This means that cracking requires 
increasing the differential stresses with increasing pressure 
(Tullis and Schmid 1982). Thus, cracking typically occurs 
only at shallow depths. The timing of development of this 
microstructure, along with overprinting relationships and 
the conditions under which microcracking occur, are all 
consistent with formation of this microstructure during 
the deformation which accommodated stretching.

Mass transport is another mechanism important at 
the low to moderate temperatures and pressures found in 
shallow crustal levels. This mechanism dominates at relatively 
low stresses, especially where there is a high fluid pressure. 
There is little evidence for mass transport within the 
deeper levels of mylonite zones (Tullis and Schmid 1982). 
Pressure solution cleavage is pervasively developed in 
tectonites, and its orientation and overprinting relationships
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suggest that it too was developed during the later deformational 
event which accommodated stretching.

Deformation which accommodated stretching was proceeded 
by a regional compression which was accommodated by shortening. 
Ductile microstructures consistently resulting from this 
earlier deformational event are identifiable in all tectonites.

The process of cataclastic flow, predominant in 
all tectonite breccias, typically occurs at shallow depths 
and low temperatures, and manifests little strain-rate 
sensitivity. However, it is dependent upon both confining 
and effective pressure, which must exceed those required 
for formation of through-going faults (Tullis and Schmid 
19 82) . Evidence for the process of cataclastic flow 
characterizes the structurally higher levels of the fault 
zone.

The processes of crystal plasticity dominate over 
microcracking and cataclastic flow at higher temperatures 
and pressures, where frictional sliding and volume increases 
are inhibited. The processes of movements of dislocations, 
known as dislocation creep and dislocation glide, in crystal 
plasticity are common over a wide range of metamorphic 
conditions for many minerals. The temperatures of transition 
to a dominantly dislocation—migration response vary for 
different minerals, and notably, are lower for quartz than 
for feldspar (White and others 1980). Thus, grain comminution
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of feldspars by brittle fracture in the same specimen in 
which quartz has been deformed plastically is very common, 
and characterizes mylonitized Precambrian granite and the 
rhyolite porphyry tectonite.

Dynamics
Detailed structural analysis yields information 

on the nature of the stresses acting on a body of rock, 
and on the forces from which the stresses were derived. 
Two episodes of deformation, and thus two sets of stresses, 
one accommodating shortening and one accommodating stretching, 
have acted upon the Foothills fault zone.

Averaged orientations of the structural elements 
which accommodated shortening and stretching are summarized 
in Figure 57. The Foothills fault zone strikes approximately 
N38°W. Dips of the hanging-wall faults, which exhibit 
ductile characteristics, average 60° to the northeast. 
Dips of footwall faults, which exhibit brittle characteristics, 
average 40° to the northeast. The average foliation orientation 
is N45°W, 55°NE, subparallel to the ductile hanging-wall 
fault. The average trend of both asymmetric fold axes, 
and the long axes of deformed pebbles in the limestone 
conglomerate tectonite, is N50oE, perpendicular to the 
strike of fault and foliation. Axial surfaces of asymmetric 
folds display a strike comparable to that of the fault 
and foliation surfaces, yet dip only 20°, defining a flattening
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Figure 57. Averaged orientations of the structural 
elements accommodating d e f o r m a t i o n , 
Foothills fault zone. Key is as follows:

+ footwall faults 
* hanging wall faults 
@ average foliation orientation

--- average trend of asymmetric
fold axes

x average orientation of fold 
axial planes

--- trend of long axes of pebbles
in limestone conglomerate

_________________________________ ________________ ________ ___________
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fabric overprinted onto the earlier steep fabric. Elongate 
quartz fibers infilling tension gashes trend consistently 
northeast and southwest. Taken together, these data imply 
a maximum horizontal shortening in a N45°E direction, and 
a transport direction of N45° - 60°E for extension. All 
orientations are internally consistent as well as consistent 
with the stress regime of southeastern Arizona in the Laramide 
and mid-Tertiary time.

Tectonic Source Concept
Models developed earlier imply a "tectonic source" 

to the southwest for protoliths of tectonite lithologies 
in each fault sliver. Rocks now exposed along the crest 
line and western reaches of the Huachuca Mountains have 
served as a selective source for Paleozoic sedimentary 
rocks, Mesozoic sedimentary, volcanic, and intrusive rocks, 
and subordinate Cenozoic igneous rocks. The presence and 
position of each tectonite in the fault slivers is governed 
by the distribution of these protoliths higher in the range. 
To the southwest of the Torpedo, Tomatoe, and Grape fault 
slivers, thrust faults have juxtaposed Precambrian granite 
and Paleozoic rocks against Paleozoic and Cretaceous sedimentary 
rocks. Extensive outcrops of Cretaceous Glance Conglomerate 
and Paleozoic limestones and elastics are found directly 
southwest of slivers in which these rocks predominate. 
The overturned and juxtaposed stratigraphy in the crest
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of the range are identical to the structural stacking of 
telescoped tectonites within the fault slivers. Southwest 
of the Miller fault sliver, granite is thrust over Jurassic (?) 
Triassic Siliceous Volcanic Rocks of the Huachuca Mountains. 
These volcanics contain varied exotic blocks of Paleozoic 
age rock. The Miller fault sliver is predominantly composed 
of volcanics and clastic sediments.

Estimates of minimum translations for each fault 
can be made based on stratigraphic thicknesses and dip 
of fault planes. The minimum reverse displacement needed 
to juxtapose Precambrian granite against Cretaceous Glance 
Conglomerate, the youngest identified tectonite, would 
be 1700 m to 3600 m, assuming an average original 65° dip 
for the thrust, or hanging-wall fault. This represents 
a minimum horizontal shortening of 700 m to 1500 m. Net 
normal displacement can be approximated from projections 
of sedimentary horizons higher in the range. To bring 
the Cambrian Bolsa Quartzite down the projected fault plane 
to its present position requires 750 m to 1550 m of 
translation. For an averaged fault dip of 35°, this results 
in a net horizontal extension of 600 m to 1200 m. Estimations 
based on the stratigraphic position and thickness of the 
Cretaceous Glance conglomerate provide a more variable 
net result.
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Philosophy of Further Work

"Anarchy is the law of nature, and order is the 
dream of man" (Henry Adams). In this study, an analysis 
of the structural geologic history of the Foothills fault 
zone has been undertaken. However, some questions remain 
unanswered about the physical/geometric microkinematic 
development of the fault. Further study can give us more 
data, more correlations, and a finer understanding of details. 
Additional data might possibly provide a final solution. 
But perhaps a more complete understanding of the geologic 
development of the Foothills fault zone is not possible. 
Some questions are essentially unanswerable, no matter 
how detailed our methods become. Over and above the actual 
lack of evidence, there may be a degree of anarchy inherent 
in nature that will forever defeat attempts to interpret 
the past in fine detail. In structural geology, we must 
proceed on the assumption that order exists in the rocks, 
and that our mission as scientists is to discover and interpret 
it. But perhaps part of our mission is to also define 
the role of randomness in geological processes.
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ZLo m e  .
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Description >̂f Map Un its

'F  [cctpniL breccia- — Red., pu/pl e., and grey w ell-rounded quarU-it'Z- 
cobbles and pebbles i«o a, medium - £0 coarse, grained sand m atrix. 
Contains depormed clast5 f  • Matrix is foliated..

5  t€Ct0nite' breccia.'-- White, t° 3r ^y Fibbon-like bands °P quartz: and 
limestone > Intermixed with lenses breccia ted TPeC^mbrian 
granite . The rock is strong[y foliated.

M tccton*lte' breccia •—- A deep purple , sl»3bttx gFusy~ tcxtoured fine
grained rock derived from angular , nr)icrobrecciafragments 
of T^e-Cambrian oranif^ • I he rocK 15 strongly j-oliafecl end 

clasts °T deformed Flnyol* fc  porppyry.

RbyoVite. porphyry —- Light grey t°  pinkish porphyr-ife rock wifh
di pjyrarnTda.1 guartz. phe nocryst5 locally up t°  cm in diameter: 
"The deformed rbyolife porphyry very ^t^or)9ly foliatc-d., \x/ifb 
guart-z_ pbenocrysts making up a much larger percentage <f the 
rock. 5 - C surfaces are  developed locally.

Klaroon phy I lonife T̂ ie do mlhant l_y composed ° f reddish iron
oxides •> with all original mineral constituents and texturcs 

obliterated. Scattered cquant pudrte porphy rob lasts are p resen f  *,
and S“0  Surfaces <ar<e \vetl developed.

Intermediate volcanic fee to mfc'—A, pink t° mar 00 n , very fine-grained 
rock, pervasively altered to quarfe., Sericife, and iron oxideS- 
T'h  ̂ rock is very strongly foltafcd^ and locally overprinted by 
brecciafion. J

Limestone conglomerate fecldnite—Mult1 colored fibbon like bands ° f 
limest°ne, dolomite, sandstone, S'^tStonc, and rare qua.rtz:ite, in a. 
Scant matrix of clay, 51 lt^ and limestone,. Mesoscopic drag folds and 
crenulationcieavagcare Superposed onto pne s ing ly  developed foliation.

^ilicic Volcanic fectonite—  A reddish-brown, very fine-grained nock, 
altered t° quartz, and Seri cite, A microscopic crenulahon cleavage 
'S SuPerP°5ed onfo t^e SL^ongly developed foliation, ibis nock‘15 
also presenf as & fan to bro\vn, finer-grainedversion containing 
Small rounded phenocry t̂S °f guarfz. Mesoscopic drag fĉ lds and 
fension gashes are superposed onto the foil a f1 on.

Limestone t^otomfe -— A medium t° l'9ht“9rcy crinoidal limest°ne. I t  
15 moderately foliated wifh deformed crinoid GolumnalSs and *\s 
I ocally S tro n3\y S' 1'cifi ed.

Clastic, sedimentary tectonifes-
Red to red-brown medium- grained sdr)dstone infer layered with whife 
quartzite. The rbek is very Strongly foliated.
Grey t° pufple, fine - grained sBnalston<̂  and s If stone. The rock is 
sfrongly foliated.
Orange fo tdn ) very coarse - oral ned, well rounded, well sorted 
friable gandgt°ne. The rock is svrongly altered and weakly foliated.

Quartz: miorobrecci'a — Massive, and res'ibtan^ \vh\[z. quartz.,pervasively 
micro brecciated and recry^taliieed. This rock is locally overprinted by 
brccciation.

FTefcher Ridge granite  ̂ Light grey, fi ne-fp-medium grained,
Sfighfly porphyritic muscovite granite . Phis Las intruded the 
foothills granite as irregular \obes and masses .

RSothill ̂ , granite. —  "Dark gnzy, ooar^z- - grained , porpnyh[\_
Dio[i(z. grem^e., Containing pod^of apU[o.
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Key to Symbols

* Contact, dashed where concealed

__t, Mormal fault , Showing dip , dashed where Concealed
ftaAl and ban are on down thrown Side.

__Thrû t fault , Showing dip, dashed where conealed 
Saw teeth are on upper plate -

*7 st
Strike and dtp °P foliation, inclined- 

W/hifc, quarfclfe m arker beds-
'Odora. Ann C arrie r 
Mdt>t<z-r T  ^ )C \< v n

L)cj3dr|m»nh °f Q<zo5ci<zr)OZ.5 
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