Journal of Structural Geology. Vol. 11, No. 7, pp. 879 to 893, 1989
Printed in Great Britain

The relationship between slickenside surfaces in fine-grained quartz
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Abstract—Well polished or reflective fault surfaces, with or without linear striae indicating the sliding direction,
are commonly referred to as slickensides. This study examines the development of slickensides which are now
exposed along the surface trace of a large, seismically active normal fault zone in Dixie Valley, Nevada, U.S.A.
Geologic and mineralogic constraints indicate the slickenside surfaces formed at depths of less than 2 km and
temperatures less than 270°C. The slickenside surface material is composed of greater than 98% quartz, with less
than 2% kaolinite and iron oxide. Transmission electron microscope (TEM) observations reveal that the
slickenside surface material has an extremely fine yet variable grain size (0.01~1 um), and an unusual, non-
equilibrium texture characterized by irregular grain boundaries and low dislocation density. Angular fragments
in the cataclasite to either side of the slickensides provide clear evidence of cataclasis. Crystallographic preferred
orientation in the slickenside surface material indicates that non-brittle, continuous deformation occurred within
0.1-10 mm of the fault surfaces in many areas. Non-brittle, continuous deformation must have alternated with
cataclasis, because some fragments in the cataclasite have strong preferred orientations. We suggest that in the
Dixie Valley slickensides, continuous deformation and the development of crystallographic preferred orien-
tations occurred at relatively low strain rates during the interseismic period, while cataclasis occurred at higher
strain rates associated with seismic events. The wide range of strain rates occurring within a fault zone during the
earthquake cycle may be an essential element in the formation of fine-grained. glassy slickensides, both at Dixie
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Valley, Nevada, and many other areas.

INTRODUCTION

SHINY, reflective fault surfaces often termed slickensides
are common in many faulting environments, but have
received relatively little study (Tjia 1968, Means 1987,
Petit 1987). Following Fleuty (1975) and Means (1987)
we refer to fault surfaces as slickensides, as distinct from
slip-parallel striae found on many, but not all, fault
surfaces. Slickensides form through a wide variety of
mechanisms, including: (1) frictional wear and surface
polishing (Avakian 1986, Hancock & Barka 1987); (2)
pressure-solution slip leading to the formation of
surfaces covered by felted mats of fibrous crystals (Dur-
ney & Ramsay 1973, Elliott 1976); (3) streaking or
trailing of lightly cemented gouge material (Tjia 1968,
Engelder 1974); (4) strain alignment of clay particles
during expansion and contraction in clay soils (Gray &
Nickelsen 1989); and (5) plastic yielding and strain
alignment of layer silicates prior to the development of
discontinuous faults (Will & Wilson 1989). Slickenside
features have been widely utilized to determine the
direction and, in some cases, the sense of slip on fault
surfaces. This information is useful because it allows one
to infer the strain history of large rock masses (Wojtal
1986, Hancock & Barka 1987) or, by inference, the
stress state that caused faulting and deformation (Ange-
lier 1979, Angelier et al. 1985, Zoback 1989).
Additionally, the study of slickensides has the poten-
tial to provide insights into the grain-scale deformation
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mechanisms that are active along frictional rock sur-
faces, contributing to the understanding of the mechan-
ical properties of fault zones and their evolution. One
particularly important reason for studying the surfaces is
that certain slickenside types or features may be indica-
tive of different phases of the earthquake cycle. The
earthquake cycle is often divided into four phases: an
interseismic phase (quiescent period between earth-
quakes), a pre-seismic phase (foreshocks and accelerat-
ing creep), a co-seismic phase (rapid slip during earth-
quakes) and, finally, a post-seismic phase (aftershocks
and decelerating creep). Some faults may not experi-
ence all four stages. Some examples of fault surface
features that have been attributed to the seismic phase of
the earthquake cycle include carrot-shaped asperity
grooves (Engelder 1974), pseudotachylytes or friction
melts (Sibson 1975) and crescent-shaped tension frac-
tures (Petit 1987). Fibrous pressure-solution slip slicken-
sides such as those described by Durney & Ramsay
(1973) and Elliott (1976) probably develop during slow
aseismic creep rather than during seismic events. The
possibility of finding other features which can be directly
linked to seismically or geodetically observed aspects of
fault behavior is great, and should be pursued.

One important implication of the earthquake cycle for
the development of fault zone materials is that an
extremely wide range of strain rates will prevail along
faults that experience seismic slip events (Sibson 1977).
Relative slip rates along faults range from velocities as
high as 1-2 m s~ ! during seismic events (Brune 1976) to
1-30 mm yr~' during steady, aseismic shearing
(Thatcher 1979, Burford & Harsh 1980, Sibson 1983). If

879



880

deformation during seismic faulting events is confined to
relatively thin and discrete principal slip surfaces, as is
often observed (Sibson 1986a), strain rates as high as
102-10* s™! might occur in the fault zone. In contrast,
strain rates more typical of deformation during the
interseismic period probably range from 1071 to 10~1%
s™!, or perhaps less (Sibson 1977, Pfiffner & Ramsay
1982).

Major fault zones with large displacements and signifi-
cant components of dip-slip provide the opportunity to
directly observe the effects of faulting on materials
under non-surface conditions, because slip on the fault
surfaces ‘exhumes’ materials from depth. In this study
we describe and interpret textural and mineralogical
features of exhumed normal fault surfaces from Dixie
Valley, Nevada, U.S.A. The slickenside surfaces we
describe, however, are not unique to the Dixie Valley
area; we infer that many other glassy slickensides com-
posed of fine-grained quartz formed in much the same
way as those at Dixie Valley. We conclude by offering
some preliminary inferences concerning the relationship
of specific slickenside features to the earthquake cycle.

GEOLOGIC SETTING

Before describing the slickenside surfaces, we briefly
review the geologic history of the Dixie Valley area (Fig.
1). More extensive information can be found in studies
by Page (1965), Anderson et al. (1983), Wallace &
Whitney (1984) and Okaya & Thompson (1985). The
fault zone we investigated lies within an area termed the
“Stillwater seismic gap” by Wallace & Whitney (1984),
because major historic earthquakes occurred immedi-
ately to the north in Pleasant Valley in 1915, and
immediately to the south in southern Dixie Valley in
1954. Fault scarps within the Stillwater seismic gap
(Wallace & Whitney 1984), and offset shorelines of pre-
historic lakes (Thompson & Burke 1973) provide evi-
dence of displacement within the last 12,000 years. The
Stillwater seismic gap is relatively quiet in terms of
microearthquake activity, but areas to the north and
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Fig. 1. Location map showing the Stillwater seismic gap and the
slickenside study area. The line labeled A-B shows the location of the
cross-section shown as Fig. 2. Surface ruptures of the 1915 and 1954
earthquakes are shown as heavy lines. Abbreviations as follows:
SH—Sou Hills, BR—Boyer Ranch. Total normal slip on the Stillwater
range-front fault is about 0.3 km in the Sou Hills (Fonseca 1988) and 3
km at Boyer Ranch (Okaya & Thompson 1985). Total normal slip on
the Stillwater fault at the study area is 3-6 km.

south still show elevated levels of microearthquakes
(Dozer 1986). It is clear that earthquakes will occur in
the study area in the future, and that seismic faulting
played an important part in the development of the fault
zone materials now exposed in Dixie Valley.

For the purposes of this study, rock materials in the
region are divided into three groups (Fig. 2): ‘basement’
rocks of Mesozoic age; volcanic and sedimentary rocks
of early Tertiary age, which pre-date the development of
the fault zone; and alluvial and lacustrine sediments of
late Tertiary and Pleistocene age, which accumulated
concurrently with faulting. The basement rocks consist
of a wide variety of variably metamorphosed, primarily
Cretaceous age rocks, including pelites, granodiorites
and gabbros (Page 1965, Okaya & Thompson 1985).
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Fig. 2. Cross-section showing the geometry of the Stillwater fault zone in the study area. Total normal slip across the

Stillwater fault can be estimated from the offset of the youngest part of the Tertiary section, a widespread and flat-lying

basaltic flow which outcrops at the crest of the Stillwater range and underlies the syntectonic valley fill of alluvial and
lacustrine sediments. Location of this section is shown on Fig. 1 as line A-B.
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The basement rocks are unconformably overlain by a
variety of Tertiary age sedimentary and volcanic rocks
which pre-date the development of steep normal faults
in the Dixie Valley area (Riehle et al. 1972, Hastings
1979). The Tertiary sequence is capped by an 11-17 Ma
old unit of basaltic volcanic flows and pyroclastics
(Hastings 1979, Fonseca 1988).

Late Cenozoic extension of the Dixie Valley area
disrupted the Mesozoic and early Tertiary age rocks,
resulting in the development of a major, range-front
fault zone on the east side of the Stillwater Range. We
refer to this fault as the Stillwater fault, following Wal-
lace & Whitney (1984) and Fonseca (1988). The surface
trace of the Stillwater fault at the current level of
exposure is characterized by a variety of fault rocks that
originally formed under different conditions. In most
places there is no single fault surface. Rather, the fault
zone consists either of a uniform clay gouge zone, or of
many discrete surfaces separating fault bounded horses
of cataclasite, breccia, or variably deformed and frac-
tured wallrocks. In scattered locations along the fault
trace, slickenside surfaces composed almost entirely of
fine-grained quartz are present.

Slickenside locality

This study concentrates on a unique part of the fault
zone where slickenside surfaces which developed in fine-
grained, hydrothermal quartz are well exposed (Fig. 1—
39.95°N. Lat., 117.95° W. Long.). In the study area, the
most recent trace of the Stillwater fault juxtaposes
alluvial sediments against metamorphosed Jurassic age
gabbroic rocks (Fig. 3). Although the host rock for the
slickenside surfaces is metamorphosed gabbro, the slick-
enside surfaces occur only in areas that have experi-
enced extensive enrichment in silica due to the passage
of hydrothermal fluids. The exposure of shiny, reflective
fault surfaces is approximately 100 m long parallel to the
strike of the fault zone. The largest exposures of a single
surface are about 25 m?. Other, similar slickenside
surfaces can be found along the Dixie Valley fault zone,
but none are as large as those described in this study.

We estimate that total normal slip on the Stillwater
fault zone at the slickenside locality is 3-6 km. Gravity
studies, combined with reflection seismology studies
(Okaya & Thompson 1985) and unpublished well data
(reviewed by Fonseca 1988), indicate that Dixie Valley
is filled with alluvial and lacustrine sediments fioored by
the same sequence of early Tertiary volcanic rocks found
on the top of the Stillwater Range (Fig. 2). Normal slip,
estimated from the separation of the Tertiary volcanic
sequence, varies from about 300 m in the Sou Hills (Fig.
1—approximately 23 km north of the study area) to 3 km
at Boyer Ranch (approximately 8 km north of the study
area). Because total normal slip varies along the fault
zone, and generally increases southwards, total normal
slip at the study area is probably between 3 and 6 km.

We conclude that the slickenside surfaces formed at a
depth of less than 2 km because: (1) the current exposure
level of the footwall materials is approximately 1 km
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Fig. 3. Schematic outcrop scale cross-section illustrating the details of

the slickenside study locality. In the study area, the fault zone

juxtaposes Mesozoic metamorphic rock against alluvial sediments.

The most recently active fault surface occurs at the base of the

exposure of metamorphic rock. The slickenside surfaces are found in

the footwall block, in areas that have been strongly enriched in quartz
by precipitation from hydrothermal fluids.

below the base of the Tertiary volcanic sequence; (2) the
total thickness of the Tertiary volcanic sequence is
approximately 1 km; and (3) normal faults developed in
the Dixie Valley area after the deposition of the Tertiary
volcanic sequence (Fig. 2). Thermal gradients of 20~
45°C km™! are typical of the Basin and Range Province
(Lachenbruch & Sass 1977), but ongoing geothermal
energy investigations in the Dixie Valley region indicate
that gradients as high as 150-200°C km ™! may prevail at
least temporarily near the Stillwater fault zone (Parch-
man & Knox 1981). This range of thermal gradients
suggests that the slickenside surfaces developed at
temperatures between 50 and 400°C. Test wells drilled
to depths of 3 km encountered temperatures of approxi-
mately 200°C (Denton es al. 1980), in general con-
currence with this conclusion. The presence of the
assemblage kaolinite + quartz in the slickenside sur-
face material (discussed below) provides independent
evidence that temperatures were below 270°C during
slickenside formation.

SLICKENSIDE SURFACES
Surface roughness and striation features

The slickenside surfaces in the study area may be
divided into a three-fold classification based on surface
morphology. To illustrate the range of roughness of the
fault surfaces, we show 0.5 m profiles from each of three
surfaces (Fig. 4). These profiles were measured parallel
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Fig. 4. Surface profiles of typical slickenside surfaces. The surfaces

have a variety of roughnesses, ranging from moderately rough (A),

through intermediate (B), to very smooth (C). The smoothest surfaces
have the largest exposure areas.

to the slip direction, using equipment and techniques
described by Power et al. (1987, 1988). The Dixie Valley
surfaces range from moderately rough (A—Fig. 4), to
intermediate (B—Fig. 4) and finally to very smooth (C—
Fig. 4). As can be deduced from the surface profiles, the
maximum amplitude to wavelength ratio of each surface
profile varies from about 1/100 for the roughest surfaces
to about 1/500 for the smoothest surfaces. The surfaces
have a generally self-similar geometry. This means that
surface profiles observed at an enlarged or reduced scale
appear statistically similar (Power ez al. 1988).

On the roughest surfaces (A—Fig. 4) much of the
roughness is the result of small, hard clasts in the
footwall surface (A—Fig. 5). Curiously, in the area we
examined, all the clasts are in the footwall surface, while
matching depressions or indentations are present in the
hangingwall surface. The roughest surfaces are gener-
ally small in areal extent, and do not form prominent
weathering or parting surfaces.

The intermediate roughness surfaces (B—Fig. 4) have
a ridge and groove geometry (B—Fig. 5). Ridges from
one surface match grooves from the opposing surface.
Means (1987) described geometrically similar surfaces.
The grooves and ridges decrease in height or depth along
the slip direction gradually, rather than beginning or
ending at discrete asperities or hard clasts. Most ridges
or grooves are 10-100 times as long in the direction
parallel to slip as in the direction perpendicular to slip.

The smoothest and most reflective slickensides (C—
Fig. 4) have the thickest accumulations of fine-grained
quartz to either side of their surfaces. These surfaces
often have spoon-shaped depressions formed by local-
ized deformation around a hard clast or asperity, which
are commonly composed of either single crystals of
quartz, or of fragments of well indurated but reworked
cataclasite (C—Fig. 5). For the smoothest surfaces, it
was not possible to examine both the hangingwall and
footwall surfaces to determine how well the surfaces
match one another. The smoothest fault surfaces form
the largest, most continuous exposures, probably
because their flatness allows large blocks of the hang-
ingwall to part easily from the footwall.
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A. Sheltered gouge trails
B. Grooves and ridges
C. Spoon shaped depressions

Fig. 5. Surface features of Dixie Valley slickenside surfaces. Features

labeled are as follows: hard asperity, protruding above the surface,

with lightly cemented gouge material on its lee side (A); interlocking

ridges and grooves (B); spoon shaped depressions which form around
small hard particles (C).

The difference in roughness of the various sub-
parallel surfaces is difficult to explain. Although one
tempting explanation is that rougher surfaces have less
total displacement than the smoother surfaces, this
possibility cannot be evaluated because it is difficult to
estimate the total displacement for individual surfaces.
Slip on most of the surfaces must be at least 1 m, based
on color contrasts in the cataclasite to either side of
many of the surfaces. Slip on any one surface must also
be well under 3—-6 km, because that is the total slip across
the Stillwater fault zone. Another possible explanation
for the difference in surface character is that the surfaces
formed under different conditions of depth, confining
pressure, temperature, strain rate or chemical environ-
ment.

Mineralogy, composition and temperature

The slickenside surfaces occur within a 1-10 m thick
zone of cataclasite which has been considerably enriched
in quartz relative to the gabbroic wallrock. The enrich-
ment in silica is most extreme closest to the fault sur-
faces, and probably results from the passage of hydroth-
ermal fluids through the fault zone. The fine-grained
material within 1-10 mm of the fault surfaces consists of
greater than 98% quartz. Energy dispersive X-ray com-
position determinations made with scanning and trans-
mission electron microscopes reveal that the only com-
mon elements in the fine-grained slickenside material
are Si, Fe and Al. The iron occurs in scattered iron oxide
particles, particularly within 10-20' um of the sliding
surfaces. The aluminium occurs in fine-grained (0.01-
0.1 um) kaolinite flakes (Fig. 6a).

The slickenside surfaces must have formed at tem-
peratures less than 270°C because both kaolinite and
quartz are present in the fine-grained surface material.
Kaolinite and quartz react to form pyrophyllite and
water at temperatures of approximately 270°C over a
wide range of pressures, under conditions where the
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Fig. 6. Transmission electron microscope (TEM) micrographs of textural features found in fine-grained quartz. All scale
bars 0.5 um. (a) Slickenside surface material. Note kaolinite grain (arrow) surrounded by fine-grained quartz. This
kaolinite grain is particularly large; most range in size from 0.01 to 0.1 um. (b) Typical view of the slickenside surface
material, which has a wide range of grain sizes (0.01~0.1 xm). (¢) Smaller grains within the slickenside surface material
(arrows) are often completely enclosed within larger grains. a configuration of high surface energy. (d) Micrographs of a
fine-grained novaculite (not from the Stillwater fault zone) which was experimentally deformed in the dislocation creep
field. In contrast to the slickenside material, the novaculite has a narrow range of grain sizes (1-5 pm), polygonal grain
shapes and straight grain boundaries.
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Fig. 7. Optical photomicrographs illustrating crystallographic preferred orientation in fine-grained quartz along the fault
surfaces. The photomicrographs were taken with crossed polarizers; areas of the samples with preferred orientation appear
either lighter or darker than the background. (a) A simple, 0.2 mm thick, preferred orientation zone with essentially one
orientation of quartz c-axes. (b) Schematic view of (a). The fault surface (S) is developed on/in an area of strong
crystallographic preferred orientation (P—shaded). Quartz c-axes are inclined in the direction of shear. Fragments in the
cataclasite (F) are visible beneath the zone of preferred orientation. (¢) A more complex array of preferred orientation
zones. (d) Schematic view of (c). The fault surface (S) is underlain by a zone of fine-grained quartz with an array of preferred
orientation zones reminiscent of Riedel shear geometry (Logan et al. 1979). The position of the quartz c-axes within each
preferred orientation zone is consistent with slip on each shear zone in the sense shown (inset). but there is no independent
evidence that actual displacement occurred across either the steeply or shallowly inclined surfaces.
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Fig. 9. Photomicrographs illustrating textural features of the cataclasite that forms the slickenside surfaces. (a) Cataclasite
fragments cemented together with fine-grained hydrothermal quartz. (b) Schematic view of (a). Some fragments consist of
carlier cataclasites which have crystallographic preferred orientation zones very similar to those shown in Fig. 7(a). Shaded
areas have strong crystallographic preferred orientation. These textures indicate that conditions favorable for continuous,
non-brittle deformation and the development of crystallographic preferred orientations alternated with conditions
favorable for discontinuous cataclasis. (¢) Well preserved textures along the fault surfaces indicate repetitive cycles of
continuous and discontinuous deformation. (d) Schematic view of (¢). An carly cataclasite (C). truncated by a fault surface
are the carliest textural features visible. Associated with the fault surface (S) are preferred orientation zones which are
shown shaded (P). Preferred orientation developed in both the early cataclasite and in the hydrothermal quartz. The fault
surface and associated preferred orientation zones were fragmented, offset and then cemented together with new
hydrothermal quartz (Q,) to form a second generation cataclasite (Cs).
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Fig. 8. ¢-Axis pole figure for the fine-grained slickenside surface material. The great circle represents the fault plane. with
sense of slip shown at upper left. c-Axis data were measured using the photometric technique of Price (19%50).
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Fig. 10. Schematic diagrams illustrating the inferred development sequence for slickenside fault surfaces in Dixie Valley,
Nevada. Alternating episodes of both discontinuous and continuous deformation are responsible for textural and
mineralogic features preserved in the slickenside surface material and the cataclasite to either side of the surfaces. (a) We
infer that the surface developed from pre-existing fracture or fault surfaces. (b) During seismic events, rapid translation of
the surfaces relative to one another caused cataclasis and dilation along the fault surfaces. (c) Enhanced fluid flow after
faulting resulted in the deposition of fine-grained hydrothermal quartz. Continued slow deformation caused the
development of crystallographic preferred orientations. (d) and (e) Repeated episodes of cataclasis during seismic events,
precipitation of hydrothermal minerals, and continuous deformation during the non-seismic phases of the earthquake cycle
led to complex textures within the fault zone.
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water pressure is equal to the lithostatic pressure (Hem-
ley et al. 1980). If fluid pressure is less than the lithostatic
pressure, or the fluid is not composed entirely of water,
the reaction occurs at lower temperatures. The tempera-
ture estimate from the kaolinite plus quartz assemblage
(less than 270°C) is consistent with the depth and tem-
perature we inferred for slickenside formation from
geologic constraints and geothermal investigations.

Transmission electron microscopy

The microstructure of the fine-grained quartz within
the slickenside surface material is unusual. Examination
by transmission electron microscopy (TEM) reveals that
most of the grains are between 0.01 and 1.0 um.
Although the grains are approximately equant, they
often have very irregular grain boundaries (Fig. 6b) and
large surface areas. Smaller quartz grains and iron oxide
grains are entirely included within larger quartz grains
(Fig. 6¢), a configuration of high surface energy. All the
grains are essentially free of dislocations. Dislocations
were rarely observed even after tilting and rotation of
the ion-thinned specimens in the TEM. This microstruc-
ture is not typical of quartz which has been deformed
within the dislocation creep field, nor 6f quartz which
has been thermally annealed. The slickenside surface
material contains no evidence for static grain growth or
recrystallization. The samples shown in Figs. 6(a)-(c)
were taken from the area with a strong crystallographic
preferred orientation shown in Fig. 7(a).

In order to provide a contrast to the microstructure of
the slickenside material, we include a TEM micrograph
of a fine-grained quartz sample (novaculite) which was
deformed experimentally in the dislocation creep field at
850°C, 1525 MPa confining pressure, a strain rate of 10>
s~ ! and to about 30% strain (Kronenberg & Tullis 1984).
The sample (Fig. 6d) has undergone dynamic recrystalli-
zation and has straight grain boundaries, polygonal
grains with approximately 120° grain junctions and a
variable dislocation density. Annealing of this micro-
structure would only decrease the dislocation density
and/or produce growth of new strain-free grains; the low
energy configuration of the grain boundaries would be
preserved. Thus the absence of dislocations and the
presence of small grains with very irregular boundaries
in the slickenside surface material is not consistent with
deformation by dislocation creep or post-tectonic
annealing.

Crystallographic preferred orientation

In many areas alang the slickenside surfaces, a strong,
optically visible, crystallographic preferred orientation
is present in the fine-grained quartz material nearest the
slickenside surface (Figs. 7a & b). The preferred orien-
tation is usually confined to within 1-10 mm of the fault
surfaces, and is most strongly developed along the
smoother surfaces which have the greatest thickness of
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fine-grained quartz. Individual quartz grains within the
area of preferred orientation are too fine-grained to
measure crystallographic orientations with a U-stage,
but the approximate location of the majority of c-axes in
two dimensions was determined using a gypsum plate.
The majority of c-axes are inclined in the direction of
shear, and lie close to the plane perpendicular to the
sliding surface which includes the sliding direction (Fig.
7b). Observations of one sample made with an X-ray
pole figure device provide independent confirmation
that the quartz has a crystallographic preferred orien-
tation. Full c-axis pole figures were measured using the
photometric technique of Price (1980). The computer
reduction technique used in the photometric method
assumes that individual quartz grains are as thick as the
sample (7-20 um). Because the slickenside surface ma-
terial is extremely fine-grained (0.01-1 um), this con-
dition was not satisfied. This may cause the results to be
slightly less accurate than would be obtained for coarser-
grained materials. The results from the photometric
technique (Fig. 8) confirm the conclusions obtained
from optical observations using the gypsum plate; the c-
axis pole figures showed single c-axis maxima. The
orientations of the maxima are unusual, however, be-
cause they occur in the directien of extension, rather
than in the direction of maximum shortening, as is often
observed (Tullis er al. 1973, Schmid & Casey 1986).

Some of the slickensides display more complex pat-
terns of preferred orientation (Figs. 7c & d) which are
reminiscent of Riedel shear geometries described and
interpreted by Logan et al. (1979). Features similar to
both the shallowly inclined (R, type) and steeply in-
clined (R, type) Riedel shear zones are present. No
evidence which precludes or demonstrates slip of the R;
and R, zones was found. The c-axis orientations within
the R, and R, zones, as determined with the gypsum
plate, have the same relationship to the sense of shear
inferred for R, and R, zones as is observed for the
overall shear zone, namely the c-axes are inclined in the
direction of shear (Figs. 7c & d).

Very similar crystallographic preferred orientations
including Riedel shear geometries have been observed
by Higgs (1981) in ultra fine-grained quartz (grain size
<1 um) deformed experimentally in shear at tempera-
tures of 450 and 600°C, and shear strain rates of 107°—
10™* s7!. The experiments which generated the pre-
ferred orientations were performed at confining press-
ures of 250 MPa and fluid (water) pressures of 100 MPa,
while other experiments were performed at 150 MPa
confining pressure with no water or fluid. Higgs ob-
served some textural evidence of diffusive mass transfer
(pressure solution) in the form of recrystallization and
the formation of quartz veins in the wet experiments.
Microscopic evidence for pressure solution or preferred
orientation fabrics was not observed in the dry samples.
Higgs offered no explanation for the development of the
preferred orientation. Wenk & Kolodny (1968) de-
scribed preferred orientation in a fine-grained chert
which probably formed as a result of deformation during
diagenesis. They concluded that the preferred orien-
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tation fabric they observed also must have formed at
very low temperatures; the mechanism that produced
the preferred orientations was unclear.

Interplay of continuous and discontinuous deformation

Outside the region of crystallographic preferred
orientation, angular fragments in the cataclasite provide
evidence of brittle deformation (Figs. 9a & b). The
fragments range in size from 0.2 mm to larger than 10
cm, and include fragments of intact wallrock, fragments
of earlier cataclasites, and of single crystal grains,
usually quartz. The matrix between the angular frag-
ments consists of randomly oriented, fine-grained
quartz, which is texturally indistinguishable from the
strongly oriented material which forms the slickenside
surfaces.

Textural features of the slickenside surfaces provide
clear evidence that cataclasis alternated with ductile
deformation. Some of the angular fragments in the
cataclasite are clearly derived from earlier fault surfaces
which had crystallographic preferred orientations (Figs.
9a & b), providing evidence that conditions favorable
for cataclasis alternated with conditions favorable for
the development of preferred orientation. In some cases
striking evidence of more than one cycle of alternating
cataclastic and continuous deformation is well preserved
(Figs. 9¢ & d). Stel (1981) described a similar history of
alternating brittle failure, crystal growth and ductile
deformation in cataclasites formed in granite rock.

None of the slickenside material we examined con-
tains evidence for fiber growth either through the crack—

seal mechanism (Ramsay 1980) or through pressure-
solution slip (Elliott 1976). Some portions of the catacla-
site to either side of the slickenside surfaces consist of
dilation breccias with exploded-jigsaw textures, similar
to those described by Sibson (1986b). Exploded-jigsaw
texture means that angular cataclasite fragments appear
as if they could be re-assembled if the intervening matrix
material were removed. Sibson (1986b) inferred that
exploded-jigsaw texture results from implosion breccia-
tion, which is caused by the rapid opening of dilatant
cavities along fault surfaces during seismic slip.

Figure 10 schematically illustrates the sequence of
events which we believe caused the formation of the
slickenside surfaces. The earliest history of the fault
surfaces is difficult to ascertain (Fig. 10a). We presume
the fault surfaces develop initially from either pre-
existing fracture or fault surfaces. Textural features in
the cataclasite (discussed above) indicate at least two
phases of deformation were important in slickenside
development. In the first phase (Fig. 10b) cataclasis and/
or dilation between the surfaces caused the creation of
new porosity, the disruption of pre-existing fault sur-
faces and the formation of angular fragments. The
important elements of the second phase (Fig. 10c),
include healing of the fault zone by the precipitation of
new, hydrothermal quartz and the development of crys-
tallographic preferred orientations. Precipitation of
hydrothermal quartz may have been aided by enhanced
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fluid flow from seismically induced fluid pressure gradi-
ents (Nur & Booker 1972, Sibson et al. 1988), or from
the development of marked disequilibrium between the
fluid phase and the wallrock as a result of seismic
faulting (Fournier 1985). Many repetitions of the two
phases are responsible for the development of the slick-
enside surfaces (Figs. 10d & e).

DISCUSSION

Development of crystallographic preferred orientation in
fine-grained quartz

Two features of the fine-grained quartz which forms
the slickenside surfaces remain enigmatic. The firstis the
extremely fine-grained and non-equilibrium texture,
and the second is the presence of crystallographic pre-
ferred orientation. In this section we discuss possible
mechanisms for the development of these features. The
preferred orientation and unique grain scale microstruc-
ture may have developed via a non steady-state mechan-
ism. As we discuss above, it is quite possible that the
fine-grained material which now forms the slickenside
surfaces originally precipitated as ultra fine-grained
amorphoussilica, cristobalite or chalcedony. If the pres-
ent microstructure developed from material of this type,
a phase change and considerable grain coarsening must
have occurred. If the preferred orientation developed
during grain coarsening, or concurrently with a phase
change, a steady-state mechanism would not have been
responsible. Possible steady-state mechanisms include:
(1) crystalline plasticity or dislocation creep; (2) strain
alignment of sub-microscopic crystals; and (3) pressure
solution. Although we favor pressure solution, a final
conclusion as to which mechanism occurred is not poss-
ible, because few experimental studies have focused on
exceedingly fine-grained quartz aggregates. because it is
unclear whether the deformation was steady-state, and
because it is unclear if important textural features of the
slickenside material have been annealed or obliterated.

To place the conditions we infer for slickenside forma-
tion in context with relevant experimental data on defor-
mation mechanisms, we show a plot of differential stress
vs strain rate (Fig. 11). We can estimate the maximum
differential stress during slickenside development be-
cause we know the depth at which the slickenside sur-
faces formed (2 km or less). Because Dixie Valley is
characterized by normal faulting, we infer that the
greatest principal compressive stress was vertical, and
had a value consistent with a lithostatic pressure gradi-
ent (26 MPa km™') typical of average crustal rock
densities (2.65 gem™3). The frictional strength of rock or
Coulomb failure theory can be used to constrain the
average total differential stress to 40 MPa or less (Brace
& Kohlstedt 1980). Higher differential stresses may
have been realized for short intervals during seismic
events, or near asperities and irregularities in the fault
zone. As mentioned earlier, strain rates during faulting
may have varied from values as low as 107" s™! or less
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Fig. 11. Plot of differential stress vs strain rate, encompassing differential stress levels and strain rates for relevant
experimental studies and for formation of natural slickenside surfaces. Differential stress levels and strain rates during
slickenside formation in Dixie Valley are indicated by the shaded area below the heavy dotted line. Differential stress
during slickenside formation can be constrained with knowledge of the depth of slickenside formation (less than 2 km—see
text). Estimated strength of wet, coarse-grained (100 .m) quartz deforming by dislocation creep at different temperatures
(solid lines) was calculated using equation (1) and the parameters given by Jaoul et al. (1984). Estimated strength of wet,
fine-grained (1 um) quartz deforming by pressure solution at different temperatures (fine dotted lines) was taken from
Rutter (1983, fig. 10), and extrapolated to smaller grain size. Experiments on wet, ultra fine-grained quartz (grain size <1
um) by Higgs (1981) were done at considerably higher strain rates than most experimental work. Recrystallization and the
formation of aligned veins in Higgs samples suggests that some portion of their strain was accomplished by pressure
solution. Extrapolation of stresses required for deformation by dislocation creep and by pressure solution suggest that at the
conditions we infer for slickenside formation, pressure solution is more likely than dislocation creep.
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(interseismic period) to values as high as 10% s™! during
seismic events.

Crystalline plasticity. The most common way that
crystallographic preferred orientations develop is by slip
of dislocations combined with material rotations
required by continuity and the conservation of vorticity
(Tullis et al. 1973, Lister et al. 1978, Schmid & Casey
1986). In a deforming aggregate, work hardening is
prevented either by syntectonic recrystallization or by
dislocation climb (Tullis & Yund 1985). Because both of
these processes are thermally activated, dislocation
creep is highly temperature sensitive. Based on extra-
polation of laboratory data and study of naturally de-
formed rocks for which the temperatures during defor-
mation can be well constrained, many studies have
concluded that dislocation creep in quartz at typical
geologic strain rates is only important at temperatures
greater than about 300°C (Tullis er al. 1982, Sibson 1983,
Simpson 1985). Flow laws for steady-state deformation
of quartz (and many other minerals) typically have the
form

de _ Ag" e~ (Q/RT)

de 1)

where ¢ is strain, ois differential stress, Q is an activation
energy, Tis temperature, R is the universal gas constant,
and A and n are dimensionless constants (the ‘pre-
exponential term’ and the stress exponent, respect-
ively). Experimental results can be extrapolated to other
temperatures and strain rates if the estimates of A, Q
and n come from experiments which achieved steady-

state conditions. Estimates of A, Q and n have been
provided by Jaoul et al. (1984) for steady-state dislo-
cation creep of coarse-grained quartzite (100 ym) in the
presence of water (Fig. 11).

Extrapolation of predictions from Jaoul er al. (1984)
to lower strain rates suggests that dislocation creep is an
unlikely explanation for the development of crystallo-
graphic preferred orientations in the slickenside surface
material in Dixie Valley, Nevada, because temperatures
during slickenside formation were less than 270°C.
Moreover, micron-scale textural features of the fine-
grained surface material, most notably the complex
grain-boundary geometries and the lack of visible dislo-
cations, are inconsistent with deformation by dislocation
motion. Additionally, the texture of the fine-grained
quartz is not what would be expected for a fine-grained
aggregate which first deformed by dislocation creep and
then annealed statically. Both dislocation creep and
static annealing mechanisms produce equigranular tex-
tures with simple, straight grain boundaries rather than
the complex grain-boundary geometry observed in the
slickenside surface material.

Strain alignment of sub-microscopic quartz grains.
Another possibility for the development of crystallo-
graphic preferred orientations in the slickenside ma-
terial is strain reorientation of rod-shaped crystals (Jef-
fery 1923, March 1932, reviewed by Tullis 1976 and
Oertel 1985). The mechanism was originally proposed to
explain the development of preferred orientation In
quartz-rich metamorphic rocks by Sander (1930) and
Schmidt (1932) (reviewed in Griggs & Bell 1938). In
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order for a strain alignment mechanism to cause the
development of preferred orientation in a quartz aggre-
gate, individual grains must have non-equant shapes,
the c-axes must be statistically aligned with one axis of
the grains and grain-boundary sliding must be possible.
Elongate, sub-microscopic quartz grains might form
either by precipitation from an aqueous solution due to
faster growth rates parallel to the c-axis, a possibility
which we discuss below, or perhaps by comminution of
pre-existing quartz grains. Although Griggs & Bell
(1938) concluded that comminution of quartz grains
produced fragments which are statistically elongate par-
allel to the c-axis, the dominant control on the orien-
tation of the fragments in their experiments was the
stress direction. In addition, Frondel (1962, pp. 104-
109) and Dunning et al. (1984) both concluded that
fracture and cleavage in quartz preferentially followed
the r and z faces rather than the prism or m faces that
would be required to create fragments elongated paral-
lel to the c-axis. Because strain alignment could occur at
very low temperatures, it is an attractive explanation for
the formation of preferred orientation in the slickenside
surface materials at Dixie Valley. Strain alignment
seems unlikely, however, because there is no evidence
of elongate quartz crystals in the Dixie Valley slicken-
side surface material (Figs. 6a—c).

Pressure solution. A third possibility for the develop-
ment of crystallographic preferred orientation involves
low-temperature crystallization of quartz directly from a
fluid phase or colloid. Chalcedony, cristobalite, opal
and other silica polymorphs are common in near surface
hydrothermal deposits (Fournier 1985). These materials
are particularly interesting for two reasons. First, these
silica phases are very fine-grained, much like the slicken-
side surface material. Second, they often precipitate
from supersaturated fluids that are in a state of disequili-
brium with the wallrock, as seems to be the case in the
Stillwater fault zone.

We suggest that crystallographic preferred orien-
tations in fine-grained quartz may develop because of
the tendency for quartz to grow and dissolve fastest in
the direction parailel to the c-axis. The anisotropy in
dissolution is easily demonstrated in strong acid (Meyer
& Penfield 1889, Liang & Readey 1987), but we are not
aware of completed experimental studies which docu-
ment an anisotropy in water, although such studies are
currently underway (H. Westrich, personal communi-
cation 1989). Preferred orientations in crack—seal veins
of quartz (Cox & Etheridge 1983) are thought to be
caused by crystallographically controlled anisotropy in
crystal growth rates. Preferred orientations are also
observed in fibrous chalcedony. Chalcedony fibers are
usually aligned either parallel or perpendicular to the c-
axes of the submicroscopic quartz that forms the fibers
(Folk & Pittman 1971). Under experimental conditions,
the orientation of the c-axes relative to the fiber axes can
be controlled by changing the chemical environment
(Oehler 1976, Kastner 1980). Precipitation of chalce-
dony with aligned c-axes has been observed experiment-
ally at temperatures as low as 150-165°C (Oehler 1976,
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Kastner 1980). Because the crystallization of both
quartz and chalcedony has been observed to form pre-
ferred orientations at low temperatures, we suggest a
crystallization mechanism may explain the development
of preferred orientation in the slickenside surface ma-
terial from Dixie Valley. The question is, if crystalliz-
ation and dissolution of quartz occurs simultaneously
with strain of the rock, can a preferred orientation be
produced that reflects the deformation?

In crack-seal or pressure-solution slip fibers, a pre-
ferred orientation of quartz can occur that reflects defor-
mation and is due to precipitation from solution. Indi-
vidual fibers in crack-seal veins or pressure-solution
slickensides may have crystallographic orientations that
are random, or that have the same crystallographic
orientations as ‘seed’ crystals in the fracture walls (Dur-
ney & Ramsay 1973, Ramsay 1980, Cox & Etheridge
1983). In some cases, however, anisotropies in growth
kinetics cause certain fiber orientations to be favored
over others. This presumably occurs because fibers with
their fast-growth directions essentially normal to the
crack walls or parallel to the extension or opening
direction impede or occlude fibers with other crystallo-
graphic orientations (Buckley 1951. pp. 262-263). Dur-
ney & Ramsay (1973, p. 73) and Spry (1969, p. 162)
suggested that for quartz, fibers with their c-axes parallel
to the fibers would predominate. Cox & Etheridge
(1983) described two natural examples where the c-axes
of crack—seal fibers had a small circle distribution with an
opening angle of ~40°, which they attributed to prefer-
ential growth in the [1012] direction. Although this
mechanism may explain preferred orientations in crack-
seal veins and pressure-solution slip slickensides, it does
not seem likely that the preferred orientation in the
slickensides from the Stillwater fault zone is inherited
from pressure-solution slip fibers, because no evidence
of relict fibers was found in any of the fault zone
materials.

Although it is unlikely that pressure-solution slip
fibers existed on the slickensides from the Stillwater
fault zone, it is possible that deformation by pressure
solution in very fine-grained aggregates could produce a
crystallographic preferred orientation of quartz by a
similar process. As mentioned above, the rate of precipi-
tation and dissolution in quartz depends on crystallo-
graphic orientation. We suggest that if the anisotropy is
strong enough, crystallization and dissolution during
pressure solution will depend on the orientations of the
grain boundaries as well as the magnitude of stress
across them, and that crystallographic preferred orien-
tations might result. If the fastest growth direction in
quartz is parallel to the c-axis, then grains with their c-
axes oriented in the direction of extension should grow
faster than grains of other orientations, whereas grains
with their c-axes oriented in the direction of compres-
sion would undergo faster dissolution than others (Tullis
1989). One attraction of this mechanism as an expla-
nation for the preferred orientations in the Dixie Valley
slickensides is that it predicts that the c-axes should be
oriented in the extension direction, as observed in the
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slickenside surfaces (Figs. 7 and 8). One potential prob-
lem with this mechanism is that it should cause the
development of elongate quartz grains, a feature which
we did not observe.

Kamb (1959) used non-hydrostatic thermodynamics
to develop a mechanism for the development of crystal-
lographic preferred orientations during deformation by
pressure solution. The driving force for solution transfer
during pressure solution results from variations in nor-
mal stress across differently oriented grain boundaries.
These normal stress variations cause variations in chemi-
cal potential. In Kamb’s mechanism, small additional
differences in chemical potential due to elastic aniso-
tropy of the crystalline material are responsible for some
grains growing at the expense of others. In the mechan-
ism we propose above, the preferred orientation results
from anisotropies in the kinetics of dissolution and
growth, a different mechanism. To the best of our
knowledge, there are no experimental or natural
examples in which Kamb’s mechanism has been shown
to be responsible for an observed preferred orientation;
the driving energy for this mechanism may be too small
to be important. Kamb’s predicted patterns of preferred
orientation do not match those we observe, although, as
discussed by Paterson (1973), the predictions of Kamb's
model can be quite dependent on details of the processes
that are allowed to operate.

As discussed above, Higgs (1981) has performed a set
of experiments on ultra fine-grained quartz (grain size
<1 um), both with excess water and dry. In the wet
experiments, Higgs observed both preferred orien-
tations and evidence of pressure solution or diffusive
mass transfer. Microscopic evidence for pressure sol-
ution or preferred orientation fabrics was not observed
in the dry samples. Higgs observed that the wet samples
were considerably weaker than the dry samples, sugges-
ting that different deformation mechanisms contributed
to the strain in the wet and dry experiments. The
combination of the textural evidence, the change in
mechanical behavior in the presence of water, and the
lower strength of the ultra fine-grained quartz relative to
coarser-grained material suggests that the mechanism of
pressure solution was active. Because Higgs (1981) ob-
served preferred orientations that are very similar to
those observed in the slickenside surface material from
Dixie Valley, Nevada, we suggest that the same mechan-
ism is responsible for the preferred orientation in both
the experimental and natural cases, and that this mech-
anism involves both pressure solution and a growth/
dissolution rate anisotropy in quartz, as discussed
above.

Unfortunately, the mechanical data from the study by
Higgs (1981) do not allow accurate estimates of the
stress exponent or the activation energy, precluding
extrapolation of the observed strengths to lower strain
rates and temperatures. Estimates of the strength of
quartz aggregates deforming by pressure solution have
been provided by Rutter (1983). Figure 11 shows Rut-
ter’s predictions, which were extrapolated to a grain size
of 1 um using an inverse cubic dependence of strain rate
SG 11:7-6
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on grain size (Rutter 1983, equation 4). Rutter’s predic-
tions, the results of Higgs’ experiments, and the predic-
tions from extrapolation of dislocation creep flow laws
(Fig. 11) suggest that for the slickenside surface material
deformation by pressure solution is more likely than
deformation by dislocation creep. The results of Higgs’
(1981) experimental study, coupled with the obser-
vations reported in this study, suggest that additional
experimental work on fine-grained quartz aggregates
would be worthwhile.

Summary. We cannot argue conclusively for a single
explanation for the development of the crystallographic
preferred orientation in the fine-grained slickenside sur-
face material. Crystalline plasticity is an unlikely mech-
anism because the temperatures we infer for slickenside
formation seem too low and because the extreme vari-
ation in grain size, the complex grain-boundary geo-
metries, and the extremely low dislocation density ob-
served in the slickenside surface material are inconsist-
ent with dislocation motion. Strain alignment of sub-
microscopic quartz fragments elongate in the c-axis
direction seems unlikely, because the texture of the fine-
grained slickenside material shows no elongate grains.
Crystallographic preferred orientation in the slickenside
material is probably not inherited from pressure-
solution slip fibers, because relict fibers were not found
in any of the slickenside surface materials. It seems most
likely that a mechanism associated with pressure sol-
ution and the growth/dissolution rate anisotropy of
quartz caused the preferred orientations in the slicken-
side material.

CONCLUSIONS

Slickenside surfaces along the Stillwater fault zone in
the Dixie Valley area of Central Nevada, U.S.A.,
formed at depths of less than about 2 km and tempera-
tures that were less than 270°C. The slickenside surface
material is composed of very fine-grained (0.01-1.0 zm)
quartz with small amounts of iron oxide and kaolinite.
Evidence of both continuous and discontinuous defor-
mation processes are present in the slickenside surface
material, and textural features in the slickenside surface
material indicate that the continuous and discontinous
processes alternated in time. Because the crystallo-
graphic preferred orientation is probably related to
strain, and probably developed at relatively low strain
rates, we correlate the continuous deformation phase of
slickenside formation with the low-strain-rate phases of
the earthquake cycle. We tentatively correlate the dis-
continuous deformation phase characterized by catacla-
sis with the higher-strain-rate, seismic portion of the
earthquake cycle. The wide range of strain rates which
occur during the seismic cycle may be an essential
element in the formation of fine-grained, glassy slicken-
sides observed at Dixie Valley, Nevada, and many other
areas.
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