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A B S T R A C T

The incursion of meteoric-hydrothermal fluids into the ductile crust can be evaluated with the stable isotope
ratios of minerals in exhumed ductile shear zones, but the incursion mechanisms are yet to be well-demon-
strated. Field structural and microstructural relations and regional oxygen isotope patterns from an exhumed,
Late Cretaceous shear zone-fault system in the central Sierra Nevada, CA, are used to reconstruct the de-
formation history and develop insights into fluid incursion mechanisms. A ductile-to-brittle transition was
partially accommodated by a strike-slip duplex involving flexural slip-accommodated folding along faults. Two
main NNW-striking brittle fault strands overlap, the northern fault curves into the southern fault, which is sealed
by a>4m wide composite quartz vein. Based on structural relationships, we interpret the transition from
ductile to brittle deformation to have occurred during cooling of the adjacent Late Cretaceous Tuolumne
Intrusive Complex. Quartz-sealed fault veins in the pendant have δ18O values ranging from −3.2 to 14.5‰, and
are interpreted to have precipitated partially or fully from meteoric-hydrothermal fluids, including quartz veins
that have been recrystallized. The lowest values are only found within the region of the jog. The δ18O values for
pseudotachylyte matrix in one sample from this fault system are δ18O=3.3‰, δ2H=−137‰. Together, these
data indicate meteoric-hydrothermal incursion into a deforming, seismogenic brittle-ductile transition.

1. Introduction

Fluids have profound effects on fault behavior due to their control
on effective stress and thus fluid pressure-dependent rock strength and
failure (Dieterich, 1974). Earthquake magnitude potential increases
with depth in the seismogenic crust because of the increase in rock
strength (Sibson, 1982), which may peak near the brittle-ductile tran-
sition (Behr and Platt, 2014). Fluids can affect seismic behavior in the
seismogenic zone by promoting aseismic creep through pressure solu-
tion mechanisms (Gratier et al., 2011), and below the seismogenic zone
by inducing tremor (Peng and Gomberg, 2010; Wech et al., 2012).
Mineral precipitation from circulating fluids may also change the per-
meability of fault zones, controlling the earthquake cycle (Sibson et al.,
1988). It has also been suggested that brittle mechanisms that facilitate
fluid flow are important precursors of ductile shear zones in the middle
crust (Mancktelow and Pennacchioni, 2005; Soden et al., 2014;
Spruzeniece and Piazolo, 2015) because they can accelerate dynamic
quartz recrystallization and metamorphic phyllosilicate growth, which
weakens the rocks (Fusseis and Handy, 2008).

There are a number of possible sources of fluids that interact with

faults. The source (e.g. magmatic, metamorphic, mantle, or meteoric),
in addition to the mechanism by which it is allocated to the fault,
strongly influences the fluid's volume and flux rate. Hence, the source
may indirectly influence fault mechanics. Meteoric fluids are one fluid
source whose volume within the crust may be limited only by the crust's
permeability, porosity, hydraulic gradient, and open connection to the
surface in many places. If a hydrological connection between the sur-
face and ductile parts of the crust can be established, it could poten-
tially have a profound effect on the character of fault zone seismicity,
strength, and structural evolution.

Stable isotope geochemistry has been used to demonstrate incursion
of meteoric-hydrothermal fluids into ductile crust (e.g. Morrison, 1994;
Holk and Taylor, 2007; Gébelin et al., 2011; Holk et al., 2017). They
have revealed the incursion of meteoric-hydrothermal fluids into
compressed ductile shear zones (e.g. Lobato et al., 1983; Menzies et al.,
2014). Surface-derived hydrothermal fluids may descend from brittle
faults into the deeper ductile crust by dip-slip juxtaposition of cooler
shallow crust with hotter deep crust (McCaig, 1988) via suction
pumping, a process in which pre-seismic microcracks dilate, drawing in
fluids, which are subsequently expelled during the co-seismic phase
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when local dilational stresses are relaxed, closing formerly open cracks
(Sibson, 1981). Minerals demonstrating plastic recrystallization mi-
crostructures from an exhumed part of the transpressive Alpine fault in
New Zealand have calculated fluid δ18O values based on recrystallized
mineral δ18O values as low as −4‰ (Lobato et al., 1983) and −9‰
(Menzies et al., 2014). These low δ18O values imply meteoric-hydro-
thermal fluids (Craig, 1961) flowed through the brittle-ductile transi-
tion.

Extension in dilational jogs, which accommodates the offset in the
corresponding flanking strike-slip faults, may act as zones of co-seismic
suction that draw in fluids from the surrounding rock, leading to local
implosive brecciation and hydrothermal boiling (Sibson, 1987). The
Martha Hill lode system in New Zealand is an example of an ∼1 km
wide fossil dilational jog system, whose vein-fill textures and fluid in-
clusion assemblages indicate brecciation and boiling in the dilational
faults (Brathwaite et al., 1986). They related the boiling to suction
forces during co-seismic dilation and postulated that such processes
could occur at up to 10 km depth.

Theoretical models describing mechanisms of meteoric-hydro-
thermal fluid incursion into tectonically compressed ductile crust (e.g.
McCaig, 1988) have been supported by stable isotope studies demon-
strating meteoric-hydrothermal interaction with recrystallized minerals
in thrust (e.g. Lobato et al., 1983) and transpressive (e.g. Menzies et al.,
2014) shear zones. However, field relationships between the stable
isotope evidence of such fluids and the specific structures that directly
permitted their descent have yet to be well-demonstrated. In this paper,
we present mapping from km to m scales as the architectural blueprints
of the exhumed brittle-ductile transition of a locally dilated, seismo-
genic, dextral strike-slip fault zone in the central eastern Sierra Nevada,
California. Our mapping and structural analyses suggest that the brittle
fault system was preceded by ductile shearing, and the transition was
caused by cooling in response to the conclusion of magma emplacement
in the Tuolumne Intrusive Complex (TIC) to the west of the Saddlebag
Lake pendant. Recrystallized quartz veins in the Sawmill Canyon area
were precipitated in equilibrium with a fluid partially or fully com-
posed of meteoric-hydrothermal water (Compton et al., 2017). The
purpose of this paper is to address the following questions: 1) How did
the structures within the shear zone evolve as deformation mechanisms
transitioned from quasiplastic (ductile) to frictional (brittle)? 2) What
were the sources and spatial distribution of hydrothermal fluid flow in
the western Saddlebag Lake pendant and TIC? 3) What structures per-
mitted meteoric-hydrothermal fluid flow at the brittle-ductile transi-
tion? 4) Did earthquakes occur during meteoric-hydrothermal fluid
flow?

2. Geologic setting

2.1. Regional background

The Mesozoic Sierra Nevada Batholith is an ∼600 km long con-
tinental arc segment (Fig. 1) related to a Mesozoic subduction system
that spanned the western boundary of the North and South American
continental margins, part of which is still active in the Pacific northwest
region of North America. Sierran arc magmatism spanned much of the
Mesozoic and culminated with a regional shutoff in the Late Cretaceous
(Ducea, 2001). In the central Sierra Nevada batholith, Cretaceous
magmatism formed the Tuolumne Intrusive Complex (TIC), a normally
zoned, composite magmatic complex with an area of ∼1100 km2 at the
surface. The TIC was emplaced between 95 and 85 Ma (e.g. Kistler and
Fleck, 1994; Coleman et al., 2004; Miller et al., 2007) into older Me-
sozoic arc-related intrusions and Paleozoic and Mesozoic metasedi-
mentary and metavolcanic units of the Saddlebag Lake and Ritter Range
roof pendants (e.g. Huber et al., 1989; Schweickert and Lahren, 1993,
2006). Magma sources for the TIC were dominated by recycling of
lower crust and mantle, indicated partially by zircons with δ18O values
only slightly elevated above typical mantle values (Lackey et al., 2008).

Emplacement of the TIC coincided with ductile dextral, transpressive
shearing in the central Sierra Nevada batholith during the Late Cre-
taceous (Tikoff and Teyssier, 1992; Tikoff, 1994; Tobisch et al., 1995;
McNulty, 1995; Greene and Schweickert, 1995; Tikoff and Greene,
1997; Tikoff and de Saint Blanquat, 1997; Sharp et al., 2000; Bentley,
2004; Tikoff et al., 2005; Horsman et al., 2008; Jiang and Bentley,
2012; Paterson and Memeti, 2014; Paterson et al., 2014; Cao, 2015; Cao
et al., 2015; Nadin et al., 2016; Compton et al., 2017).

2.2. Previous results from the Saddlebag Lake pendant

2.2.1. Setting
The Saddlebag Lake roof pendant is one of a series of pendants

preserved in the eastern central Sierra Nevada Batholith (Figs. 1 and 2),
bordering the eastern boundary of Yosemite National Park. It is trun-
cated to the west by the TIC and on the north and east by older Me-
sozoic plutons. Its southern boundary is covered by Quaternary allu-
vium, south of which similar rocks continue in the Northern Ritter
Range pendant. Rocks in the western Saddlebag Lake pendant strati-
graphically young to the west (Schweickert and Lahren, 2006; Paterson
and Memeti, 2014). Units in the Granite Lakes, Sawmill Canyon, and
Cascades Lake segments of the SCSZ increase in age to the east, and
include a sliver of Cretaceous rhyolite (∼95–115 Ma; Paterson and
Memeti, 2014; Cao, 2015), a Jurassic unit (“Sawmill Canyon Se-
quence”), consisting of metamorphosed conglomerate, pelite, lime-
stone, siltstone, sandstone, and volcaniclastics (< 180 Ma, Paterson
and Memeti, 2014; Cao, 2015), and a> 1 km thick Triassic meta-
volcanic unit (“Koip Sequence”), consisting of metamorphosed rhyolite,
dacite, and andesite (∼235–219 Ma). Rocks to the east are as old as
Paleozoic (Attia et al., In Press).

Mineral assemblages in Saddlebag Lake pendant rocks and pressure-
corrected geothermometry in magmatic intrusions demonstrate older
greenschist metamorphism overprinted by a contact aureole that grades
from amphibolite to greenschist facies metamorphic assemblages away
from the intrusions (Brook, 1977; Albertz, 2006; Schweickert and
Lahren, 2006). Calculated maximum metamorphic host rock
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Fig. 1. Location of the Sierra Nevada batholith (SNB) in California (bottom left,
LA=Los Angeles, SF = San Francisco, after Cao et al., 2016), with the central
part of the batholith outlined in the inset. In the inset, the batholith intrudes the
Western Metamorphic Belt (WMB) in the west, and the Tuolumne Intrusive
Complex (TIC) intrudes eastern roof pendants with Paleozoic rock units. Seg-
ments of the Sierra Crest shear zone are located along the line with the shortest
dashes (TL=Twin Lakes, VC = Virginia Canyon, CL = Cascades Lake, SC =
Sawmill Canyon, Grt=Granite Lakes, MP=Mono Pass, GL=Geml Lake,
RF=Rosy Finch).

S.M. Hartman et al. Journal of Structural Geology 113 (2018) 134–154

135



temperatures> 700 °C indicate that host rocks approached meta-
morphic equilibrium with adjacent near-solidus TIC (Paterson et al.,
2014). Calculated pluton emplacement depths (∼7 km, based on
1.9 kbar, Paterson and Memeti, 2014) are consistent with regional
metamorphic grades indicated by andalusite and sillimanite assem-
blages (Rose, 1957; Memeti et al., 2005; Anderson et al., 2007). Sys-
tematic mineralogical changes in host rock westward toward the TIC
developed in the presence of water-rich vapor phases at elevated
(contact metamorphic) temperatures of 550–670 °C (Kerrick, 1970).

2.2.2. Deformation
The western Saddlebag Lake pendant and eastern TIC are deformed

by the Sierra Crest Shear Zone (SCSZ; Tikoff et al., 2005; Bentley, 2004;
Jiang and Bentley, 2012; Paterson et al., 2014; Cao et al., 2015). The
length of the entire ductile shear zone is likely at least 100 km (Fig. 1),

extending from the Twin Lakes segment ∼20 km north of Sawmill
Canyon (Cao, 2015), to the Rosy Finch segment, ∼80 km south of
Sawmill Canyon (Tikoff and de Saint Blanquat, 1997). The aligned
segments that define the SCSZ, demarcated by the Twin Lakes and Rosy
Finch segments, preserve abundant structural and geochronologic evi-
dence for Late Cretaceous, dextral, transpressive shearing (e.g. Greene
and Schweickert, 1995; Tikoff and Greene, 1997; Bentley, 2004;
Paterson and Memeti, 2014). In the Gem Lake segment, both coaxial,
subvertically stretched metamorphic minerals, and non-coaxial, dex-
trally sheared metamorphic minerals overlap in age with each other
(Sharp et al., 2000), and with a dextrally sheared dike in the Cascades
Lake segment in the 20 Lakes Basin area (Figs. 2 and 3; Paterson and
Memeti, 2014). In the Rosy Finch segment of the SCSZ, ductile shearing
of cooling plutons from hornblende 40Ar/39Ar closure temperature
(580–490 °C; Harrison, 1981) to biotite 40Ar/39Ar closure temperature
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Fig. 2. Geologic map of the Cascades Lake (north), Sawmill Canyon (central), Granite Lakes (south) segments of the Sierra Crest Shear Zone. Stratigraphy youngs to
the west and is truncated to the west by the Tuolumne Intrusive complex (TIC). Structures indicate a dextral ductile shear zone overprinted by a brittle fault network
consisting of clusters of shear zone subparallel and oblique faults. Maps of four folds are shown in detail to the left of the map main map. The top fold deforms the
metavolcanic rocks in Sawmill Canyon whose geologic history is poorly constrained. The second fold from the top is shown in detail in Fig. 9, and the bottom two
folds are shown in detail in Fig. 4. Stereonets show subhorizontal girdles formed by poles to planes of metamorphic foliation defining the folds. From top to bottom,
the calculated girdles are respectively 233/44 (n= 20), 227/37 (n= 76), 224/7 (n=35), and 202/8 (n=14). The black star shows the location of pseudotachylyte
sample G3, shown in Fig. 14.
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(345–280 °C; Harrison et al., 1985) occurred between ca. 87 (horn-
blende) and 80 (biotite) Ma, and deformed the 85 Ma Mono Creek
pluton (Tobisch et al., 1995). Similarly, in the Gem Lake segment,
hornblende to biotite closure temperatures occurred from 85 to 80 Ma
(Sharp et al., 2000). In the Cascades Lake segment, biotite closure oc-
curred at 84 Ma (Paterson and Memeti, 2014), and in the Virginia
Canyon segment (Fig. 1), closure between hornblende and biotite oc-
curred between ca. 86 and 80 Ma (Cao et al., 2015).

Structures comprising the Sawmill Canyon segment of the SCSZ
indicate ductile (outcrop scale) deformation (Paterson and Memeti,
2014; Compton et al., 2017). Ductile structures of the shear zone in-
clude metamorphic foliation of continuous cleavage defined by aligned
micas, elongate quartz and quartz ribbons, spaced cleavage defined by
anastomosing muscovite bands and interlayered epidote-rich and epi-
dote-poor bands, asymmetric and imbricated clasts, sigma and delta
porphyroblasts, mylonites, S-C fabrics, boudinage, and both asymmetric
and isoclinal folds (Compton et al., 2017). Quartz vein microstructures
include patchy undulose extinction, irregular grain shapes, subgrain
development with variable degrees of recrystallization, sutured grain
boundaries, bulging, core and mantle structure, aligned aggregates,
interlobate grain boundaries, triple junctions, and dragging structures
in parts pinned by muscovite (Compton et al., 2017). Feldspars also
have sweeping undulose extinction and rarer subgrain formation. Both
quartz and feldspar exhibit recrystallization to equigranular aggregates
of subgrains (Compton et al., 2017).

The 95-85 Ma (Kistler and Fleck, 1994; Coleman and Glazner, 1997;
Matzel et al., 2005, 2006; Miller et al., 2007) TIC was deformed by the
SCSZ during and after its final major stage of intrusion, the 88-85 Ma
Cathedral Peak granodiorite, as evidenced by both magmatic and high

temperature subsolidus recrystallization (Tikoff et al., 2005). Fabrics on
sub-horizontal outcrops include foliation traces, S-C fabrics, minor
shear bands, and book-shelf sliding of clusters of K-feldspar megacrysts
(Tikoff et al., 2005). The kinematics of these fabrics all indicate dextral
shear and are consistent with regional clockwise rotation of fabrics
(Tikoff et al., 2005).

Apatite and zircon (U-Th)/He and biotite and hornblende 40Ar/39Ar
thermochronology and Al-in-hornblende thermobarometry demon-
strate that this part of the central Sierra Nevada was exhumed from a
depth of 6–8 km at a non-uniform rate (Cecil et al., 2006; Cao et al.,
2015, 2016). Regional uplift and erosion between 220 and 80 Ma ex-
humed the level of the crust represented at the current surface from
∼12 km to ∼8 km, based on Al-in-hornblende barometry from plutons
(Paterson et al., 2014; Cao et al., 2015). Exhumation then increased to
0.3–0.7 km/my during the Late Cretaceous to Early Cenozoic, and
slowed to 0.25 km/my at 60 Ma, removing the remaining 6–8 km of
overload and exposing this part of the crust at the surface. Calculated
emplacement depths from Al-in-hornblende barometry of the currently
exposed TIC surface yield depths between 6 and 10 km (Ague and
Brimhall, 1988; Webber et al., 2001; Gray, 2003; Anderson et al., 2007;
and Cao et al., 2015). Emplacement pressures of 1.9 kbar and 701 °C are
revealed by Al-in-hornblende-plagioclase thermobarometry for the Ca-
thedral Peak phase of the TIC near Sawmill Canyon (Paterson and
Memeti, 2014; Cao et al., 2015).

Brittle faults were first recognized in the Saddlebag Lake pendant
due to interest in Cu, Pb, Zn, Au, and Co deposits (Tucker and Sampson,
1940). Their traces are dotted with mine pits from ca. a century ago.
Pseudotachylyte has been recognized as a component of the brittle fault
system in the western part of the pendant (Whitesides et al., 2010).
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Paterson and Memeti (2014) argued that the brittle fault zones that
overprint the ductile shear zones represent a continued stress field
imposed on the rocks as hot, plastic deformation mechanisms were
replaced by cooler, frictional mechanisms.

Mineral stable isotope studies from hydrothermal veins and host
rocks have hinted at focused meteoric-hydrothermal incursion during
Late Cretaceous fluid flow in the Saddlebag Lake pendant. All hydrous
minerals with δ18O < 6‰ and quartz and plagioclase with
δ18O < 9‰, are restricted to the Sawmill Canyon segment of the SCSZ
(Lojasiewicz et al., 2016; this study). The δ18O values from re-
crystallized quartz veins in the Sawmill Canyon segment of the SCSZ are
as low as 2.5‰, and precipitated from fluids with calculated δ18O va-
lues as low as −2.0‰ (Compton et al., 2017).

3. Structural geology

3.1. Geologic maps

3.1.1. Ductile shear zone
The western boundary of the southern Saddlebag Lake pendant,

which is juxtaposed with the TIC to the west, is deformed by a ductile
shear zone that is overprinted by a brittle fault zone (Fig. 2). The shear
zone primarily deforms the youngest rocks comprising the pendant,
near the contact with the TIC. The main strand of ductile shear is de-
fined by the highest concentration of outcrops with dextral shear in-
dicators, but outside of the mapped shear zone, smaller and less com-
monly occurring dextral, ductile shear zones are also observed (Section
3.2.1). In the Granite Lakes segment of the SCSZ in the southern part of
the study area, the main strand of the ductile shear zone is ∼1 km wide
and deforms the Triassic Koip rocks and several 10's of meters into the
TIC. In the Sawmill Canyon segment, the shear zone widens to
∼1.5 km, where it deforms all Triassic and younger rocks west of
Saddlebag Lake. In the Cascades Lake segment, dextral kinematic in-
dicators generally define a ∼1 km-wide shear zone, outside of which
kinematic indicators of dextral shear are rare. The main strand is
∼1 km for 5–10 km northward along the SCSZ, with subparallel,
smaller strands intermittently present to the east (Cao, 2015).

3.1.2. Brittle fault zone
A complex fault network with strike-slip kinematic indicators

crosscuts the structures that define the ductile shear zone (Fig. 2).
Within the Cascades Lake, Sawmill Canyon, and Granite Lakes segments
of the SCSZ, brittle faults define a 1–2 km wide fault zone. The Granite
Lakes and Sawmill Canyon segments of the SCSZ cumulatively de-
monstrate a minimum of 1 km apparent dextral offset along brittle
faults (Fig. 2). The duplication of the Triassic Koip mafic-intermediate
metavolcanic rock unit is consistent with a minimum of 5 km offset
(Unit Tra, Figs. 2 and 3), but folding subsequently obscured by faulting
is also possible. The longest fault strands strike north-northwest and
shorter faults branch from them, more commonly striking north to
north-northeast. Two continuous fault strands that are parallel to and
overprint the ductile shear zone are together continuous for the entire
extent of the brittle fault zone in the Saddlebag Lake pendant. The
northern strand is herein referred to as the Steelhead Lake fault, and the
southern strand is referred to as the Maul Lake fault (MLF). These
strands overlap along strike and are separated by∼200m of rock in the
Sawmill Canyon segment of the SCSZ (Fig. 4). Multiple NE striking
faults are observed in and around the overlap zone, and more oblique
faults (N-NW-striking) are truncated by both major fault strands
(Fig. 2). The overlapping of these faults as well as the oblique faults
between them are collectively interpreted as being part of a dilational
jog, schematically illustrated in Fig. 5. A repeating, folded strike-slip
duplex system is observed on the scale of the jog (Fig. 4).

3.2. Description of deformation structures

3.2.1. Ductile structures
Evidence for non-coaxial, ductile, dextral shearing in the SCSZ in

the western Saddlebag Lake pendant is preserved by kinematic in-
dicators involving metamorphic minerals, dikes, veins, and protolith
clasts and crystals. Non-coaxial shear in the main shear zone and the
smaller anastomosing dextral shear strands is defined by 1) asymmetric
recrystallization of quartz (Fig. 6a); 2) asymmetric dextral kinematic
indicators on subhorizontal surfaces that define the mapped shear zone,
including asymmetric folding of bedding (Fig. 6b), asymmetric folding
of quartz veins (Fig. 6c; Compton et al., 2017), asymmetric folding of
other hydrothermal veins (Fig. 6d), asymmetric boudinage (Fig. 6e),
and stretched, imbricated, sigmoid- and deltoid-shaped clasts (Fig. 6f).

The smaller dextral shear strands are separated by zones of dom-
inantly coaxial shear accommodated by subvertical stretching indicated
(illustrated in Fig. 5) by a steeply plunging penetrative stretching
lineation. Evidence for concomitant coaxial and non-coaxial shear in-
cludes 1) felsic dikes and hydrothermal veins interpreted to be related
to the late stages of TIC magmatism, which exhibit symmetrical and
commonly isoclinal folding (Fig. 6g and h) and boudinage in outcrops
that lack kinematic indications of dextral non-coaxial shear; 2) the
metamorphic minerals that suggest growth or recrystallization at
greenschist facies and lower conditions define both coaxial and non-
coaxial foliations, which is consistent with both shear types occurring
under similar or equal metamorphic conditions; 3) the Gem Lake seg-
ment of the SCSZ is 30 km south of the Sawmill Canyon along strike,
they have overlapping cooling histories (Sharp et al., 2000; Paterson
and Memeti, 2014). Coaxial and non-coaxial deformation occurred
between 85 and 80 Ma in the Gem Lake segment (Sharp et al., 2000),
indicating that these strain styles were similarly temporally coupled to
the north in the Sawmill Canyon-Cascades Lake segments.

Rocks in the Saddlebag Lake pendant generally have a ubiquitous
NNW-striking, steeply dipping foliation. Metamorphic foliations in the
rocks within Fig. 2 on average strike 346 and dip 80° ENE (n= 127;
following the right-hand rule), but many individual measurements also
dip to the west (Fig. 7a). Mineral stretching lineations, have an average
orientation of 116/77° (n= 34), and conform to a girdle of 350/79°
(Fig. 7b). Metamorphic foliations formed by non-coaxial shear parallel
the coaxially-formed metamorphic foliations. The average meta-
morphic foliation of dextral ductile shear planes has an orientation of
342/78° (Fig. 7c).

The Cathedral Peak unit of the TIC includes both magmatic and
subsolidus dextral shear in the Cascades Lake segment of the SCSZ in
the 20 Lakes Basin area (Fig. 3; Tikoff et al., 2005) and further north in
the Virginia Canyon segment (Cao et al., 2015). Some of the shear zone
may have been intruded by the TIC, based on highly sheared stoped
blocks (Cao, 2015). The magmatic and high temperature, subsolidus,
steeply dipping foliations and steeply plunging lineations of TIC rocks
provide evidence that the same dextral, transpressive shear docu-
mented throughout the SCSZ was penecontemporaneous with this final
major TIC phase cooling below the solidus around 85 Ma (Tikoff et al.,
2005; Cao et al., 2015). The ∼88-86 Ma Cathedral Peak phase of the
TIC is correlated with multiple dikes that are ductilely deformed within
the shear zone. The TIC includes stoped blocks deformed by subsolidus
shearing, and preserves magmatic and subsolidus, steeply dipping fo-
liations and steeply plunging lineation (e.g. Žák et al., 2007; Cao et al.,
2015). Taken together, these observations indicate the shear zone was
active syn-to post-intrusion of the TIC.

3.2.2. Transitional structures
The Sawmill Canyon segment of the SCSZ contains structures in-

volving both ductile and brittle deformation. All folds measured within
the map area have an average axis of 115/73° (n=16; Fig. 7d), either
measured directly or calculated using limb and hinge orientations. In
folds with>5m half wavelengths (Fig. 4), flexural slip planes are
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defined by epidote-mineralized, subhorizontally lineated slip planes
with a girdle of 020/10° (Figs. 7e and 8a). In the “northern fold” in
Fig. 3, a brittle, brecciated, quartz-sealed fault (Fig. 8b), and the two
Triassic metavolcanic rock units juxtaposed by it, are curved>90°, and
subparallel to the folded metamorphic foliation. A younger, steeply
dipping brittle fault that locally strikes due north cuts and offsets this

folded fault and rocks by ∼20m at the inflection point (Fig. 4). The
quartz that seals this younger fault displays drag-folding in a dextral
sense (Fig. 8c). This establishes a sequence defined by brittle faulting,
followed by drag folding, younger brittle faulting, and younger drag
folding. Additionally, two outcrops were observed with east-west
striking, quartz- and tourmaline-sealed faults with sinistral drag folds in
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Fig. 4. Geologic map of the area from Sawmill Canyon to Spuller Lake. Triassic metavolcanic rocks are juxtaposed with Jurassic metasedimentary rocks by the
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Triassic metavolcanic rocks in the Sawmill Canyon segment (Fig. 8d).

3.2.3. Brittle structures
Faults dip steeply, with an average of 348/84° (Fig. 7f), and are

defined by offsets of stratigraphic units (Figs. 2–4), offsets along un-
mineralized, polished planes that contain slickenlines, hydrothermal
veins with slickenlines, > 0.25m quartz-sealed faults, fault breccias,
cataclasites, and pseudotachylytes. Dextral offsets are inferred from the
combination of apparent dextral offset of bedding and subhorizontal
slickenlines (trend=344, plunge=5; Fig. 7g), the occurrence with
dextral-sense drag folds, and outcrop-scale dilational jogs at right-steps
(Fig. 9).

3.2.3.1. Slickenlines. Subhorizontal slickenlines are common on brittle
fault planes in this area. They are defined by straight grooves in
polished wall rock, in mineral cement along subvertical outcrop faces
(Fig. 8e), and in quartz veins (Fig. 8f). Cement minerals include quartz,
epidote, and tourmaline.

3.2.3.2. Quartz-sealed faults. Quartz-sealed fractures and faults are
abundant in the Sawmill Canyon segment. They occur with a wide
range of thicknesses from<1 cm to>10m, have an average
orientation of 349/89° (Fig. 7h). Quartz veins are most abundant and
widest in the Sawmill Canyon segment of the SCSZ and become thinner
and rarer to the north and south. There are dozens of> 0.25m wide
quartz veins observed in the Sawmill Canyon segment. The quartz veins
commonly occur in multiple colors of quartz (Fig. 10a). Some thin
magmatic dikes cross-cut thin quartz veins (Compton et al., 2017). We
also found a ∼0.25m dike that cross-cuts a ∼0.25m quartz vein, but
the dike is thinner and steps to the right where it cross-cuts the quartz
vein (Fig. 10b). These field observations indicate an overlap in the

timing of hydrothermal fluid flow and igneous activity. Fluid flow and
quartz precipitation into outcrop-scale fault segments with right-steps,
producing dilational jogs, are illustrated by the structure in Fig. 9.

Quartz veins have a wide range in grain size (10 μm to 1mm) and
textures. Textures include bimodal grain size distributions that are
aligned along simple planes or have more complicated patterns. Some
quartz crystals are arranged as a vuggy texture (Fig. 8h), and some
prismatic crystals display oscillatory growth zonation under a cath-
odoluminescent microscope (Fig. 11a). Another common quartz texture
pattern is that fine-grained matrices fill the space between coarse,
prismatic crystals (Fig. 11b), and in some cases grain sizes grade from
coarse to fine (Fig. 11c). Other quartz textures include crack-seal/
crustiform banding (Fig. 11d), jigsaw pattern (Fig. 11e), and plumose
texture (Fig. 11f) with clearly higher fluid inclusion populations re-
lative to the host grain on which the plumose structure was seeded
(Fig. 11g). Brittle deformation textures in veins include slickenlines and
angular to rounded host rock or older vein clasts in breccia and cata-
clasite. Grain boundaries are commonly straight and, at triple junctions
commonly form at around 120°, overprinting earlier quartz vein tex-
tures.

The most well exposed example of the quartz-sealed faults in the
Sawmill Canyon segment is the Maul Lake fault (MLF). The grid map in
Fig. 9 shows part of the> 10m wide composite quartz vein that
comprises part of the northern segment of the MLF (location shown by
star in Fig. 4). This wide quartz vein is the northernmost recognized
exposure of the MLF, and is at least ∼5m wide for about 300m along
strike between Maul and Spuller Lakes. The outcrop in Fig. 12a
(northern MLF) is defined by four main quartz domains that are each
several meters wide. The outer east and west domains are gray to white,
and the two inside domains are green and blue (Fig. 12b). All domains
are cut by thin white veins, which also extend into the host rock and

Stage 1:  Ductile transpressive shearing
Coaxial shear zones
Non-coaxial dextral
shear zones

Stage 2:  Transitional ductile-brittle folding
Transpression

Stage 3:  Strike-slip faulting
Oblique faults in intrajog region

Transpression:
Faults rotated

clockwise

Transtension:
Faults dilated, sealed by qartz

Tuolume Intrusive Complex (TIC)

Saddlebag Lake pendant

Ductile shearing of TIC

Fig. 5. Schematic illustration showing the interpretation of the structural evolution of the ductile, transitional, and brittle structures of the southern part of the
western Saddlebag Lake pendant. Stage I began before intrusion of the TIC and continued afterwards. This stage involved ductile zones of both coaxial and dextral-
sense non-coaxial shear at hot (amphibolite facies) conditions. Stage II involved the nascent stages of brittle faulting, along which ductile folds formed, accom-
modating some dextral offset (between amphibolite facies and brittle conditions). The TIC was deformed by hypersolidus and subsolidus dextral shear during and
after emplacement in Stage I and into Stage II. Stage III involved the further development of the brittle fault zone, during which two main fault strands were linked by
oblique faults that dilated, accommodating the flanking strike-slip faults. This dilation was kinematically transtensional. Earlier brittle faults rotated during Stages II
and III were kinematically transpressive.
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form a quartz-sealed fracture mesh (Fig. 8g). The thin white veins in the
western and blue quartz domains are truncated by the green domain,
which is itself cross-cut by thin white domains. These cross-cutting
relationships indicate that the formation of the domains and the thin
white veins overlapped in time, and thus represent multiple discrete
fracturing and vein formation events. South of Spuller Lake, the fault
maintains similar dimensions, but breccias and cataclasites comprise
most of its contents, in addition to quartz veins and pseudotachylytes
(Sections 3.2.3.3 to 3.2.3.5).

3.2.3.3. Breccia. Breccias are present in many of the brittle faults in
this system and contain millimeter-to centimeter-sized angular
fragments of the local wall rock in a matrix of extremely fine-grained
quartz, epidote or tourmaline (Fig. 13a and b). They occur at both left
and right steps of about a centimeter to a meter in the traces of faults

with apparent dextral offset, and also form tabular bands tens of
centimeters thick that extend for meters along strike. In quartz-sealed
faults, fault breccias (breccias with displaced rigid clasts due to
displacement of fault walls) and cataclasites contain quartz matrices
surrounding angular quartz clasts (up to 0.2mm) with random
orientations. Other breccias are interpreted as fluid-driven, and are
those with clasts separated only by hydrothermal mineral veins and
that lack evidence of significant rigid body displacement or rotation
relative to surrounding clasts or fault wall. The MLF, south of the wide
quartz vein (south of Spuller Lake), is defined by a ∼5m wide zone of
breccia, cataclasite, ultracataclasite, all of which were cemented by
quartz, tourmaline, illite, or epidote.

3.2.3.4. Cataclasite and ultracataclasite. Cataclasites are generally
composed of angular to rounded fragments in a matrix containing
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Fig. 6. Field structures demonstrating ductile deformation. a) quartz vein with elongate grain boundaries aligned in a dextral sense, b) folding of competent (c) and
incompetent (i) sedimentary layers in the metamorphosed calc-silicate rocks, c) asymmetrically folded quartz veins, folded in a dextral sense, and illustrated with a
sketch, d) asymmetrically folded epidote vein in a dextral sense, e) asymmetric (dextral-sense) boudinage, with metamorphic foliation locally wrapping the boudines
but aligned parallel and straight away from the boudines, f) conglomerate clasts showing ductile dextral sense of shear, g) symmetrically folded TIC-related dike, h)
symmetrically folded tourmaline vein with leach zones in the host rock.
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smaller angular grains (Fig. 13c and d). Many cataclasites also contain
epidote, chlorite and quartz cementation in greater abundances than
the surrounding rock. Cataclasites contain a combination of fragments
of wall rock and fragments of the hydrothermal phases. Cataclasites
form continuous bands from centimeters-to tens of centimeters-thick,
subparallel to the fault. The edges of these bands commonly display
slickenlines and other kinematic criteria such as crescent marking or
crystal fibers (e.g. Doblas, 1998). Ultracataclasites occur in extremely
fine-grained dark grey to greenish-black bands that locally crosscut
adjacent cataclasites along sharp boundaries. They contain millimeter
to sub-millimeter rounded clasts of quartz and feldspar (which is often
sericitized). Quartz clasts contain evidence of subgrain formation due to
dynamic recrystallization of quartz prior to the formation of the
cataclasite. Aligned long axes of clasts define a weak grain shape
fabric at the grain scale. Some ultracataclasite clasts are composed of
epidote or quartz. The groundmass between clasts is predominantly
angular epidote and quartz at all scales of observation to tens of
micrometers.

3.2.3.5. Pseudotachylyte. Pseudotachylytes are present in branching
faults adjacent to the main fault strands, and as veins crosscutting
some of the fault rocks within the main fault strands. Small offset fault
veins are purple to pinkish-grey and range in thickness from<1mm to
∼15mm. They are planar, aphanitic, contain few pale-colored clasts,
and are color-banded with bands parallel to the edges of the veins.
Injection veins of the same aphanitic purple material branch from the
fault veins at high angles (Fig. 13e) and contain color-banding parallel
to their edges. Lath-shaped, felsic microlites up to 10 μm are aligned in
some bands but non-aligned in others (Fig. 13f). Rounded lithic
fragments and quench textures occur in isotropic matrices (Fig. 13f).
Spherulitic overgrowths around lithic fragments are present in some of

the compositional bands. Micrometer scale, round inclusions of bright
minerals in back scattered electron scanning electron microscope
images (Fig. 13f) and black and opaque in plane polarized light
(Fig. 14) are likely metal oxide droplets. The pseudotachylytes
crosscut epidote-rich cataclasites, in some cases with gradational
boundaries (Section 5.4). Injection veins are ductilely sheared in
adjacent fault rock. A micro-scale map was made of pseudotachylyte
sample G3 (Fig. 14) from the MLF in a zone of breccia and cataclasite.
Quartz clasts from the protolith are entrained in the pseudotachylyte
matrix and are commonly rounded. The clasts are
commonly< 0.5mm, but range up to 3mm. Microfaults offset all
materials by 1–2mm, and are sealed by younger quartz veins.

3.2.3.6. Sinistral faults. Northwest-striking, highly oblique faults are
also observed. Where offset is observable, these faults are all sinistral
and antithetic to the main brittle fault zone. Sinistral faults have an
average of 075/89° (n= 7, Fig. 7i). Offsets are all on the order of
1–10 cm and are all the youngest deformation feature where observed.

4. Stable isotopes

4.1. Oxygen isotope geochemistry of quartz veins

4.1.1. Methods
The quartz δ18O values for composite veins, fault breccias (matrix

and clast), and cataclasites (matrix-clast mix) were determined for
samples from brittle fault zones up to 12 km north and 13 km south of
Sawmill Canyon (Fig. 15). The 18O/16O isotope ratios were determined
at IIRMES, California State University, Long Beach. Quartz samples
were cut, unweathered parts were separated and crushed, and grains
were loaded to ∼2–3mg. Oxygen was liberated from quartz by a
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Fig. 7. Equal area lower hemisphere stereonet pro-
jections of structures in Sawmill Canyon with Kamb
contours (C.I.= 1σ). ‘Poles to planes’ are poles that
are orthogonal to measured plane orientations, and
lineation poles are parallel to measured lineations.
Projections calculated and plotted with the program
OSXStereonet (Cardozo and Allmendinger, 2013). a)
Poles to planes of metamorphic foliations. The
average plane is 346/80 (n= 127). b) Poles parallel
to metamorphic stretching lineations. The average
orientation is 116/77 (n=34). c) Poles to planes of
metamorphic foliation of dextrally sheared rocks. The
average plane orientation is 342/78 (n= 16). d)
Poles parallel to axes of folds, calculated from plane
orientations. The average pole orientation is 115/73
(n= 15). e) Poles parallel to lineations in epidote-
rich flexural slip planes within folds. The average
pole is 198/10 (n= 10). f) Poles to planes of brittle
faults. The average plane is 348/84 (n=65). g) Poles
to planes of quartz veins. The average plane or-
ientation is 352/76 (n=16). h) Poles parallel to
slicken lines. The average pole is 344/5 (n= 13). i)
Poles to planes of sinistral faults. The average plane is
164/85 (n=13).
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modified version of the laser fluorination method from Sharp (1990)
that eliminates the conversion to CO2. Oxygen (O2) was then trans-
ferred to the ThermoFinnigan DeltaPlusXP light-isotope-ratio mass
spectrometer for determination of δ18O values. Oxygen isotope ratios
are reported in delta notation relative to V-SMOW (δ18ONBS-

28= 9.6‰). Replicate samples of the Caltech rose quartz working
standard (δ18O=8.45‰) produce analytical error of± 0.2‰.

4.1.2. Results
The δ18O values range from 14.5 to −3.2‰ (n= 79; Table 1,

Fig. 15). Lowest values occur in the jog zone (both the main flanking
fault strands and the smaller faults) in the Sawmill Canyon segment of
the SCSZ. Values < 1‰ were only observed in veins from Sawmill
Canyon to Granite Lakes, a distance of ∼4 km. Quartz δ18O values
from>1 km north of Sawmill Canyon do not fall below 9‰ and range
from 14.5 to 9.3‰ (n= 5). About 4 km south of Sawmill Canyon, the

MLF juxtaposes Jurassic Koip sequence metavolcanic rocks with the
TIC; a quartz vein that seals the fault next to Granite Lakes (Fig. 2) has a
δ18O value of 0.8‰. Most of the area south of Granite Lakes is covered
by Quaternary alluvium, covering any veins that are present. South of
Granite Lakes, the few quartz vein samples have δ18O values > 12.5‰
(n= 5). The Sawmill Canyon to Granite Lakes segment has δ18O values
that span the full range recorded during this study (−3.2–14.5‰;
n= 69).

Vein quartz δ18O values for quartz from the MLF range from 11.4 to
−1.5‰ (n= 40). The highest values are seen in the eastern quartz
domain, the intermediate values are from the western and blue quartz
domain, and the lightest values are from the green quartz domain
(Fig. 12b). The relative timing of the domains inferred above based on
cross-cutting relationships consequently indicates a correlation be-
tween decreasing δ18O values and decreasing age (Fig. 12b and c). No
such obvious pattern is revealed in the δ18O values of the thinner (cm-
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Fig. 8. Brittle-ductile and brittle field structures demonstrating mineralization during deformation. a) Epidote mineralized flexural slip lineations parallel to folded
metamorphic foliation, b) quartz-sealed fault breccia within a fault, c) drag-folded quartz vein, d) sinistral fault with sinistral-sense drag folding, mineralization
includes quartz and tourmaline, e) quartz-mineralized subhorizontal slickenlines, f) slickenlines on a quartz vein, g) quartz veins in the house rock west of the Maul
Lake Fault outcrop in Fig. 12, h) vuggy quartz.
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Fig. 10. Field photographs of quartz veins. a) Composite quartz vein-sealed fault with multiple colors of quartz veins, b) TIC-related dike cross-cutting a quartz vein.
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Fig. 11. Photomicrographs of quartz veins in cross-polarized light (except Fig. 11a). a) EBSD image of prismatic quartz crystals from a quartz vein, showing
oscillatory zoning (scale= 1mm), b) aligned quartz subgrains, grouped together with similar extinction magnitudes, indicating shared origin from larger grains
(scale= 1mm), c) prismatic quartz crystals and a matrix of fine-grained crystals pervading the space between the coarse crystals (scale= 1mm). d) Gradient from
fine to coarse (left to right) quartz crystals, which commonly have triple junctions near 120° (scale= 1mm). e) Crustiform/crack-seal banding in quartz, with some
layers delineated by illite (scale= 0.2mm). f) Jigsaw pattern in quartz (scale= 0.2mm). g) Plumose structure in quartz growing from a coarse, prismatic quartz
crystal (scale= 0.2mm). h) Same sample as Fig. 11g, but in plane-polarized light, showing high density of fluid inclusions in plumose structure relative to the
prismatic quartz crystal on which the plumose quartz is coated (scale= 0.2mm).
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scale) white cross-cutting veins.
The δ18O values for additional quartz-sealed faults in the Sawmill

Canyon segment were studied in detail (Fig. 4, and including samples
from the outcrops shown in Figs. 6a, 8b and 9, 12 and 14). A compli-
cated brittle, quartz-sealed fault (sample series SMC-13-5, part of the
“northern fold” in Fig. 4, and shown in Fig. 8b) that contains fault
breccia has δ18O values that range from 12.1 to 4.1‰. A four-sample
transect across a quartz-filled jog (sample series SMC-14-18, locations
shown in grid map in Fig. 9) produced δ18O values that ranged from
−3.2 to −1.4‰. A five sample transect across a ∼0.25m-thick vein
with vuggy quartz in the center (SMC-14-9) reveal high and homo-
geneous δ18O values (9.0–9.5‰; n= 3) for the outer vein and lower
values in the inner vein (5.6 and 5.3‰; n= 2), and prismatic vuggy
quartz in the vein center has δ18O=4.0‰.

4.2. Pseudotachylyte

4.2.1. Methods
The δ18O values of the pseudotachylyte sample G3 shown in Fig. 14,

were determined with Secondary Ion mass spectrometry (SIMS) at
University of California, Los Angeles. The sample was cut into a thin
section that was then was coated in gold and analyzed using a Cs+

primary ion beam. Analyses were corrected using NBS612 glass stan-
dard (10.33‰).

The δ2H values of this pseudotachylyte sample (G3) were also
analyzed. Grains were wrapped in silver foil and baked at 150 °C
overnight to remove adsorbed atmospheric vapor. Hydrogen was vo-
latilized in a Thermocombustion elemental analyzer and transferred to
the ThermoFinnegan MAT DeltaPlus-XP light-isotope-ratio mass spec-
trometer at the David W. and Claire B. Oxtoby Environmental Isotope
laboratory at Pomona College, Pomona, California. Duplicate samples,
with a target hydrogen signal of 15,000mV, were analyzed in succes-
sion and results were normalized to the NBS-30 biotite standard
(δ2H=−65.7‰). The hydrogen isotope ratio is reported in delta no-
tation relative to Vienna Standard Mean Ocean Water (V-SMOW).
Analytical uncertainty is 2‰ (Table 1 in Fig. 15).

4.2.2. Results
The three phases analyzed in the sample were protolith quartz (both

as the bounding host rock and as rounded survivor clasts), pseudo-
tachylyte matrix, and younger quartz veins in microfaults that offset the
pseudotachylyte vein margins. Pseudotachylyte matrix (n= 13), quartz
clasts (n= 11), and cross-cutting quartz veins (n=6) have average
δ18O values (1σ) of 3.3 ± 0.6‰, 12.6 ± 0.4‰, and 4.1 ± 0.1‰,
respectively (Table 2). Two grains of the pseudotachylyte matrix from
the same sample (G3) have δ2H values of −135 and −138‰.
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Fig. 12. a) photograph and b) grid map of an 11.5m-wide episodically cracked and mineral-healed quartz vein segment of the MLF (location shown in Fig. 4). The
fault is sealed by four several-meter-wide quartz domains recognized by color and δ18O value (‰) range (from west to east, the domains are white, green, blue, and
white, respectively). White quartz veins cut the domains. The green quartz domain cross-cuts white veins that cross-cut the west and blue quartz domain, and
younger white veins cross-cut the green quartz domain. These cross-cutting relationships indicate that the formations of the two vein set types overlapped in time.
This outcrop exposes the widest part of the quartz-sealed fault observed. The δ18O values of quartz and their respective sample locations are shown. Fig. 12c shows
the δ18O values for quartz domains younging inward (indicated by the Y symbols) toward the green domain. A backpack (circled) is included in the photograph for
scale.
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5. Discussion

5.1. Fluids in the Saddlebag pendant and TIC

The spatial distribution of δ18O values for quartz veins in the
Saddlebag Lake and Northern Ritter Range pendants suggests that
during the syn-to post-intrusion transition from ductile to brittle de-
formation, meteoric-hydrothermal fluids were focused into the Sawmill
Canyon/Granite Lakes segments (Fig. 15). Quartz veins precipitated
from an aqueous fluid along faults with apertures that may have been
up to or exceeding several mm, as evidenced by vuggy quartz. The
earlier shear zone and later fault zone controlled the geometry of fluid
flow, while the cooling TIC provided the energy for fluid flow along
steep thermal gradients (Norton, 1984) on the scale of its contact with
the SCSZ. Recrystallized quartz veins with low meteoric values are in-
cluded in this several km2 zone of quartz with low δ18O values
(Compton et al., 2017), demonstrating that incursion of meteoric-hy-
drothermal fluids was at least partly coincident with deformation at
metamorphic conditions that permitted recrystallization of quartz
veins.

The spread of δ18O values represents an evolution of the fluids from
which the quartz veins precipitated. An outcrop of the MLF contains
quartz veins with cross-cutting relationships that demonstrate relative
timing by truncation of outer veins by inner veins, the youngest being
the white veins the cross-cut the green quartz domain in (Fig. 12b). The
δ18O values of the four main quartz domains in Fig. 12b decrease with

decreasing relative age (Fig. 12c). We consider two hypotheses to ex-
plain this younging trend, both of which involve a meteoric-hydro-
thermal fluid source, because no other natural fluid would produce
quartz veins with δ18O as low as −3.2‰.

One hypothesis is that the quartz precipitated from a single fluid
source that cooled over time, the quartz precipitating from the cooler
fluid having elevated δ18O values due to higher equilibrium quartz-H2O
fractionation factors. Because cross-cutting relationships indicate that
quartz δ18O values decreased over time, this model would require that
the meteoric-hydrothermal fluid source started out coolest and con-
tinually heated, in contrast to the cooling pattern of the rocks (e.g. Cao
et al., 2016). This hypothesis also requires that the dilational jog is the
oldest structure of the fault zone, and that over time, the fluids became
less focused. Finally, it would require that the plastically recrystallized
quartz veins with the highest δ18O values of Compton et al. (2017) are
the youngest veins, postdating veins with lower δ18O values, brittle
fabrics, and lacking evidence of plastic recrystallization.

The second hypothesis is that the spread of quartz δ18O values re-
presents a mixing trend between magmatic fluids produced by devo-
latilization of the TIC and younger meteoric-hydrothermal fluids. In this
case, the veins with the lowest quartz δ18O values would be the
youngest. Compton et al. (2017) interpreted the source of earlier fluids
from which hydrothermal quartz veins precipitated to be magmatic as
opposed to metamorphic fluids because they were in isotopic equili-
brium with tourmaline, which is abundant in late TIC dikes. Magma-
tism must have overlapped at least slightly with hydrothermal fluid

a b

c d

e f

Injections

10 μm

Fig. 13. Brittle deformation fabrics. a) Field photograph of quartz breccia clasts in a dark blue quartz matrix, with thin section shown in Fig. 13b. The clasts include
angular quartz fragments and the matrix consists of fine-grained quartz (5 mm across). c) Field photograph of ultracataclasite with irregular orientations and rotated
clasts suspended in matrix principally composed of tourmaline deposits, with thin section shown in Fig. 13d showing rounded quartz clasts in a fine-grained matrix
(5 mm across). e) Field photograph of black vein showing structures indicative of pseudotachylyte injection at a high angle to the main plane of the vein. h) EBSD
image of quench texture in the pseudotachylyte. The thin grains are interpreted as lathes and the equant (white) shapes are interpreted as metal oxides.
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flow. We observed a dike in Sawmill Canyon that cross-cuts a quartz
vein (Fig. 10b). We interpret this dike to be a Cathedral Peak-phase
dike, but another potential melt source is in situ or in source anatectic
leucosome from partial melting of the pendant along its contact with

the TIC (Albertz, 2006). Thinner (mm-to a few cm-scale) hydrothermal
quartz veins were cross-cut by (mm-to a few cm-scale) dikes (Compton
et al., 2017). Additionally, both dikes and hydrothermal veins are
folded (Fig. 6c, d, g, h). In contrast, the Steelhead Lake fault truncates
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Fig. 14. Micro-scale map of a pseudotachylyte sample in thin section, and photomicrographs corresponding to four locations (A through D) in the map. The numbers
in the boxes correspond to δ18O values (‰). The bottom layer of the map is the protolith, and the same-colored grains are interpreted to be clasts of the protolith (eg.
location A). Clasts also help to delineate tight microfolds, as seen in the first photomicrograph. Darker material is all interpreted to be pseudotachylyte glass. Flow
bands are separated by compositional zonation. The map displays a flow-related fold. Islands of dark melt patch delineated by nebulous boundaries and often
including protolith clasts that are coarser than clasts in the surrounding glass (eg. location B). The darkest glass is defined by alignment of equigranular opaques (eg.
location C). The white material is quartz vein. In the bottom of the map, a microfault offsets all other components of the rock in a counter-clockwise direction, and the
fault is sealed by quartz (eg. location D). Location shown by black star in Fig. 2.
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Fig. 15. Spatial distribution of δ18O values (‰) in the northern Sierra Crest Shear Zone (SCSZ). The left shows a map of the SCSZ from the northern Saddlebag Lake
pendant to the northern Ritter Range pendant, with the Tuolumne Intrusive Complex (TIC) bordering the pendants to the west. To the right of the map, the range of
δ18O values (‰) is displayed. The thin bar shows the range of quartz δ18O values (‰) from the TIC (Lackey et al., 2008). The lowest oxygen isotope values are only in
the Sawmill Canyon/Maul Lake area and one low value (0.8‰) was found adjacent to Granite Lakes.
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several dikes along the Triassic-Jurassic fault boundary ∼1 km north of
Maul Lake have also been reported (Compton et al., 2017). These re-
versed cross-cutting relationships indicate an overlap in the timing of
magmatism (dike emplacement) and brittle fracturing and faulting. We
therefore prefer this second hypothesis.

All minerals with δ18O < 6‰ and the lowest δ2H values of quartz
fluid inclusions, epidote, and tourmaline have to date only been found
within the area herein interpreted as a dilational jog (Lojasiewicz,
2004; Hartman, 2017; Compton et al., 2017). More samples were
analyzed from this area than in areas along the shear zone to the north
and south. This sampling bias is significant, but the results are con-
sistent with the hypothesis that the younger meteoric-hydrothermal (as
opposed to older magmatic) fluids that precipitated quartz with low
δ18O values were focused in the dilational jog, outside of other parts of
the fault zone to the north and south along strike. Fault zone perme-
ability can be strongly controlled by active deformation disrupting
sealing processes (Hickman et al., 1995; Curewitz and Karson, 1997). A
simple way to explain the youngest fluids in the Sawmill Canyon seg-
ment (lowest δ18O values) is that only the faults in the jog were actively
deforming during ingress of meteoric-hydrothermal fluids, because
mode 1 (opening) fractures acting as conduits for hydrothermal outflow
followed propagating fault tips until the local stresses of newly over-
lapping conjugate faults interact to form a “breakdown zone” within

which fluid flow becomes progressively concentrated with ongoing
deformation (Curewitz and Karson, 1997). An alternative explanation is
one in which fluids were focused into the low-δ18O zone, interpreted as
being locally transtensional while other hydrothermal fluids un-
contaminated by meteoric fluids flowed out of the strike-slip faults to
the north and south of the Sawmill Canyon segment, due to being lo-
cally compressed. At these depths, a fluid originating at the surface
would not be a ‘meteoric fluid,’ because it would almost certainly un-
dergo some exchange with the silicate-dominated crust during descent.
In this case, the original meteoric water would have the lowest oxygen
isotope ratio, which would increase by an amount determined by the
water-rock ratio history and degree of mixing with other fluids (e.g.
magmatic or metamorphic).

A first-order estimate of fluid volume can be made. The MLF, be-
tween Maul and Spuller Lakes, continuously crops out with a minimum
width of 4m, has an elevation change of 50m, and a length of 300m,
yielding an estimated volume of 60,000m3. Using conservative values
of 700 bar (assuming quartz precipitated under hydrostatic pressure
during incursion from shallower depths, where PHydrostatic = 700 bar,
assuming PLithostatic = 1900 bar (Paterson and Memeti, 2014)) and
300 °C (lower greenschist facies), orthosilicic acid is 4.4mmol. Ac-
cordingly, 2.6 km3 water would be required. At higher temperature, an
even greater volume of water would be required.

5.2. Evolution of the ductile-to-brittle transition

Our observations indicate that the structural evolution of this
system occurred in a sequence of stages that evolved as the country rock
surrounding the TIC cooled following the termination of magma em-
placement. The sequence is described below, and an abridged summary
is shown in Fig. 5.

Early ductile (Stage 1): The first stage consisted of predominantly
transpressive, dextral, and syn-magmatic to post-magmatic ductile
shearing of the TIC (Tikoff et al., 2005; Cao et al., 2015) and its con-
temporary Mono Pass suite, which is syn-magmatically deformed by the

Table 1
Table of δ18O values (‰) for all quartz veins analyzed in the study. The left
column shows all values for the Maul Lake fault, and the right column shows
values for all other quartz veins, listed from top to bottom corresponding to
their spatial distribution from north to south, respectively.

Maul Lake Fault Isotopes Non-Maul Lake Fault Isotopes

Sample δ18O (‰) Sample δ18O (‰)

SMC-13-GI 6.6 USC-2-27 9.8
SMC-13-GI-3B 9.2 USC-7-11 9.3
SMC-13-GI-B1 7.8 SMC-13-27W 13.0
SMC-13-GI-B2 6.5 SMC-13-28-Qtz 13.0
SMC-13-HA 11.2 SMC-14-14 14.5
SMC-13-HC 9.6 SMC-14-13-Qtz 5.6
SMC-13-HD 9.7 USC-3-6 7.7
SMC-13-HG-E 8.6 USC-3-7 –0.1
SMC-13-HG-M 11.4 SMC-14-18-2 –2.5
SMC-13-HG-W 8.1 SMC-14-18-3 –1.7
SMC-14-12-BFR-W 0.7 SMC-14-18-4 –3.2
SMC-14-12-BFR-M 3.5 SMC-14-18-5 –1.5
SMC-14-12-UCC 1.2 SMC-12-07BLU 7.0
SMC-13-BP 0.8 SMC-12-31-BLU 2.3
SMC-13-EK-O 1.2 SMC-12-31-WHT 2.0
SMC-13-GB 1.7 SMC-12-32-WHT 12.3
SMC-12-45-1 Qtz 4.9 SMC-12-32-BLU 7.0
SMC-12-45-2 8.2 SMC-13-5A 9.1
SMC-12-45-4 5.1 SMC-13-5B 7.0
SMC-12-45-7 3.1 SMC-13-5C 4.1
SMC-12-45-6BLU 4.1 SMC-13-5D 12.1
SMC-12-45-11 Qtz 4.1 SMC-13-5E 11.6
SMC-12-45-3 Qtz –0.8 SMC-13-5I 8.7
SMC-12-45-9 Qtz 4.0 SMC-13-5FQ 11.7
SMC-12-45-8 Qtz Re 3.2 SMC-14-9-1 9.5
SMC-12-45-5 4.9 SMC-14-9-2 9.4
SMC-12-45-10 5.7 SMC-14-9-3 5.6
SMC-12-45-12 3.3 SMC-14-9-4 5.3
SMC-13-EG-R 7.2 SMC-14-9-5 9.0
SMC-13-EG-W 2.5 SMC-14-9-5XTL 4.0
SMC-13-GAG 6.1 SMC-13-FQ-1-Qtz 9.1
SMC-13-BI 0.2 SMC-13-FQ-2W-Qtz 9.4
SMC-13-BN 3.4 USC-4-18 0.8
SMC-13-BQ 2.6 USC-NRA 12.7
SMC-13-EB –1.5 USC-NRB 13.4
SMC-13-EK-W 3.4 USC-NRC 12.8
SMC-13-GAW 3.7 USC-NR-15-95 12.6
SMC-13-GI-3W 9.3 USC-NR-15-70 14.3
SMC-13-GI-W1 7.6
SMC-13-GI-W2 0.9

Table 2
Sample G3 δ18O values (‰).

Spot Type δ18O (‰) Error (± )

g3@1 Qtz clast/host 12.2 0.2
g3@2 Qtz clast/host 12.3 0.2
g3@3 Qtz clast/host 11.9 0.2
g3@4 Qtz clast/host 12.5 0.1
g3@8 Qtz clast/host 12.4 0.2
g3@10 Qtz clast/host 13.0 0.2
g3@13 Qtz clast/host 13.2 0.2
g3@14 Qtz clast/host 12.7 0.2
g3@20 Qtz clast/host 12.2 0.2
g3@29 Qtz clast/host 12.9 0.1
g3@30 Qtz clast/host 12.7 0.1
g3@5 Pseudotachylyte 4.0 0.2
g3@6 Pseudotachylyte 3.5 0.2
g3@7 Pseudotachylyte 5.0 0.2
g3@9 Pseudotachylyte 3.8 0.2
g3@11 Pseudotachylyte 2.7 0.2
g3@12 Pseudotachylyte 3.1 0.3
g3@15 Pseudotachylyte 3.4 0.2
g3@16 Pseudotachylyte 3.3 0.2
g3@18 Pseudotachylyte 2.8 0.2
g3@19 Pseudotachylyte 3.2 0.1
g3@22 Pseudotachylyte 2.8 0.2
g3@23 Pseudotachylyte 2.8 0.2
g3@26 Pseudotachylyte 3.1 0.2
g3@17 Cross-cutting Qtz vein 4.1 0.1
g3@21 Cross-cutting Qtz vein 4.2 0.3
g3@24 Cross-cutting Qtz vein 4.1 0.2
g3@25 Cross-cutting Qtz vein 4.2 0.2
g3@27 Cross-cutting Qtz vein 4.0 0.2
g3@28 Cross-cutting Qtz vein 4.0 0.2
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Rosy Finch segment of the SCSZ to the south (Tikoff and Greene, 1997).
Cooling of the SCSZ to temperatures favorable for brittle faulting must
have occurred after 85 Ma in the Saddlebag Lake pendant, based on
magmatic and high temperature subsolidus dextral shear, dextrally
sheared stoped blocks of metamorphic pendant rocks, folded and
faulted dikes, and dikes that cross-cut quartz-sealed faults (Sections
3.2.1 and 3.2.3.2). During the ductile phase of deformation, dextral
shear was partitioned between a main non-coaxial, dextral shear zone
and smaller non-coaxial shear strands that were separated by dextral
co-axial shear zones (Section 3.2.1). The total deformation, including
the main non-coaxial shear zone and the partitioned smaller non-
coaxial and coaxial shear zones is several km, ranging from the margin
of the TIC to several km to the east. The early hot (> 700 °C), trans-
pressive phase of deformation began prior to 85 Ma (Kerrick, 1970;
Cao, 2015), and aqueous fluids flowed through veins in the host rock
prior to complete termination of TIC magmatism (Fig. 10b). Heating in
the country rock resulting from 10 myr of magma emplacement in the
TIC activated plastic deformation mechanisms such as dislocation creep
in quartz and likely dislocation glide in phyllosilicates to accommodate
transpressive strain within a 1–2 km wide NNW-striking deformation
zone in the Saddlebag Lake pendant (Compton et al., 2017).

Deformation of 88–85 Ma (Kistler and Fleck, 1994; Coleman et al.,
2004; Memeti et al., 2010) Cathedral Peak phase dikes provide helpful
clues about the timing of different deformation types in the Saddlebag
Lake pendant. A calculated high-precision chemical abrasion isotope
dilution thermal ionization mass spectrometry (CA-ID-TIMS) zircon age
of 88.5 Ma was measured in a characteristic dike near Steelhead Lake
(Paterson and Memeti, 2014), indicating that these dikes are likely
related to the Cathedral Peak unit of the TIC. In the same area, a Ca-
thedral Peak dike with plastic shear deformation has reset 40Ar/39Ar
biotite cooling ages of 83.7 ± 0.3 Ma and 84.4 ± 0.2 Ma in fine- and
coarse-grained biotites, respectively (Paterson and Memeti, 2014). Ca-
thedral Peak phase (88-86 Ma) dikes west of the Steelhead Lake fault
are folded and have subsolidus, subvertical metamorphic stretching
lineations, which is consistent with the lineations in the host rock.

The deformation that occurred as a result in the Saddlebag Lake
pendant was largely partitioned into coaxial and non-coaxial ductile
shear in the units of varying competency. This is evidenced by isoclinal
and symmetrical folds of late TIC dikes and hydrothermal veins, coaxial
deformation of Late Cretaceous rocks, the same metamorphic minerals
defining both coaxial and non-coaxial fabrics, and the overlapping
40Ar/39Ar hornblende and biotite ages in the Gem Lake segment of the
SCSZ (Sharp et al., 2000). Metamorphic fluids were present outside of
the shear zone (Lojasiewicz et al., 2016), and magmatic fluids pre-
cipitated veins that were subsequently recrystallized, sheared, and
folded (Compton et al., 2017).

Late ductile/early transitional (Stage 1.5): The late ductile/early
transitional stage was characterized by ductile shearing with syn-ki-
nematic foliation-parallel and discordant veins and dikes following TIC
cooling to below the solidus. Fracturing was heavily influenced by
mechanical anisotropy of rock due to aligned phyllosilicates in spaced
and continuous cleavages in the different lithologies (Compton et al.,
2017). Alteration of surrounding host rock occurred in the form of
leaching, especially around tourmaline veins (Fig. 6h). Vertical or
subvertical brittle fault conduits at shallower levels presumably des-
cended by fault propagation. Fluid flow in fractures at the Sawmill
Canyon depth is inferred to have been localized in many small channels
formed by fractures, and alter.

Transitional (Stage 2): Outcrop- and larger-scale faults evolved from
thin shear zones due to mechanical heterogeneity arising from com-
petency contrasts, layering, or contacts between different lithologies.
Some fractures cut lithologies and juxtapose blocks of the same unit
(e.g. the MLF between Maul and Spuller Lake, Fig. 4). Stratigraphic
contacts are also interpreted as reactivated unconformities (Cao, 2015).
Fault zone geometric heterogeneities (such as folds and stratigraphic
discontinuities, Fig. 2) in the Sawmill Canyon segment began inducing

dilation of faults, causing some to connect to shallower faults con-
taining meteoric-hydrothermal fluids.

These brittle faults and their shallower counterparts are inferred to
have connected the shallower meteoric-hydrothermal fluids, initiating
their descent into the Sawmill Canyon-level of the crust. Where the
strike-slip faults overlapped across strike, a dilational jog zone was
initiated. This zone became a local sink for meteoric-hydrothermal
fluid. Fluids began transitioning from a dominantly magmatic fluid
source to one with a meteoric-hydrothermal component, but only in the
jog (Fig. 15; Lojasiewicz et al., 2016; Compton et al., 2017; this work).
Meteoric-hydrothermal fluids were already present before crystalplastic
deformation was terminated due to cooling (Compton et al., 2017).

Recrystallization may have influenced the oxygen isotope ratios, but
it occurred at temperatures between 400 and 500 °C, meaning the
greatest oxygen isotope fractionation factor between quartz and water
would be 4.2‰ (Sharp et al., 2016). The lowest calculated fluid δ18O
value (−2.0‰) would, in this case, only be elevated to 2.2‰, and it
could only be elevated to this value by complete equilibration. There-
fore, even given this re-equilibration scenario took place, we still con-
sider precipitation from meteoric-hydrothermal fluids to be the best
explanation for these veins.

Late transitional/early brittle (Stage 2.5): In the late transitional/early
brittle stage, offsets across the main strike-slip fault strands caused the
secondary N- to NE-oriented faults to develop in the Sawmill Canyon
segment (Fig. 2). Meteoric-hydrothermal fluid ingress appears to have
been focused to the jog that geographically spans from the Sawmill
Canyon to Granite Lakes segments, based on exceptionally low quartz
δ18O values (Fig. 15), and calculated fluid δ18O values < 0‰
(Compton et al., 2017).

Earthquakes occurred to produce pseudotachylyte in the presence of
a meteoric-hydrothermal fluid mixture before the fluids were entirely
dominated by the meteoric-hydrothermal end member. Quartz clasts
(δ18O=12.6‰) within the pseudotachylyte (δ18O=3.3‰) demon-
strate no isotopic evidence of interaction with meteoric-hydrothermal
fluids, but the younger quartz veins (δ18O=4.2‰) that cross-cut the
other two phases, have δ18O values too low to be in equilibrium with
anything other than meteoric-hydrothermal fluids at geologically rea-
sonable temperatures. This is also true for the pseudotachylyte phase,
which also has δ2H < −137‰, a value only known to exist in me-
teoric and meteoric-hydrothermal fluids (Craig, 1961). This may reflect
either the presence of a meteoric-hydrothermal fluid during the for-
mation of the pseudotachylyte, or formation of pseudotachylyte from a
meteoric-hydrothermally altered protolith. The fact that the younger
cross-cutting quartz veins indicate meteoric-hydrothermal fluids, but
have far from the lowest δ18O values for quartz veins in the fault zone
(δ18O=−1.5‰ in the same fault, δ18O=−3.2‰ in the area) is
evidence that earthquakes occurred prior to the final stages of fluid flow
and faulting.

Brittle (Stage 3): Most of the deformation was accommodated by slip
and dilation of the main fault strands, especially the quartz-sealed
(11.5 m wide at its widest) MLF. Slip on the main strand of the MLF
caused fractures to form in a damage zone, into which fluids continued
to infiltrate. This process probably initiated before the final brittle Stage
3 of deformation, based on the range of quartz δ18O values within this
composite vein. Cross-cutting relationships indicate that the composite
veins young inward (Fig. 12 b, c), and correlate with decrease in δ18O
over time. Meteoric-hydrothermal fluids flowed through the oblique
intra-jog faults, local outcrop-scale jogs (Fig. 9), and the main fault
strand (MLF, Fig. 12) where it overlaps with the Steelhead Lake fault
along strike (Figs. 2 and 4).

The oblique sinistral brittle faults consistently crosscut NNE-striking
faults where the two intersect (Fig. 8d). This suggests the minor anti-
thetic slip component was operative in the latest brittle stage. These
youngest oblique, sinistral, brittle faults are compatible with faults in
the Rosy Finch segment in the Lake Edison area where a northeast-
striking dextral kink zone defined by kinking of oblique sinistral faults
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overprints the ductile shear zone. Fault vein muscovite (Segall et al.,
1990) and sericite (Pachell et al., 2003) samples have K-Ar and
40Ar/39Ar ages of 79 Ma, representing cooling below the closure tem-
perature ∼350 °C. The trend of the kink zone is 333, similar to the
average strike of the ductile shear zone (346) and brittle faults (348) in
the western Saddlebag Lake pendant. This orientation and the dextral
offset (accommodated by oblique sinistral faults) are consistent with
the brittle faulting in the Saddlebag Lake pendant. This therefore im-
plies that the oblique sinistral faults in the Sawmill Canyon segment are
compatible with dextral transpression.

5.3. Structural controls on fluid flow and seismicity

The widest quartz veins, the greatest-wavelength and most well-
developed folds, and the only δ18O values demonstrating interaction
with meteoric-hydrothermal fluids are confined to the jog. We suggest
that these features are related and were caused by shear zone and fault
zone heterogeneities leading to local dilation of faults at this brittle-
ductile transition. Two-dimensional photoelastic experiments have
been used to model the permeability structure of a developing jog, and
demonstrate that fluid flow is inhibited before the tips of the connecting
strike-slip faults overlap, but once overlap is achieved, the intra-jog
region's permeability dramatically increases (Connolly and Cosgrove,
1999). In addition, the flanking strike-slip faults connected by the intra-
jog oblique faults could become significant fluid conduits in terms of
the volume flux of fluids circulating through them relative to other
faults in the system, based on the large quartz veins. The northern tip of
the MLF, which is the widest quartz vein we have discovered (lo-
cally> 11m wide), demonstrates evidence for enhanced fluid flow in
the overlapping rupture terminus of a flanking strike-slip fault
bounding a jog. The MLF clearly formed over a series of events. Single
events in jogs, such as dilation during co-seismic ruptures, can be ac-
companied by fluid pressure oscillations that assist in fluid mixing
(Boiron et al., 2003) and drawing in of fluids toward the hydraulic
anomaly (Weatherly and Henley, 2013), which may promote descent of
shallower meteoric-hydrothermal fluids to greater depths in a fault
zone.

Strike-slip deformation at the depth of the brittle-ductile transition
is widely interpreted to be near the peak strength of the crust, above
which brittle deformation is a function of confining pressure, and below
which plastic deformation is controlled by temperature (Sibson, 1982).
A more realistic model of this transition involves a combination of both
brittle and ductile deformation mechanisms overlapping, which can
closely coexist and even overlap in time and space (e.g. Druguet et al.,
2009). Crustal strength and seismic potential are generally near the
bases of brittle and seismic layers because the amount of elastic energy
that can be released increases with depth (Sibson, 1982). Additionally,
fluids play a profound role in seismic fault zones because they weaken
faults by reducing the effective stress. Our results therefore support the
hypothesis that geometric heterogeneities caused by fault-step overs
can behave as conduits that may connect large volumes of surface fluids
to the ductile crust, which may in turn have the effect of lowering the
brittle-ductile transition, and thus increasing the seismic potential of
the fault zone.

Debate about the conditions of pseudotachylyte generation is on-
going. A key factor in generating pseudotachylytes may be the absence
of intergranular fluids, because they have the capacity to dramatically
reduce effective normal stresses and thus heat dissipation during fric-
tional sliding (Sibson, 1975). This stands in contrast with experimental
results and theoretical considerations (e.g. Philpotts, 1964; Goodwin,
1999; O'Hara and Sharp, 2001; Bjørnerud, 2010; Violay et al., 2014).
Instead, pseudotachylyte formation may be common but obscured by
subsequent deformation (Kirkpatrick and Rowe, 2013), or rarely re-
cognized (Kirkpatrick et al., 2009). The presence of meteoric water
during the generation of pseudotachylyte sample G3 (Fig. 14) cannot be
demonstrated using only δ18O values, because the bulk chemical

composition of pseudotachylyte matrix, un-melted lithic clasts, and
surrounding protolith must be known (Moecher and Sharp, 2004).

The δ18O values of the three different phases in pseudotachylyte
sample G3 from the Saddlebag Lake pendant (protolith δ18O=12.6‰,
pseudotachylyte matrix δ18O=3.3‰, younger quartz vein
δ18O=4.1‰), combined with the δ2H values for the pseudotachylyte
matrix (δ2H=−137‰), strongly indicate that meteoric-hydrothermal
water interacted with this rock prior to (e.g. Di Toro and Pennacchioni,
2005) or during the generation of the pseudotachylyte (e.g. Goodwin,
1999). In either case, the pseudotachylyte and cross-cutting quartz vein
stable isotope data suggest that meteoric-hydrothermal fluids had in-
filtrated the fault zone both before and after pseudotachylyte forma-
tion. The consistent δ18O value of 3.3‰ for the younger quartz veins
that cross cut the pseudotachylyte (4.1‰) is significantly higher than
the lowest δ18O values for quartz veins in this fault system (−3.5‰).
This indicates that the pseudotachylyte formed before the mixing pro-
cess completely transitioned to meteoric-hydrothermal fluids, meaning
that the fault zone would have been seismogenic within the time
window during which the fluids flowing in this system evolved and
incorporated a meteoric-hydrothermal source.

Fluids profoundly affect deformation mechanisms and seismicity, as
long as they are capable of interaction with the deforming rocks. At the
level of the brittle-ductile transition and in a tectonically compressed
fault zone, access to a fluid with an abundant reservoir such as me-
teoric-hydrothermal water has been demonstrated by stable isotope
studies (Lobato et al., 1983; Menzies et al., 2014). The spatial corre-
lation with shear zone and fault zone heterogeneity, the widest quartz
veins, the concentration of low quartz δ18O values, the presence of low
δ18O value-quartz that has been recrystallized in the shear zone, and the
overlapping of the flanking main fault strands to define the jog, suggest
that local descent of fluids derived from the surface was structurally
controlled and permitted by local transtension in a segment of the SCSZ
wherein shear zone heterogeneity may have initiated the development
of the jog.

6. Conclusions

Mapping, field observations, and structural analysis indicate a
rheological transition from ductile to brittle deformation associated
with cooling of the western Saddlebag Lake pendant. Cooling from the
∼700 °C solidus of the 88-85 Ma Cathedral Peak phases of the TIC and
associated heating, metamorphism, and limited partial melting
(Albertz, 2006) of the Saddlebag Lake pendant, cooled to sub-greens-
chist facies conditions by ∼80 Ma (Cao et al., 2015), which is con-
sistent with other well-studied segments of the SCSZ. The brittle-ductile
fault zone is characterized by an immature strike-slip duplex and a
dilational jog. The δ18O values of quartz veins indicate that meteoric-
hydrothermal fluids were focused to the jog, and δ18O and δ2H values of
pseudotachylyte indicate that earthquakes occurred during the flow of
meteoric-hydrothermal fluids. These observations are consistent with a
structural model (Fig. 5) that permits the incursion of meteoric-hy-
drothermal fluids to the base of the seismogenic crust in a strike-slip
fault zone.
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