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Exhumed shear zones often contain folded and/or dynamically recrystallized structures, such as veins and
pseudotachylytes, which record broadly contemporaneous brittle and ductile deformation. Here, we investigate
veins within the Saddlebag Lake Shear Zone, central Sierra Nevada, California, to constrain the conditions and
processes that caused fractures to form during ductile deformation. The shear zone mylonites contain composi-
tional banding at centimeter- to meter- scales, and a ubiquitous, grain-scale, continuous- to spaced-foliation de-
fined by aligned muscovite and chlorite grains. Veins of multiple compositions formed in two predominant sets:
sub-parallel to the foliation and at high angle to the foliation. Some foliation sub-parallel veins show apparent
shear offset consistent with the overall kinematics of the shear zone. These veins are folded with the foliation
and are commonly boudinaged, showing they were rigid inclusions after formation. Quartz microstructures
and fluid inclusion thermobarometry measurements indicate the veins formed by fracture at temperatures be-
tween ~400–600 °C. Quartz, feldspar and tourmaline δ18O values (+2.5 to +16.5) suggest extended fluid-rock
interaction that involvedmagmatic,metamorphic, andmeteoric-hydrothermalfluids. The orientation and spatial
distribution of the veins shows that shear fractures formed along mechanically weak foliation planes. We infer
fracture was promoted by perturbations to the strain rate and/or pore pressure during frictional-viscous defor-
mation in a low effective stress environment. Evidence for repeated fracture and subsequent flow suggest both
the stress and pore pressure varied, and that the tendency to fracturewas controlled by the rates of pore pressure
recovery, facilitated by fracture cementation. The tectonic setting and inferred phenomenological behavior were
similar to intra-continental transform faults that host triggered tectonic tremor, suggesting themechanisms that
caused brittle fracture during viscous deformation may be important for comparable active systems.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrothermal veins are commonly foundwithin ductile shear zones
that deformed predominantly by crystal-plastic deformation mecha-
nisms (e.g. McCaig, 1988; Cartwright and Buick, 1999). They form as
brittle fractures that subsequently fill with minerals deposited from
long-distance, channelized fluid flow (e.g. Sibson et al., 1975; McCaig
and Knipe, 1990), or sourced by local diffusion from the wall rock
(Fisher and Brantley, 1992). The dependence of fracture mode and
attitude on the material properties of the host rock and orientation of
the stress field at the time of formation means kinematic information
from veins can be used to infer the paleo-stress field orientation, partic-
ularly where evidence shows veins formed by mode I fractures (Secor,
1965; Kerrich and Allison, 1978; Ramsay, 1980; Kerrich, 1986).
Veins are therefore rich in information regarding the conditions of
atrick).
deformation (e.g. Bons et al., 2012). Other brittle structures recognized
within crystal plastic shear zones include pseudotachylytes (e.g.
Passchier, 1982; Hobbs et al., 1986; Price et al., 2012; Kirkpatrick and
Rowe, 2013) and cataclastic fault rocks that both result from fracturing
and frictional sliding (Melosh et al., 2014).

Folded and/or dynamically recrystallized veins or pseudotachylytes
potentially record cyclical, or contemporaneous on geologic time scales,
brittle and ductile deformation within shear zones. In these cases, the
fractures recorded by the veins, surrounded by ductiley deformed
mylonites, represent deformation characterized by a transient rheology.
At greenschist- to amphibolite-facies conditions, the ambient tempera-
tures are high enough that deformation by crystal plastic mechanisms
occurs at lower differential stress than fracture and frictional sliding
for some mineral phases (e.g. Brace and Kohlstedt, 1980). Fractures
that form in the same phase of deformation as ductile deformation
therefore suggest that some factor controlling the deformation, such
as the deviatoric stress, strain rate or pore fluid pressure, was perturbed
to cause a change in deformation mechanism. Fracture coupled to
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Fig. 1. Map of the Sierra Nevada batholith in California (light grey) showing locations of
the eastern Sierra roof pendants (dark grey) and the Sierra Crest Shear Zone (heavy
dashed line). Labeled segments of the Sierra Crest Shear Zone are the Virginia Canyon
Shear Zone (VCSZ), Saddlebag Lake Shear Zone (SLSZ), Gem Lake Shear Zone (GLSZ),
and Rosy Finch Shear Zone (RFSZ). San Andreas Fault (SAF) and Garlock Fault (GF)
shown for reference. Location of Fig. 2 shown by the box adjacent to the SLSZ label
(modified from Cao et al., 2015).
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ductile deformation has been proposed to result from both local (Hobbs
et al., 1986) and regional (Lavier et al., 2013) perturbations to a steady
state viscously deforming system. Earthquakes at the base of the
seismogenic zone that propagate to deeper levels also represent frac-
ture (e.g. Sibson, 1980; Lin et al., 2005), and drive fluid flow (McCaig
et al., 1990) at the deep extension of faults. The resulting vein composi-
tions, attitudes and kinematics should be useful for investigating these
processes.

Recent seismological observations of tectonic tremor beneath the
seismogenic zone of some continental transform faults and subduction
zones have renewed interest in deformation involving both fracture
and aseismic slip in regimes transitional between seismic and aseismic
deformation. Tectonic tremor bursts are low-amplitude, long-duration
seismic signals that are distinct from earthquakes because they typically
do not contain impulsive waveforms (Obara, 2002; Rubinstein et al.,
2010). They are thought to represent swarms of low- and very low-fre-
quency earthquakes (LFEs and VLFEs respectively) that are the result of
shear failure on faults (Shelly et al., 2007; La Rocca et al., 2009; Shelly,
2015). Receiver functions and tomographic models suggest that tecton-
ic tremor spatially coincideswith regions of elevated porefluid pressure
(Audet et al., 2009; Wech et al., 2012). In some cases, tremor is dynam-
ically triggered by teleseismic waves or tidal stresses, consistent with
extremely low effective stresses in the source region (Rubinstein et al.,
2007; Thomas et al., 2009; Houston, 2015). Because tremor hypocenters
are often relatively deep (e.g. ~15–40 km on the San Andreas fault;
Shelly and Hardebeck, 2010), and the inferred temperatures in transi-
tional regions are often high (~350–1000 °C on the San Andreas Fault;
Williams et al., 2004), the deformation mechanisms that drive shear
failure in otherwise aseismic regions remain enigmatic. Ancient subduc-
tion zones have been shown to contain veins or mineralized shear frac-
tures that could represent individual LFEs (e.g. Fagereng et al., 2011,
2014; Hayman and Lavier, 2014), but few constraints are available on
the structures associated with triggered tremor on intra-continental
faults.

In this study, we investigate veins that formed within the Saddlebag
Lake segment of the Sierra Crest Shear Zone (Cao et al., 2015), central Si-
erra Nevada, California, to constrain the conditions that promoted frac-
ture in a plastically deforming system. The Saddlebag Lake Shear Zone
was an active structure during Cretaceous arc magmatism, and de-
formed at elevated temperature due to intrusion of the plutons of the
adjacent Sierra Nevada batholith. We recognized quartz and feldspar
veins with shear offsets that formed sub-parallel to mylonitic foliations
the shear zone rocks. As these structures record shear failure in the pres-
ence of fluids they represent a failure mechanism relevant to regimes
transitional between ductile and brittle deformation. The Saddlebag
Lake Shear Zone was not part of a plate boundary, but triggered tremor
has recently been reported from faults within the active continental arc
in Japan (e.g. Chao and Obara, 2016), and it may therefore represent a
useful analog. We use field and microstructural observations and stable
isotope measurements from the veins to constrain the conditions that
caused fracture in the ductile regime.

2. Tectonic setting

The study area is located in the central Sierra Nevada, California,
north of Tioga Pass, Yosemite National Park. We focused on the Saddle-
bag Lake Shear Zone (SLSZ), a segment of the Late Cretaceous Sierra
Crest Shear Zone, which is exposed near Saddlebag Lake (Greene and
Schweickert, 1995; Tobisch et al., 1995; Tikoff and Greene, 1997; Cao
et al., 2015). The Sierra Crest Shear Zone is a dextral-oblique structure
that is composed of a series of segments that can be traced along strike
for ~150 km in the eastern central Sierra Nevada (Fig. 1; Greene and
Schweickert, 1995; Tikoff and Greene, 1997; Cao et al., 2015). Dextral
deformation likely resulted from the partitioning of the oblique conver-
gence between the Farallon and North American plates (Tobisch et al.,
1995; Tikoff and de Saint Blanquat, 1997; Cao et al., 2015). Piercing
points across the Sierra Crest Shear Zone are rare, but the total dextral
displacement is estimated to be several tens of kilometers (e.g. Tikoff
and Teyssier, 1992; Greene and Schweickert, 1995).

The SLZS is defined by a zoneof high strain in themetamorphic rocks
of the Saddlebag Lake Roof Pendant and the adjacent Cretaceous plutons
of the Tuolumne Intrusive Suite (Fig. 2; Cao et al., 2015). Similar to other
roof pendants in the central Sierra Nevada, the Saddlebag pendant con-
tains Paleozoic to Mesozoic units, which have all been metamorphosed
to greenschist to amphibolite facies and affected by multiple orogenic
events during the complex tectonic history of the western North
American margin in the Phanerozoic (Brook, 1977; Albertz, 2006;
Schweickert and Lahren, 2006). The pendant units are steeply dipping,
generally young to the west, contain a northwest-trending cleavage,
and outcrop-scale folds interpreted to have formed during the Late
Jurassic Nevadan orogeny and possibly also Triassic or Cretaceous
deformation events (e.g. Brook, 1977; Nokleberg and Kistler, 1980;
Schweickert and Lahren, 1987).

Paleozoic miogeoclinal sedimentary units in the Saddlebag pendant
consist of metamorphosed chert, conglomerate and basalts, whichwere
faulted, folded, and metamorphosed by the Antler and Sonoma orog-
enies (Schweickert and Lahren, 1987). A regionally extensive, faulted
unconformity defines the boundary between the Paleozoic andMesozo-
ic strata (Schweickert and Lahren, 1987; Stevens and Greene, 1999; Cao
et al., 2015). Triassic units in the Saddlebag pendant include sequences
of rhyolite, dacite, and andesite, including one ~1500 m-thick andesite
package (Fig. 2; Schweickert and Lahren, 1987). Triassic metavolcanic
rocks are overlain by Jurassic metasedimentary rocks, informally re-
ferred to as the Jurassic Sawmill Canyon Sequence (Schweickert and
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Lahren, 2006). The Sawmill Canyon Sequence is composed of cross-bed-
ded quartzite, phyllite, and calc-silicate with local limestone, conglom-
erate, volcaniclastic rocks and schists (Cao et al., 2015). Cretaceous
rocks in the Saddlebag Lake pendant are limited to a package of siliceous
metavolcanics near the pluton boundary (Fig. 2).

The Tuolumne Intrusive Complex (TIC) is a composite arc magmatic
complex that intruded the roof pendant units during the Cretaceous. In-
trusive units within the TIC are ~86–94 Ma (Paterson et al., 2008;
Paterson et al., 2014) and were emplaced at N700 °C and 6–10 km
depth (Ague and Brimhall, 1988; Paterson et al., 2014). Pluton emplace-
ment and cooling caused the adjacent roof pendant units to experience
contact metamorphic temperatures ~700 °C to b150 °C (Kerrick, 1970;
Paterson et al., 2008) and temporally and spatially variable post-intru-
sion cooling (Paterson and Tobisch, 1992).

The Cretaceous SLSZ is well developed along the eastern margin of
the TIC (Fig. 2). The shear zone trends NNW and has been mapped
over ~30 km along strike (Cao et al., 2015). The total displacement is
poorly constrained, with an upper bound of tens of kilometers based
on evidence from the adjacent segments of the Sierra Crest system to
the south (Tikoff and Teyssier, 1992; Greene and Schweickert, 1995).
The SLSZ overprinted the regional metamorphic structures. In the Sad-
dlebag Lake area, the SLSZ deformed both the pendant units and the
eastern margin of the TIC. Dikes sourced from the TIC are folded, but
some crosscut the shear zone structures indicating the deformation oc-
curred during pluton emplacement. A phase of predominantly strike-
slip brittle deformation structures crosscut the shear zone (Hartman
et al., 2013; Paterson andMemeti, 2014), postdating the syn-ductile de-
formation veins and fractures which are the focus of this study. The
transition from predominantly plastic deformation to brittle deforma-
tion was caused by cooling of the TIC (Cao et al., 2015; Hartman et al.,
2015). In some portions of the brittle faults, large (~10 m thick) quartz
veins are present along the fault trace. Abundant chlorite- and epidote-
filled fractures splay from the strike-slip faults and cut the shear zone
rocks.

3. Field and microstructural observations

Key exposures within the SLSZ were selected for detailed study
within a 1 km-wide area extending ~2 km along strike of the shear
zone to the west and south of Saddlebag Lake where multiple sets of
crosscutting veins, foliations, and fractures were visible (Fig. 2). Vein
crosscutting relations and shapes in these exposures were used to
infer the chronology of deformation, and sampled to determine the con-
ditions under which structures formed from microstructural and com-
positional information. Horizontally rectified photographs of the
exposures were generated with the Structure-from-Motion method
using Agisoft's PhotoscanPro (following Johnson et al., 2014). The recti-
fied images were used as basemaps for annotation in the field. Absolute
positions and a physical scale for the imagesweremeasuredwith a real-
time kinematic (RTK) differential GPS (accurate to ±2–3 mm).

3.1. The Saddlebag Lake Shear Zone

The Saddlebag Lake Shear Zone is defined by the presence of
mylonites, isoclinal folds, a steeply dipping foliation, and steeply plung-
ing lineation, which overprint earlier metamorphic fabrics (Fig. 3). Fold
vergence, S-C structures in mylonites, asymmetric clasts in volcanic
rocks, and sigma porphyroclasts that are prevalent at the millimeter-
scale all indicate apparent dextral shear in sub-horizontal exposures.
Asymmetric clasts in sub-vertical exposures indicate west side-up
Fig. 2.Geologic map and cross section of the study area showing themain lithologic units,
the extent of thehigh strain Saddlebag Lake Shear Zone (SLSZ), and brittle faults (modified
fromHartman et al., 2013, 2015). Foliation sub-parallel veins that were sampled for stable
isotope analyses shown with white squares. The location of Fig. 9 is shown with a white
star. Inset stereonet shows poles to foliation, poles to foliation sub-parallel quartz veins,
and the attitudes of stretching lineations in the Jurassic and Triassic metamorphic rocks.



Fig. 3. A.) Photograph of mylonite within the SLSZ, approximately 250m east of the edge of the TIC. Quartz ribbons and aligned biotite define the foliation in between rounded plagioclase
porphyroclasts (arrows). Tip of the pen for scale points toward NNW. B.) Photograph of foliation sub-parallel, boudinaged quartz veins in the Jurassic silicic subunit (white arrows). Note
the light-colored horizontal band in the middle of the image is due to weathering. View toward the ENE. C.) Photomicrograph of crenulation cleavage in the Triassic metavolcanics.
Compositional banding that defines the early fold axes (grey lines) is gently folded (axial surfaces of later folds indicated by dashed lines). D.) Photomicrograph showing the
continuous foliation in the Jurassic metasedimentary silicate subunit. Aligned muscovite grains with elongated quartz grains between them define a grain shape fabric. E.)
Photomicrograph showing a more muscovite-rich sample of the Jurassic silicate subunit that contains interconnected muscovite grains in a set of anastomosing bands defining a
spaced foliation. F.) Photomicrograph of the Jurassic calcsilicate unit showing foliation defined by epidote-rich bands (white arrow) with epidote-poor layers between. Note the
absence of muscovite compared to D and E. All photomicrographs in cross-polarized light.
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shear. Aligned chlorite andmuscovite grainsmostly define the foliation,
but compositional banding at millimeter- to meter-scales is also com-
mon. Foliation attitudes vary slightly throughout the shear zone, rang-
ing in strike from 294 to 358° and dip from 46 to 88°, predominantly
to the northeast (Fig. 2). Bedding is isoclinally folded and transposed,
and folded veins typically have axial surfaces parallel to the foliation.
Veins oriented parallel to the foliation are also frequently boudinaged
(Fig. 3B). A penetrative mineral lineation defined by aligned elongate
crystals and grain aggregates of chlorite, quartz and/or diopside, de-
pending on the rock type, plunges moderately to steeply (on average
55°) to the southeast. Overall, the kinematic indicators record oblique
dextral, potentially transpressional, deformation with shear parallel to
the lineation, consistent with other segments of the Sierra Crest Shear
Zone (Tikoff and Greene, 1997; Horsman et al., 2008; Cao et al., 2015).
Mylonites within the shear zone vary from completely recrystallized
rocks to rocks that deformed by crystal plastic mechanisms, but which
still retain evidence for compositional banding from the protolith
(Fig. 3A). The most deformed rocks occur within ~400 m of the pluton
boundary. Units up to 1.5 km from the pluton boundary contain ductile
deformation structures such as folds, foliations, and themineral lineation.
Further than 1.5 km from the pluton the rocks contain only the pre-Creta-
ceous, regionally expressed NW-trending cleavage (Schweickert and
Lahren, 2006).

The shear zone deformed several of the Mesozoic units in the Sad-
dlebag Lake pendant (Fig. 2). The Triassic metavolcanic units are very
fine-grained (average grain size b 0.05 mm), and are composed of
quartz, plagioclase, chlorite, and muscovite with minor rutile and horn-
blende. Most feldspar phenocrysts have been replaced by sericite.
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Quartz phenocrysts exhibit undulose extinction and irregular grain
shapes causedbydynamic recrystallization. A continuous foliation is de-
fined by the preferred orientation of spaced muscovite and chlorite
grains or by bands of fine-grained sericitized feldspar grains. Crenula-
tion cleavage is visible in some muscovite and chlorite- and biotitite-
rich interlayers near the pluton boundary (Fig. 3C).

The Jurassic metasedimentary rocks are most commonly adjacent to
the TICmargin in our study area (Fig. 2), and contain abundant veins. Con-
sequently, themajority of our observations of veins in the shear zone come
from these units. The Jurassic unit can be divided into silicate and
calcsilicate subunits, which are interlayered at ~10 m scales. The silicate
subunit contains a fine-grained (~0.1 mm), equigranular groundmass of
quartz and plagioclase (Fig. 3D). Quartz displays sweeping undulose ex-
tinction, sutured grain boundaries, and subgrain development that varies
from minor to completely recrystallized. Some quartz grain boundaries
form dragging structures where pinned by muscovite. Feldspars exhibit
sweeping undulose extinction, but subgrain formation is rare. Aligned
muscovite and chlorite grains of approximately equal size to the quartz
grains are interspersed throughout the silicate subunit and are parallel to
minor compositional banding at cm-scale, defining a continuous foliation
(Fig. 3D). Some larger chlorite grains exhibit a platy cleavage. Variations
in the chlorite and muscovite abundance define the minor compositional
changeswithin this subunit.Where the abundance ofmuscovite and chlo-
rite is higher, phyllosilicates are interconnected in anastomosing bands in
which the grains (0.01 to N0.1mm) are aligned, defining a spaced foliation
(Fig. 3E). Anastomosing bands commonly form S-C structures, and wrap
around feldspar porphyroclasts, which form σ-structures.

The calcsilicate Jurassic subunit has amineral assemblage consisting of
quartz, plagioclase, potassium feldspar, epidote, minor diopside ± chlo-
rite and muscovite (Fig. 3F). This subunit is compositionally banded at
millimeter- to decimeter-scales. At the grain-scale, layers of higher and
lower epidote abundancewithin aquartz and feldsparmatrix define com-
positional bands 1–2 mm thick. Quartz is recrystallized to approximately
equigranular (~0.1 mm) subgrain aggregates and feldspars show sweep-
ing undulose extinction and minor subgrain development. Epidote-rich
bands contain 0.1–1 mm long, elongate clusters of small (b0.01 mm)
grains with the long axis of the cluster parallel to the foliation.

3.2. Veins in the Saddlebag Lake Shear Zone

Veins are common within all Mesozoic units affected by the SLSZ. In
most exposures, the veins occur in two sets: one discordant to the shear
zone foliation and one parallel to sub-parallel to the foliation (e.g. Fig. 4).
Fig. 4.Outcropmap showing an example of the distribution of foliation sub-parallel veins in
the Jurassic silicate subunit. Arrows show locationswhere shear offsetswere identified across
quartz veins and thick bars show truncation relation (bar indicates through-going structure).
Discordant veins are commonly folded, but many are relatively
straight. Folds in discordant veins range from tight to open with wave-
lengths typically b10 cm and axial traces which are locally sub-parallel
to the foliation. No shear offsets were observed across veins in this set.
Veins in this set are all 1–20 mm thick and contain quartz, tourmaline,
tourmaline and quartz, plagioclase and quartz, or epidote. Some tour-
maline veins are surrounded by a halo of lighter colored rock. Thicker
tourmaline veins may also contain quartz lenses folded with the vein.
Numerous epidote veins that cut all other vein compositions branch
from the brittle faults, and are interpreted to have formed late in the de-
formation history of the system. Leucogranite dikes a fewmillimeters to
several meters thick are found throughout the area. Some dikes are at
high angle to the foliation, andmay crosscut veins, but some are intrud-
ed along the foliation (e.g. Fig. 4), in which case they form interconnect-
ed arrays. Many dikes are also folded.

Foliation sub-parallel veins are straight, weakly to moderately
boudinaged in both horizontal and vertical exposures (Fig. 3B), and
are folded with the foliation to form open folds with axial traces at
high angles to the foliation (Fig. 5). These veins are most common in
the Jurassic silicate subunit, but also occur in the Triassic metavolcanics.
They tend to be thin (2–4 mm on average) and predominantly contain
coarse-grained, transparent to white quartz, with some veins contain-
ingquartz and plagioclase. Lengths of 45measured foliation sub-parallel
veins range from 0.4 to 4.8 m, but the majority of veins extended be-
yond the length of an exposure so these are minimum bounds on the
true lengths. There is an average 5° localmisorientation between the fo-
liation and vein orientations in the foliation sub-parallel set. The folia-
tion sub-parallel veins are often separated by b1 m perpendicular to
vein strike, and in some areas they are spaced every ~0.01 m (Figs. 3
& 4). All of the veins in the foliation sub-parallel set are locally parallel
but non-coplanar so do not connect.

Veins in the calc-silicate subunit predominantly contain quartz and
are strongly boudinaged and extensively folded, commonly with
isoclinal folds and occasionally refolded folds (Fig. 5). The maximum
lengths of vein segments are of the order of tens of centimeters. Veins
in this subunit are much less common than in the silicate-rich unit.

Some of the foliation sub-parallel veins in the Triassic and Jurassic
units display measurable apparent shear offsets (Fig. 6). Structures
that provide kinematic evidence for shear include offset veins,
rhombochasm structures, occasional wing cracks (Cruikshank et al.,
1991), and slickenline lineations on vein edges. Crosscutting relations
with veins at high angles to the foliation show that the foliation sub-par-
allel veins both offset the high angle veins and are crosscut by them
(Fig. 6). Apparent dextral shear offsets along foliation-parallel veins
ranged from 2 to 63 mm, with an average apparent offset of 12 mm (n
= 60).

Microstructures of foliation sub-parallel veins viewed perpendicular
to the foliation and parallel to the lineation fall into four groups (Fig. 7)
defined by quartz textures, grain shapes, and dynamic recrystallization
mechanisms:

(1) Quartz grains are subhedral and elongate (grain sizes ranges
from ~0.05 mm to several millimeters) with grains exhibiting
undulose or patchy extinction (Fig. 7A). The long axes of elongate
grains are typically at 40° angle to the vein boundaries. Small
(tens of μm), rounded grains line the edges of larger grains in a
core-and-mantle structure. Core grains have serrated boundaries
that display bulges of similar dimension to the mantle grains.
This group shows characteristics similar to Regime 1 of Hirth
and Tullis (1992), where dynamic recrystallization occurs by
grain boundary migration, or bulging recrystallization (BLG)
(Passchier and Trouw, 2005).

(2) Quartz grains exhibit a hybrid interlobate- amoeboid texture.
Small, slightly elliptical recrystallized subgrains (average grain
size ~0.05 mm) grouped in clusters (Fig. 7B). All grains are
aligned in a preferred orientation at an acute (~20°-40°) angle



Fig. 5.Maps of three exposures illustrating the difference in the deformation of the Jurassic silicate (top and bottom panels) and calcsilicate (central panel) subunits. The exposures are
shown in their correct relative positions, the areas in between were covered. The silicate subunit contains abundant, long, straight veins. The calcsilicate contains fewer, shorter, veins.
Examples of isoclinally folded veins in the calcsilicate subunit are outlined with dashed lines in the upper left panel, axial traces shown by solid lines. Note the compositional banding
in the calcsilicate unit.
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to the vein edges. Undulose extinction is visible in larger grains,
which havemore elliptical shapes with aligned long axes. Aggre-
gates of subgrains are generally separated by low angle bound-
aries. These characteristics are consistent with Regime 2 of
Hirth and Tullis (1992) where dislocation climb is possible and
dynamic recrystallization occurs by subgrain rotation (SGR).

(3) Relatively coarse quartz grains (~0.1–2 mm in diameter) with
interlobate grain boundaries (Fig. 7C). Few to no subgrains are
present, and extinction is uniform within the grains. Some
grain boundaries form 120° triple junctions. The grains in this
group are representative of grain boundary migration (GBM) re-
crystallization in Regime 3 of Hirth and Tullis (1992).

(4) Grains are euhedral, equigranular (grain size 0.5–0.8 mm) and
polygonal (Fig. 7D). Triple-junctions are prevalent, and extinc-
tion is uniform throughout individual grains. These characteris-
tics are representative of static recrystallization (Passchier and
Trouw, 2005).
Two intermediate textures were also identified that include evi-
dence of deformation consistent with a combination of BLG/SGR
and SGR/GBM recrystallization. The former includes prevalent
recrystallized grains, with the additional presence of a core-
and-mantle texture and the latter contains both elongated re-
crystallized grains with an interlobate-amoeboid texture. Some
veins exhibit equant grains with uniform extinction, lack of
subgrains, and triple junction grain boundaries, suggesting
these veins underwent static recrystallization. Furthermore,
some of the foliation sub-parallel veins contain sub- to anhedral
grains with undulose extinction and clear grain boundaries lack-
ing an interlobate aggregate, a texture that indicates vein
formation without subsequent deformation. There is no direct
correlation between the microtexture of the quartz vein and
distance from the pluton.

3.3. Fluid inclusion analysis

Fluid inclusions in quartz crystals within the foliation sub-parallel
veins were analyzed to constrain the temperature at which the veins
formed. Petrographic analysis was performed on 100 μm-thick sections
oriented perpendicular to the foliation and parallel to the lineation.
Fluid inclusions were studied in four samples from different locations
throughout the shear zone, which represent all four microstructural
groups listed above. Fluid inclusions ranged from 5 to 15 μm in diame-
ter. Each vein analyzed contains at least one set of fluid inclusion planes,
and 3 of the 4 samples contain two independent sets (Fig. 8). None of
the samples contained euhedral growth shape assemblages. Set 1 is pla-
nar to slightlywavy, runningparallel to sub-parallel to the orientation of
the quartz vein and extending across several grain boundaries. This set
has fluid inclusions scattered irregularly throughout the extent of the
planes. Less than 10 planes of Set 1 were observed in any quartz vein.
Set 2 contains planar arrays of fluid inclusions at an apparent angle of
80° in the plane of the section to Set 1. Set 2 planes are more abundant
than Set 1, and vary in length, with some planes terminating at grain
boundaries. Inclusions are evenly distributed within each plane of Set
2. No clear crosscutting relations between the two sets could be con-
firmed petrographically. Because the fluid inclusions are arranged in
planar arrays, which cut across multiple grains and do not consistently
terminate against grain boundaries or growth zones in the quartz



Fig. 6.A.) Apparent dextral shear offset across a foliation sub-parallel quartz veins inferred
from dilational step geometry in center of the image. B.) Offset of a folded quartz vein
(trending lower right to upper left in the image) by a straight foliation sub-parallel vein
(horizontal, center of image). C.) Example of crosscutting relations constraining the
relative timing of vein formation. Lower foliation sub-parallel vein (D3) crosscuts two
veins with apparent dextral offset (D2), which in turn crosscut the upper foliation sub-
parallel vein (D1). Note the two D2 veins show different amounts of apparent offset
suggesting multiple increments of slip on the D3 vein.
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crystals, we interpret both sets to have formed as secondary inclusions
(Roedder, 1984).

Fluid inclusion analysis was performed using a Linkam 600 heating-
freezing stage attached to an Olympus BX50 petrographic microscope.
Homogenization temperatures (Th), first ice melt (Teutectic), and final
ice melt (Tmice) temperatures were measured following the method
of Roedder (1984). At room temperature, both sets contain liquid rich,
two-phase inclusions. The liquid phase of the inclusions appears bright
in thin section,whereas the gas phase appears as dark spheres. All of the
fluid inclusions homogenize exclusively into the liquid phase. No clath-
rate is present in the inclusions and no freezing of gas bubbles or evi-
dence of CO2 or CH4 was observed, indicating that the fluid inclusions
contain a binary aqueous electrolyte system containing H2O-NaCl and
that the gas bubbles contain water vapor.
Homogenization temperatures were different for Set 1 and Set 2
(Fig. 8). Average Th of Set 1 and Set 2 were 360 °C ± 24° (1σ, n = 38)
and 249 °C± 16° (1σ, n=60), respectively. Freezing point depressions
were very similar in Set 1 and Set 2. For Set 1, the average Teutectic was
−24.32 °C ± 1.2° (1σ, n = 6), and average Tmice was −1.23 °C ±
0.3° (1σ, n = 6), whereas for Set 2 the average Teutectic was −24.82 °C
± 1.2° (1σ, n = 8) and average Tmice was −1.47 °C ± 0.3° (1σ, n =
6). Microthermometry data were used to constrain the salinity, density,
isochores and trapping conditions using programs included in the
FLUIDS packages (Bakker, 2003). The empirical relation of Bodnar
(1993) for H2O-NaCl systems indicates salinity for Set 1 of 2.12 wt%
(min = 1.62 wt%, max = 2.62 wt% based on ±1σ) and 2.52 wt% (min
= 2.02 wt%, max = 3.02 wt%) for Set 2. Salinity calculations assume
an isochoric inclusion to which nothing has been added post-
entrapment.

Deformation of the SLSZ is interpreted to have occurred during em-
placement of the Cathedral Peak pluton at ca. 86 Ma (Cao et al., 2015)
and some dikes are observed to crosscut foliation sub-parallel veins
(e.g. Fig. 4), so we used the pressure of crystallization of the plutons as
a constraint on the pressure in the shear zone at the time the inclusions
were trapped. Crystallization pressure in the TIC was between ~1.6–
3 kbar (Ague and Brimhall, 1988; Memeti et al., 2009), with the Cathe-
dral Peak and Kuna Crest granodiorites at the eastern margin of the TIC
(Fig. 2) crystallizing at 1.6 kbar and 1.7 kbar respectively (Memeti et al.,
2010). Based on the equations of state of Zhang and Frantz (1987),
Knight and Bodnar (1989) and Bodnar and Vityk (1994) for H2O-NaCl
inclusions, themean observed Th and salinity for each set, with trapping
pressures of 1.6 and 2.0 kbar, result in representative trapping temper-
atures between ~615–680 °C for Set 1 and ~380–400 °C for Set 2. As ex-
humation may have occurred during pluton cooling, the pluton
crystallization pressuremay overestimate the pressure during deforma-
tion, and these temperatures therefore likely represent upper bounds
on trapping temperature.

The slightly curved shape of the Set 1 inclusion arrays may be due to
folding, in which case the volume of the fluid inclusions may have been
affected and the inclusions reequilibrated (i.e., changed volume, or lost/
gained components). Laboratory experiments have shown that host
mineral strength, fluid composition, and inclusion size and shape deter-
mine the ease of fluid inclusion reequilibration (Bodnar, 2003). The
strength of quartz requires internal pressures greater N1.6 kbar to initi-
ate reequilibration for fluid inclusions smaller than 10 μm in size
(Bodnar et al., 1989). We did not observe any fractures of the host min-
eral locally surrounding the fluid inclusions, and the edges of inclusions
themselves are regular and do not show evidence for necking. In addi-
tion, the reproducibility of homogenization temperatures, which were
tested on multiple samples to ensure correct measurement, indicates
that these samples have undergone minimal reequilibration (Bodnar,
2003). Because of this, observed Thmeasurements for both sets of inclu-
sions are interpreted as good constraints on the homogenization tem-
peratures of the fluid inclusions.

Inclusions of Set 2, which form planar arrays with no indication of
deformation or accompanying volume change or reequilibration, con-
sistently indicate cooler homogenization and trapping temperatures
than Set 1. A transition frompredominantly plastic to entirely brittle de-
formation in the SLSZ (Cao et al., 2015; Hartman et al., 2015) attests to
the retrograde change in temperature in the shear zone as the pluton
aureole cooled. Lower homogenization temperatures in Set 2 than Set
1 are therefore consistent with a retrograde path for the SLSZ, and the
associated trapping temperatures likely relate to later, cooler deforma-
tion. Set 2 trapping temperatures therefore place a lower bound on
the temperature of vein formation.

4. Stable isotope geochemistry

Stable isotope analysis was performed on quartz, tourmaline and
feldspar separated from the veins described above. Data from foliation
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sub-parallel veins sampled throughout the study area (n = 11; Fig. 2)
and from one exposure containing multiple generations of veins (n =
5; Fig. 9) constrained fluid sources. Veins were separated, crushed and
sieved to 200–250 μm. Tourmaline and quartz grains were separated
using a Frantz magnetic separator with 10° side tilt, 5° forward tilt,
and a magnetic setting of 0.7 A. At least two to four milligrams of mate-
rial were prepared for isotopic analysis. Mineral δ18O and δD values
weremeasured using the ThermoFinnigan DeltaPlusXPmass spectrom-
eter at California State University, Long Beach (Table 1). Amodified ver-
sion of the laser fluorination method of Sharp (1990) was employed for
the acquisition of δ18O values. The TC/EA method (Sharp et al., 2001)
was utilized to acquiremineral δD values. Analytical precision and accu-
racy for hydrogen (δD=±2‰) and oxygen (δ18O =±0.2‰) isotopes
was determined using the NBS-30 biotite (δD = −65.7‰; Gröning,
2004) and Caltech Rose Quartz (δ18O = +8.45‰; Taylor and Epstein,
1962) standards and reported relative to V-SMOW.

In the exposure shown in Fig. 9, a large, tightly folded tourmaline
vein with quartz in the center cuts the foliation and is surrounded by
an alteration halo (D1; sample KC5). Small quartz-filled fractures or-
thogonal to the vein edge occur at fold hinges of this vein. This tourma-
line vein is cut by a ~2mm- thick, folded quartz and plagioclase-bearing
vein (D2; sample KC2), which is apparently dextrally offset 36 mm by a
few mm-thick foliation sub-parallel quartz vein (D3; sample KC1). The
D3 foliation sub-parallel vein is crosscut by another thin, folded quartz
vein (D4i) and a 1mm-wide folded quartz+ tourmaline vein (D4ii; sam-
ple KC3/4)without shear offset. The relative timing between theD4i and
D4ii veins is unconstrained as they do not intersect. All veins in the out-
crop are crosscut by thin, non-mineralized fractures in a variety of ori-
entations. Fluid inclusions trapped in secondary arrays in the D3 vein
(Sets 1 and 2) constrain the temperature of fracturing and re-healing
to be N400 to ~600 °C for this outcrop.

Stable isotope data from this outcrop indicate a complex fluid histo-
ry. Multiple analyses of vein minerals indicate δ18O heterogeneities as
great as 1.7‰ at the mm-scale. Tourmaline veins (KC4, KC5) have
δ18O and δD values of +7.7 ± 0.6‰ and −94 ± 1‰, respectively
(Table 1). Aqueous fluids in equilibrium (Zheng, 1993a; Jibao and
Yaqian, 1997) with these veins at T = 400–500 °C have δ18O = +5.8
to +8.2‰ and δD = −52 to −33‰, values within the range of mag-
matic fluids (Sheppard, 1986). Though δ18O and δD values of magmatic
fluids and metamorphic fluids overlap, the presence of tourmaline in
dikes related to the TIC and the proximal location (~390m) of this out-
crop to the plutonic complex (whole rock δ18O=+7.5 to+9.0; Kistler
et al., 1986; Lackey et al., 2008) strongly suggest that waters with δ18O
values between +7 and +9 have a magmatic origin. Plagioclase from
the folded D2 vein (KC2) that crosscuts the older D1 tourmaline vein
(KC5) has δ18O = +5.5 ± 0.5‰, a value in equilibrium (Zheng,
1993b) with magmatic fluid (δ18O = +5.0 to +6.9). Quartz from
veins of younger age (KC1 and KC3) have δ18O values (+2.5 to +7.2)
in equilibrium (Zheng, 1993b) with a fluid having δ18O = −2.0 to
+4.2‰, indicating meteoric-hydrothermal fluids (Sheppard, 1986).
Tourmaline (KC4) and quartz (KC3) from the youngest D4ii vein have
δ18O values in reverse order than that expected for an equilibrium sys-
tem (δ18OQuartz N δ18OTourmaline). Quartz δ18O values lower than the ad-
jacent intrusive rocks document the involvement of meteoric-
hydrothermal fluids in the SLSZ.
Fig. 7. Microstructural characteristics of foliation sub-parallel quartz veins (cross-
polarized light, the edges veins are horizontal in all images). A.) Group 1, consistent
with bulging recrystallization (BLG). Small, recrystallized subgrains line the boundaries
of large, original quartz grains. Larger grains exhibit patchy extinction. Note fluid
inclusions planes are visible that cut multiple grain boundaries. B.) Group 2,
representative of subgrain rotation recrystallization (SGR). Grains are more elongate and
subgrains are larger. An alignment of the long axes of all grains is visible. The orientation
is at an angle to the edges of the vein. C.) Group 3, consistent with grain boundary
migration recrystallization (GBM). This group is defined by large, interlobate grains with
little to no subgrains and uniform extinction. D.) Statically recrystallized quartz,
characterized by uniform extinction, lack of subgrains, and triple junction grain
boundaries.



Fig. 8.A.) Photomicrograph (plane polarized light) showing the two identified sets offluid inclusion planes. In this image, the slightlywavy Set 1 plane propagates across the entire field of
viewunaffected by grain boundaries (note that Set 1 is parallel to the veinmargin,which is rotated away fromhorizontal in this view to show thequartz grain boundaries). Set 2 planes are
straighter andhave variable lengths,with some terminating at grain boundaries. B.) Frequency distribution offluid inclusion homogenization temperatures showing bi-modal distribution.
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Quartz and plagioclase δ18O values from foliation sub-parallel veins
ranged from +7.1 to +16.5‰ and +5.9‰, respectively. This wide
range of δ18O values indicates multiple fluid sources. Six quartz veins
from the Jurassic Sawmill Canyon metasedimentary rocks have δ18O
values between +7.1 and +13.0. Most Sawmill Canyon samples are
therefore interpreted to be in δ18O equilibrium with magmatic fluids.
Veins from the Triassic metavolcanic sequence mostly have higher
quartz δ18O values (+9.6 to+16.5; n=5) than those from the Sawmill
Canyon sequence, indicating magmatic and, in most cases, metamor-
phic fluids. The two highest δ18O samples from the Triassic sequence
(KC-14-29a and 30a) are themost northerly veins analyzed, potentially
indicating a degree of structural segregation in the fluid flow history.
One plagioclase from a Triassic sequence vein (KC-14-9a) has δ18O =
+5.9‰, a value in equilibrium with meteoric-hydrothermal fluid
(δ18O = +2.5 to +3.5‰). The stable isotope analyses of the foliation
sub-parallel veins therefore show that these veins were formed from
fluids of magmatic, metamorphic, and meteoric origins.

5. Discussion

5.1. Temperature and fluid conditions during vein formation

The SLSZ deformationmicrostructures and estimated vein formation
temperatures are consistent with the range of temperatures (up to a
peak around ~550–670 °C) inferred frommetamorphic mineral assem-
blages in the contact aureole of the TIC (e.g. Kerrick, 1970). Aligned
chlorite and muscovite grains define the foliation in most of the rock
units we observed, reflecting deformation at low- to mid-greenschist
conditions. In some cases, the platy cleavage of the chlorite grains indi-
cates it is a retrograde pseudomorph after biotite and therefore the foli-
ation formed at temperatures above ~400 °C. Fluid inclusion
homogenization temperatures in the foliation sub-parallel quartz
veins place a minimum bound on the temperature of vein formation
Fig. 9.Outcrop-scalemapof veindeformation in the silicate-rich Jurassic unit. The relative order
large tourmaline vein, which cuts the foliation (D1). This vein has been transected by a series of t
foliation-parallel quartz vein (D3). A small quartz vein (D4i) cuts the foliation, crossing both D
indicate deformation stage, blue labels refer to sample names.
(~250 °C for Set 2 and ~360 °C for Set 1). Trapping temperatures are
higher, and suggest vein formation could have occurred at temperatures
N600 °C. The trapping temperatures are relatively uncertain because the
pluton crystallization pressure is not a direct constraint on the pressure
during deformation, but assuming constant volume for the fluid inclu-
sions and a retrograde thermal history, the trapping temperatures are
consistent with vein formation at temperatures of N400 to ~600 °C.

The microstructural evidence for three dynamic recrystallization
mechanisms in the foliation sub-parallel quartz veins is consistent
with a temperature range of 300 to N500 °C during deformation follow-
ing vein formation (Stipp et al., 2002). However, in addition to temper-
ature, rates of recovery are also affected by factors such as strain rate
and the presence of water (e.g. Law, 2014). The addition of trace
amounts of water can decrease the temperature required for deforma-
tion by ~100 °C (Hirth and Tullis, 1992), such that quartz dynamic re-
crystallization microstructures can develop at lower greenschist
conditions (e.g. Hirth et al., 2001). As we do not have independent con-
straints on strain rate orwater fugacity in the Saddlebag Lake shear zone
we conservatively suggest the evidence for subgrain rotation and grain
boundary migration recrystallization textures reflect temperatures
greater than ~400 °C. Discrete vein formation events at various dis-
tances from the pluton edge at different times during deformation in
the spatio-temporal thermal field associated with pluton cooling could
explain the range in quartz microstructures within the veins.

Stable isotope measurements support the presence of multiple fluid
sources involved in the deformation. Tourmaline, feldspar and quartz
δ18O values all indicate magmatic and metamorphic fluids within the
shear zone. Quartz and feldspar δ18O values also record meteoric fluids,
which is supported by the low fluid inclusion salinities of 2.6 wt% and
3.4 wt%. Additionally, disequilibrium in the δ18O values of KC3 (quartz)
and KC4 (tourmaline), which originated from the same vein, suggests a
complex history that involved two independent fluid sources. Quartz
lenses that post-date tourmaline with δ18O values consistent with a
of vein formation offive sets of crosscutting veins is shown (D1 to D4). The oldest vein is the
hin quartz veins, which also cut the foliation (D2). Shear offset of D2 veins is seen along the
3 and D1 veins. A very thin, tightly folded tourmaline vein cuts D2 veins (D4ii). Red labels



Table 1
Stable isotope data from ductile-brittle veins from the Sierra Crest shear zone.

Sample Mineral δ18O δD Temperature δ18Owater δDwater Fluid type

Jurassic
KC2 Anorthite 5.2 400–500 °C 5.0 to 5.8 Magmatic
KC2 Anorthite 6.3 400–500 °C 6.1 to 6.9 Magmatic
KC2 Anorthite 5.3 400–500 °C 5.1 to 5.9 Magmatic
KC2 Anorthite 5.3 400–500 °C 5.1 to 5.9 Magmatic
KC3 Quartz 4.2 400–500 °C −0.3 to 1.2 Meteoric-Hydr
KC3 Quartz 2.5 400–500 °C −2.0 to −0.5 Meteoric-Hydr
KC3 Quartz 3.5 400–500 °C −1.0 to 0.5 Meteoric-Hydr
KC4 Tourmaline 8.3 −92 400–500 °C 7.3 to 8.2 −33 to −48 Magmatic
KC4 Tourmaline 6.8 −93 400–500 °C 5.8 to 6.7 −34 to −49 Magmatic
KC4 Tourmaline 7.8 400–500 °C 6.8 to 7.7 Magmatic
KC1 Quartz 7.2 400–500 °C 2.7 to 4.2 Meteoric-Hydr
KC1 Quartz 7.1 400–500 °C 2.6 to 4.1 Meteoric-Hydr
KC5 Tourmaline 8.1 −94 400–500 °C 7.1 to 8.0 −35 to −50 Magmatic
KC5 Tourmaline 7.7 −96 400–500 °C 6.7 to 7.6 −37 to −52 Magmatic
KC-14-4a Quartz 7.1 300–400 °C 0.1 to 2.6 Meteoric-Hydr
KC-14-14 Quartz 10.9 N500 °C 7.9 to 8.8 Magmatic
KC-14-11b Quartz 9.4 N500 °C 6.4 to 7.3 Magmatic
KC-14-7 Quartz 13.0 300–400 °C 6.0 to 8.5 Magmatic
KC-14-5a Quartz 12.7 300–400 °C 5.7 to 8.2 Magmatic

Triassic
KC-14-30a Quartz 16.5 350–450 °C 10.9 to 12.8 Metamorphic
KC-14-13a Quartz 9.6 N450 °C 5.9 to 7.5 Magmatic
KC-14-9a Albite 5.9 300–400 °C 2.5 to 3.5 Meteoric-Hydr
KC-14-29a Quartz 16.3 N500 °C 13.3 to 14.2 Metamorphic
KC-14-6a Quartz 15.1 300 to 400 °C 8.1 to 10.6 Metamorphic
KC-14-3a Quartz 11.4 350–600 °C 5.8 to 9.3 Magmatic

Note: Fluid δ18O values are calculated using the quartz-H2O, anorthite-H2O, and albite-H2O fractionation factors of Zheng (1993a), and the tourmaline-H2O fractionation factor of Zheng
(1993b) at the temperatures indicated. Fluid dD values are calculated using the tourmaline-H2O fractionation factor of Jibao and Yaqian (1997). Samples KC1 – KC5 were collected from
one outcrop (Fig. 5) and are listed from youngest to oldest.
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magmatic fluid origin, but which predate folding were observed in vein
D1 (Fig. 9). If the quartz in these lenses had a meteoric origin, the dis-
equilibrium in sample KC3 could be explained by a second, later pulse
of meteoric fluid that occurred after tourmaline precipitation. An alter-
native possible explanation for this isotopic disequilibrium is infiltration
of later-stage meteoric fluids through re-opened fractures that resulted
in 18O/16O exchange involving quartz but not tourmaline (e.g., LeRouge
and Bouchot, 2009).

In summary, the stable isotope data are most consistent with the
presence of two distinct fluids (magmatic and meteoric) that followed
extended fluid-rock interaction involving metamorphic fluids. Mixed
fluid systems of this kind responsible for large ore deposits are common
in the vicinity of large intrusions (e.g., Bowman et al., 1987; Taylor,
1997) and major detachment fault systems (e.g., Beaudoin et al., 1992;
Holk and Taylor, 2007), but the SLSZ is unusual because this hydrother-
mal systemwas centered on a strike-slip fault in the near-plutonic envi-
ronment. The common characteristic of these systems is that fluid flow
is driven by steep thermal gradients that existed as a neighboring plu-
tonic complex cooled (e.g., Norton, 1984). In the case of the SLSZ, we
infer that meteoric fluids infiltrated the shear zone through vertical-
dominant fractures during the waning stages of cooling of the TIC.

5.2. Mechanism for shear fracture during ductile deformation

Multiple generations of veins are present in the Saddlebag Lake
Shear Zone. Many veins are folded, sheared, and/or boudinaged, show-
ing that while the bulk rock was deforming in a ductile manner, brittle
structures formed and subsequently underwent ductile deformation.
Furthermore, the field relationships show that brittle and ductile defor-
mation occurred cyclically. For example, in Fig. 9, the quartz-filled shear
fracture (D3), defined by dextral offset of a folded older vein, is cut by
younger quartz and tourmaline veins. These younger veins are discor-
dant to the foliation and are folded.

Apparent shear offsets are observed across some foliation sub-paral-
lel veins. The apertures of these veins are of the order of millimeters to
centimeters, and are predominantly filled with quartz. These character-
istics suggest a component of opening in addition to shear during frac-
ture formation driven by high fluid pressure. Because no evidence of
cataclastic deformation (e.g. breccia or gouge) is present along vein
boundaries, and the veins contain elongate quartz aggregates at an
angle to the vein margin (e.g. Fig. 7B), these fractures may have formed
as fluid-assisted mixed-mode fractures (Ramsey and Chester, 2004).

The remote stress field orientation during SLSZ deformation is un-
known, but veins at a high angle to the foliation that formed as mode I
cracks suggest σ1 was at a high angle to the foliation (e.g. Figs. 4 & 9).
High pore pressures are typically invoked to explain slip onmisoriented
faults and along foliation planes in anisotropic rocks (e.g. Sibson, 1985;
Sibson et al., 1988; Fagereng et al., 2010). Themeteoric water source re-
corded in the quartz oxygen isotopes requires infiltration into the shear
zone and qualitatively indicates sub-lithostatic pressure within the
SLSZ, but the occurrence of pressure-driven mode I and possible
mixed-mode fracture suggest that fluid pressure must have at least
exceeded the least compressive stress, σ3. Consistent with the hydro-
thermal mineral assemblage in the shear fractures, we infer high pore
pressures contributed to the deformation. The observation that shear
failure occurred along the foliation highlights the importance of me-
chanical anisotropy in controlling the kinematics of brittle failure in fo-
liated rocks.

Boudinage of the foliation sub-parallel quartz veins in the SLSZ
shows the foliated matrix was relatively weak compared to the quartz.
Rocks containing aligned muscovite grains exhibit complex rheology,
but generally support low stress at low strain rate due to a combination
of grain boundary sliding and dislocation glide along basal cleavage
planes in aligned grains (Mares and Kronenberg, 1993; Tullis and
Wenk, 1994; Mariani et al., 2006; den Hartog et al., 2013). Pure musco-
vite aggregates are characterized by a friction coefficient of ~0.3 at tem-
peratures 200–600 °C (denHartog et al., 2013). According to the viscous
flow law of Mariani et al. (2006), at 400–500 °C and a strain rate of
10−13 s−1, a muscovite-rich rock would be very weak, supporting
shear stresses of the order of 1–10 MPa. Aligned phyllosilicates also



Fig. 10. Model of the formation of foliation parallel shear fractures, discordant veins, and
ductile deformation under the same conditions. A.) Top: mechanical model that
describes the phenomenological behavior of the system. The cartoon beneath shows a
simplified representation of the main structures that formed and their orientations
(possible stress field orientation indicated by arrows in the top right corner). The
schematic Mohr diagram illustrates the failure, pore pressure, and loading condition
scenarios that could explain the existence of mode I and II veins in the SLSZ (dots on
Mohr circles represent shear stress resolved on foliation planes at high angle to σ1). B.)
Failure envelopes for frictional failure along weak foliation planes and the flow law of
Mariani et al. (2006) plotted for a geothermal gradient of 50 °C/km. Close to the
intersection of the frictional failure and flow law envelopes, transitional deformation is
sensitive to strain rate perturbations (examples shown by arrows). See text in Section
5.2 for description.
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cause rock strength in compression to vary according to the orientation
of the foliation with respect to the maximum principal compressive
stress, σ1, with the lowest strength defined when the foliation is ~30°
to σ1 (e.g. Donath, 1961; Shea and Kronenberg, 1993). Interconnected
bands of aligned muscovite grains are present in the foliation in the
SLSZ (Fig. 3E) and minor deformation of quartz surrounding the veins
in the SLSZ suggests noncoaxial deformation was partitioned into the
phyllosilicates (Hunter et al., 2016). These observations suggest that vis-
cous deformation occurred under low differential stress. However, the
presence of veins within the shear zone records fracture and fluid
flow, and indicates fluctuations in strain rate, stress, or pore pressure
to the steady-state deformation.

Based on the field andmicrostructural observations, we suggest that
the phenomenological behavior of the system can be described by the
simple mechanical model shown in Fig. 10A, in which viscous deforma-
tion of the shear zone, represented by a dashpot, driven by a constant
displacement rate across the shear zone, is connected in series with a
block slider that designates fracture and frictional sliding (similar to
components of the models for frictional-viscous behavior proposed by
Bos and Spiers, 2002 and Niemeijer and Spiers, 2005). In this model, at
low strain rates, viscous simple shear is accommodated predominantly
by a combination of grain boundary sliding and dislocationmigration in
the phyllosilicate foliation. Low differential stress during viscous defor-
mation is shown on the schematic Mohr diagram in Fig. 10A by the grey
circle. Frictional sliding along misoriented foliation planes could be ini-
tiated by an increase in strain rate and accompanying increase in differ-
ential stress, or pore pressure (Mohr circles i and ii respectively, which
intersect the Coulomb failure criterion for the foliation planes in Fig.
10A), causing the block slider to slip. A velocity-weakening behavior
would result in coseismic stress drop (dashed circle). We interpret
veins that cut the foliation to have formed as mode I hydrofractures at
low differential stress driven by high pore pressures (Mohr circle iii).
Low differential stress conditions could occur following shear fracture
along foliation planes, which would transiently increase permeability,
facilitating a drop in pore pressure. In this situation, hydrofracture
would require relatively rapid pore pressure increase (arrow 1 in Fig.
10A) driven by cementation of the veins and continued fluid flow
under a regional hydraulic gradient driven by fluid supply from the ad-
jacent plutons. Relatively slow pore pressure build up would drive the
system toward shear failure (arrow 2).

The viscous rheology of muscovite at high temperature in experi-
ments (Mariani et al., 2006) suggests that in the transitional regime,
an increase in strain rate could cause a corresponding increase in
shear stress resolved on weak foliation planes sufficient to cause fric-
tional failure. This may occur either due to a local perturbation or due
to an increased displacement rate across the shear zone. Fig. 10B
shows the frictional failure envelope for optimally oriented and
misoriented (σ1 at an angle, θ, of 70° to the foliation) foliation planes
(μ = 0.3) with the flow law for muscovite from Mariani et al. (2006).
For a geothermal gradient of 50 °C/km (appropriate for the inferred
temperature and depth of shear zone activity), the brittle to ductile
transition occurs at ~8–10 km, consistent with the depth of crystalliza-
tion of the TIC,whichwas syn-kinematicwith ductile deformationwith-
in the SLSZ. According to the muscovite flow law, at high temperature
flow stresses are so low that changes in strain rate have negligible effect
on stress, but close to the transition from brittle to plastic deformation
changes in strain rate have large effects on stress magnitude, which
are especially significant under high pore pressure conditions (exam-
ples shown by arrows in Fig. 10B). Transitional deformation in the
SLSZ may therefore be defined as deformation susceptible to switches
between brittle and plastic deformation due to strain rate or pore pres-
sure perturbations. This may be particularly important for muscovite-
dominated foliations as muscovite shear zones are strain hardening at
high strain rates in experiments (Mariani et al., 2006).

Multiple, crosscutting veins from the two observed vein sets in a sin-
gle exposure indicate that the stress and/or pore pressure conditions
changed temporally at a local scale because conditions for both foliation
sub-parallel shear fracture andmode I fracture across the foliation were
met. This required that differential stress decreased for mode I fracture,
and subsequently recovered for shear fracture. Fluctuations in pore
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pressure are also required by the observations: the pore pressure was
relatively large compared to σ3 for tensile failure, and relatively small
for shear failure. Pore pressure in the SLSZ may have fluctuated due to
pulses of activity in the adjacent plutons that could have transiently
changed the stress, temperature, and pore pressure fields, and it must
have been moderated by the fracturing/healing cycles evident within
the shear zone.We suggest that themode of fracturing and local behav-
ior of the system was controlled by the competition between the load-
ing rate and pore pressure build up. As the fine-grained metamorphic
host rock likely had low permeability, the fracture permeability would
have dominated over short timescales following fracture formation, so
cementation and sealing of veins would have been a primary control
on pressure fluctuations. The large number of veins in many exposures
suggests that the stress – pore pressure cycling described above oc-
curred repeatedly, and that the stress state deviated by small amounts
from the steady state conditions during ductile flow within the shear
zone.

Ductile deformation caused more intense folding in the Jurassic
calcsilicate subunits than the silicate subunits, indicating that the
calcsilicates were less competent and underwent greater non-coaxial
deformation. Foliation sub-parallel veins are more common, longer
and straighter in the silicate units. As the silicate units were more com-
petent at in-situ conditions, a larger differential stress would be re-
quired to cause them to deform plastically, suggesting the high
differential stress conditions were met more readily in the competent
units. Heterogeneity in the rock type at meters to tens of meters scale
therefore controlled the occurrence and spatial distribution of shear
fractures, as has been observed previously (Fagereng et al., 2014;
Hayman and Lavier, 2014).

In summary, we propose that the foliation sub-parallel shear frac-
tures formed along mechanically weak planes during viscous deforma-
tion of the SLSZ driven by perturbations to the strain rate and/or pore
pressure in a low effective stress environment. Repeated fracture during
viscous flow suggests both the stress and pore pressure varied. The spe-
cific stress field in the Saddlebag Lake shear zone is unknown, but the
available temperature, rheology and fluid pressure constraints suggest
the model is feasible (Fig. 10B), and it is consistent with previous
models explaining flow and fracture (Hayman and Lavier, 2014) and
rate-dependent behavior (e.g. den Hartog and Spiers, 2014).

5.3. Relevance to active systems

The tectonic setting of the SLZS, an intra-continental dextral
transpressive shear zone thatwas active around a coolingpluton, is sim-
ilar to recently identified triggered tremor locations in Japan (Chao and
Obara, 2016). Triggered tremor on onshore faults in the Hokkaido,
Kanto, and possiblywesternKyushu regions of Japanoccurs in the vicin-
ity of active volcanoes at depths of 15–20 km (Chao andObara, 2016). In
these regions, the proximity to active volcanoes suggests active hydro-
thermal fluid flow, and ambient temperatures are ~450–600 °C or
higher based on observed geothermal gradients (Tanaka et al., 2004),
characteristics similar to the SLSZ. Thedepths of triggered tremor events
are often poorly constrained, but triggered tremor events as shallow as
12–15 km are also observed on the San Andreas and San Jacinto faults
(Gomberg et al., 2008; Peng et al., 2009; Chao et al., 2013; Wang et al.,
2013). Although the inferred depth (≤10 km) of the SLSZ deformation
is less than the majority of these tremor occurrences, the range of tem-
peratures of vein formation overlappedwith active transitional regimes
marked by triggered tremor occurrence due to the high temperature
around the cooling TIC plutons.

As withmost exhumed structures, it is impossible to recover a direct
record of the seismic radiation associated with fracturing. We did not
observe direct evidence for seismic slip rates (Rowe and Griffith,
2015), so shear offset veins within the SLSZ may have formed as micro-
seismic earthquakes, creep events, or low frequency events. However,
the source parameters of LFEs associated with tremor swarms (e.g.
Thomas et al., 2016) can be compared with geological measurements
and deformation structures (e.g. Fagereng et al., 2011) to establish
whether the structures are consistent with tremor-generating slip.
Measured shear fracture vein lengths in the SLSZ are N0.4–4.8 m, but
many veins extended under soil cover so their true lengths could not
be measured. LFE rupture patch dimensions of tens of meters predicted
from magnitude ~1 events with stress drops of ~104 Pa reported by
Thomas et al. (2016) on the San Andreas fault are therefore permitted
by our observations. The measured displacements on foliation sub-par-
allel veins range from 2 to 63 mm, with an observational cutoff at the
lower end of the range. Slip during M1 LFEs is estimated to be
~0.05 mm (Thomas et al., 2016), which would be impossible to detect
in the field. Some of the veinswe observed slippedmultiple times to ac-
cumulate themeasured displacement (Fig. 6C), suggesting that the high
cumulative slip is an artifact of incremental opening of a single struc-
ture. The similarity in estimated P/T conditions in the SLSZ with active
triggered tremor settings in Japan and California, the inferred fluid-
assisted deformation, and the structural characteristics of the SLSZ
that are comparable to LFE source parameters all suggest coupled fric-
tional viscous deformation could be relevant to understanding the
tremor source in comparable active systems.

6. Conclusions

Overall, the deformation in the SLSZ provides an insight into the con-
ditions that promote transient brittle shear failure during aseismic (vis-
cous) deformation. Crystal plastic deformation of the mylonites formed
a well-developed spaced to continuous foliation defined by aligned
muscovite and chlorite. Folded and boudinaged veins inside the shear
zone formed at N400–600 °C during otherwise ductile deformation.
Vein attitudes and kinematics indicate that pore pressures transiently
exceeded theminimumprincipal compressive stress. Veins sub-parallel
to the foliation display apparent shear offset consistent with the shear
zone kinematics. Our interpretation that fluctuations in strain rate
and/or fluid pressure in a low effective stress environment promoted
shear fracture along foliation planes implies that ‘asperities’ in these
systems are planes ofweakness. If tremor and slowearthquakes are rep-
resentative of transitional behavior between seismic and aseismic, in-
sights from the SLSZ could be applicable to some active regions.
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