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ABSTRACT

The Sierra Nevada batholith (California, USA) hosts multiple shear zones 
of different ages and different styles of deformation. In this study we present 
new data syntheses and maps of U-Pb zircon and hornblende and biotite Ar 
age distributions through the batholith in order to examine the temporal and 
thermal settings under which contractional and transpressional shear zones 
arose. These maps highlight the localization of intrabatholithic shear zones at 
the boundaries between swaths of some of the oldest and youngest plutons, 
and help to distinguish deformation styles in the southern and central Sierran 
arc. We also present new 40Ar/39Ar ages and crystallization and deformation 
temperatures from along the Kern Canyon fault system in the southern part of 
the batholith, and contrast these new constraints with previously published 
thermochronological conditions for shear zones to the north. The transpres-
sional proto–Kern Canyon fault was continuously active from ca. 95 to 85 Ma. 
Deformation temperatures along the fault increase by ~100 °C from north to 
south, following the trend of increasing pluton emplacement pressures. These 
observations, in conjunction with a steep cooling path for the southeastern 
section of the batholith east of the proto–Kern Canyon fault, support previ-
ous interpretations that rapid exhumation in the southernmost part of the 
batholith followed the arrival and low-angle subduction of an oceanic plateau 
(the Shatsky Rise conjugate). We suggest that local forces such as these trig-
gered mid-Cretaceous shear zone development in the southern Sierra Nevada 
batho lith, while shear zones in the central part of the batholith, which record 
the transition from 100–90 Ma compression to 90–80 Ma transpression, were 
triggered by changing kinematic patterns in regional subduction forcing. This 
idea is supported by our thermochronologic color contour maps, which reveal 
an east-west–trending older (and colder) swath within the batholith that may 
have prevented the more northern shear zones from propagating southward. 
We contrast the cooling paths of regions within the southernmost part of the 
batholith, and propose a two-part deformation history in which (1) the 95–
85 Ma ductile proto–Kern Canyon fault initiated in the southeast as a compres-
sional structure that transitioned to transpressional, and (2) the 85–75(?) Ma 
ductile to brittle Kern Canyon–White Wolf fault initiated in the southwest, 
accommodated extrusion of shallowly subducted accretionary material and 
thinning of the overlying batholith, and then overprinted the proto–Kern Can-

yon fault along its northern end. Shear zone activity within the central Sierra 
Nevada batholith can thus be distinguished by location: in the central zone 
deformation arose from regional forces, and in the southern zone deformation 
was triggered by local forces.

INTRODUCTION

Continental arcs preserve complex deformation histories imparted by sub-
duction zone–forced normal and tangential stresses. In the Cretaceous arc of 
the central and southern Sierra Nevada (California, USA), intra-arc deforma-
tion is recorded by 14 mapped discrete ductile and ductile-brittle shear zones 
(Fig. 1) that are preserved at plutonic levels of the arc. Many of the shear 
zones in the central part of the Sierra Nevada batholith (SNB) have been well 
studied in terms of timing, sense of motion, pressure and temperature condi-
tions during deformation, and rock fabrics. Deformation conditions and timing 
of major shear zone deformation in the southernmost part of the batho lith, 
however, have been constrained mainly via the regional context of pluton 
emplacement and cooling (Saleeby and Busby-Spera, 1986; Busby-Spera and 
Saleeby, 1990; Nadin and Saleeby, 2008). The Kern Canyon system in the south 
(Fig. 1) appears to have a more complex polyphase history than shear zones 
of the central Sierran arc. Here we present new 40Ar/39Ar ages and plagio clase-
hornblende, two-plagioclase, and Ti-in-quartz thermometry in order to con-
strain the timing and thermal conditions of deformation along the proto–Kern 
Canyon fault. We present a model wherein the proto–Kern Canyon fault arose 
independently from its northern neighbors, and is distinguished from the kine-
matic history of the Kern Canyon–White Wolf fault.

In addition, we summarize all published U-Pb zircon, K-Ar, and 40Ar/39Ar 
hornblende and biotite ages, and create age-distribution maps from each 
of these data sets in order to track regional-scale batholithic cooling from 
temperatures of crystallization (U-Pb zircon) through the transition to brittle 
conditions (Ar biotite). Despite widespread sampling throughout the batho-
lith, from which arose studies focusing on regional patterns in crystallization 
depths (Ague and Brimhall, 1988; Pickett and Saleeby, 1993; Dixon, 1995; Ague, 
1997; Brady et al., 2006; Nadin and Saleeby, 2008; Chapman et al., 2012), there 
have not yet been any comprehensive syntheses of its thermal evolution.  
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Figure 1. Overview map of the Sierra Ne-
vada batholith, with major geographic 
features for orientation. Inset map shows 
the outline of the batholith in California 
(CA); white represents plutonic exposures, 
and gray indicates metamorphic and vol-
canic pendants. The 14 shear zones of the 
batho lith are discussed in the text (exclud-
ing the Farewell fault, which lacks age con-
trol), and are differentiated by age and type 
of deformation as depicted by the different 
colors shown here. The proto–Kern Can-
yon fault roots into the Rand fault, and the 
Kern Canyon–White Wolf fault is related to 
the southern Sierra detachment system 
(see text).
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Regional-scale thermal modeling of the SNB (Barton and Hanson, 1989) that 
is particularly well posed for assessing the temporal, spatial, and volumetric 
patterns in the central to southern batholith reveals that, despite large magma 
fluxes over time, strong horizontal thermal gradients developed between lon-
gitudinal age zones of the batholith. Such circumstances are ideal for strain 
localization, which is a major focus of our observational data-based analysis. 
Given the important role of temperature in localizing deformation, we exam-
ine in detail the thermal conditions under which the major shear zones were 
active, with focus on the southern part of the batholith and the proto–Kern 
Canyon fault, along which there is a significant range in exposure depths. The 
region has been mapped at various scales (Saleeby and Busby-Spera, 1986; 
Wood and Saleeby, 1997; Saleeby et al., 2008), and the early shortening history 
of the fault has been described (Nadin and Saleeby, 2008). We seek here to 
further constrain the timing as well as the temperatures of deformation and to 
compare these conditions to those known for shear zones of the central part 
of the batholith.

Orientations and senses of offset of SNB shear zones record a varying 
strain field during high-flux arc magmatism and subsequent cooling, dis-
playing two distinct kinematic stages: arc-normal shortening followed by a 
dominant component of arc-parallel dextral shear. The timing of and sense 
of motion on these shear zones correspond to important changes in both the 
kinematics (e.g., Engebretson et al., 1985; Seton et al., 2012) and dynamics (Liu 
et al., 2010; Chapman et al., 2010) of Farallon plate subduction beneath the 
California convergent margin. The shear zones are commonly best preserved 
at the contacts between some of the oldest and youngest rocks of the batholith 
(Fig. 2), suggesting that large thermal gradients play an important role in local-
izing and/or preserving deformation within continental arcs. Solidified plutons 
such as the large swath of Triassic–Jurassic intrusives in the southeastern SNB 
(Fig. 2) commonly serve to pin one boundary of a shear zone, reflecting rheo-
logic contrast between subsolidus and suprasolidus rocks.

The SNB comprises hundreds of plutons intruded over a >150 m.y. dura-
tion (e.g., Bateman, 1992), the vast majority of which were emplaced in the 
Cretaceous. Cretaceous plutons preserve deformation fabrics associated both 
with pluton emplacement and with postemplacement strain. Strain fields pres-
ent during the highest flux phase of the SNB indicate that large volumes of 
magma were emplaced in a nonextensional setting (e.g., Tobisch et al., 1995). 
Beginning ca. 100 Ma, large tracts of the SNB had been emplaced and resided 
at elevated temperatures, creating conditions suitable for preservation of fo-
cused deformation.

The onset of dextral shear deformation within the SNB has been asso-
ciated with increased rate and north azimuth of Farallon plate motion ca. 
100 Ma (e.g., Glazner, 1991; Busby-Spera and Saleeby, 1990; McNulty et al., 
2000; Nadin and Saleeby, 2008), as suggested by Engebretson et al. (1985). 
However, updated analysis by Seton et al. (2012) indicated a slightly different 
kinematic history for Farallon plate convergence that appears more applica-
ble to the history of SNB shear zones. Most pertinent is a phase of generally 
rapid normal convergence between ca. 120 and 85 Ma, with a brief deceler-

ation between ca. 100 and 95 Ma, and a switch to overall lower convergence 
rates with significant dextral tangential shear ca. 85 Ma. The plate kinematic 
reconstructions of Seton et al. (2012) and Liu et al. (2010) also present an 
important plate dynamic factor, i.e., the impact and subduction of a major 
oceanic plateau beneath the southern California convergent margin initiating 
between ca. 100 and 95 Ma and progressing until ca. 85 Ma. Correlation of 
regional geologic structure and exhumation patterns for the southern Cali-
fornia region (Saleeby, 2003; Saleeby et al., 2007; Chapman et al., 2010, 2012) 
suggests that both the dynamics of the initial impact of the oceanic plateau 
and its buoyancy control on slab dip are intimately related to central and 
southern SNB shear zone development. We thus posit that changes in both 
subduction kinematics and dynamics are expressed in the shear zones of the 
batholith.

The age of rock deformation is difficult to date directly. Ductile deformation 
takes place at temperature ranges that greatly exceed closure temperatures 
of most datable minerals that may grow during the deformation episode. As 
a result, a deformation date is typically an age of postdeformation cooling. 
Reasonable time constraints have been placed for shear zones of the SNB by 
combining geochronology of deformed minerals with dating of crosscutting 
features, and by determining deformation conditions via thermobarome-
try and pressure-temperature trajectories. Igneous emplacement pressures, 
as well as deformation temperatures revealed in this study, follow a south-
ward-increasing trend in the southern part of the SNB (Fig. 2B), which offers 
an opportunity to study regional deformational features over significant depth 
and temperature intervals.

This study presents the first comprehensive survey of ca. 100–80 Ma  Sierra 
Nevada thermochronometry in order to examine the regional thermal state of 
the batholith during formation of the major shear zones. We examine cooling 
from crystallization (<900 °C) through brittle-ductile transition temperatures 
(~300 °C). In addition, we present new 40Ar/39Ar thermochronometric data 
constraining deformation ages of the proto–Kern Canyon and Kern Canyon 
faults, among the longest through-going structures of the batholith, for which 
there are far fewer published data than for shear zones to the north. We assess 
through targeted thermometry the deformation temperatures along this struc-
ture, which is obliquely exposed over ~5–30 km depths in the crust and which 
played a pivotal role in exhuming the deepest levels of the SNB.

REGIONAL PLUTONIC AND TECTONIC ACTIVITY

The Sierra Nevada arc contains plutonic material as old as ca. 250 Ma 
(Saleeby and Dunne, 2015), but was built primarily by high-flux magmatism 
during Cretaceous time (e.g., Bateman, 1992; Ducea, 2001). U-Pb zircon geo-
chronology constrains the timing of pluton crystallization throughout the 
batho lith (Fig. 2A). A general eastward younging of pluton emplacement was 
resolved by U-Pb geochronology by Chen and Moore (1982), who, along with 
Evernden and Kistler (1970), based on their extensive biotite and hornblende 
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K-Ar studies, suggested that the thermal axis of the arc migrated eastward 
during the main Cretaceous stage of magma emplacement (ca. 120–85 Ma). 
However, regions of older than 120 Ma intrusives also exist in the easternmost 
part of the SNB (Fig. 2A), as well as in SNB rocks constituting the crystalline 
basement of the Great Valley (Saleeby, 2014).

Within the vast expanses of plutonic rock are prebatholithic metamorphic 
wall rocks that were deposited as sediments along the Paleozoic and early 
Meso zoic Cordilleran margin (e.g., Peck, 1980; Saleeby and Busby-Spera, 1986, 
1993). These pendant rocks also commonly include unconformable remnants of 
Mesozoic metavolcanic and middle to late Mesozoic marine metasedimentary 

118°W119°W120°W

>8
7
6

5

4

3

2

1

0.1

118°W119°W120°W

38
°N

37
°N

36
°N

35
°N

U-Pb zircon ages (Ma)
<85
85–90
90–95
95–100
100–105
105–110
110–120
120–140
>140

Triassic–Jurassic batholith 
(from Saleeby & Dunne, 2015)

P (kbar)

50 km
A B

Figure 2. Maps of the central and southern Sierra Nevada batholith. (A) Pluton crystallization (U-Pb zircon) ages. (B) Pressures (modified from Nadin and Saleeby, 2008). Intrabatholithic shear zones 
are also mapped, and color coded by deformation style as in Figure 1 (see Fig. 1 for names). Note that early contractional shear zones are concentrated within the batholithic interior, while those 
whose deformation styles changed from contractional to dextral are localized between some of the oldest and youngest rocks of the region. On the crystallization pressure map (right), note that 
the proto–Kern Canyon fault follows the deepening exhumation levels of the batholith, in contrast with other transpressional shear zones that occur within and/or among shallower level plutons.
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rocks. In aggregate, these metamorphic framework rocks typically crop out as 
north-northwest–striking, steeply dipping screens and pendants (Fig. 1). A num-
ber of pendants appear to have been instrumental in localizing ductile shear for 
many of the central and southern SNB shear zones (Nadin and Saleeby, 2008).

Punctuating the otherwise coherent nature of the batholith are widespread 
deformational features that range from magmatic foliations (e.g., Bateman, 
1988; Paterson et al., 2003) to the discrete ductile and brittle shear zones that 
we focus on here. The timing of motion on major shear zones coincides with 
emplacement of the largest volume of igneous material (mid- to Late Creta-
ceous, ca. 115–83 Ma; cf. Lackey et al., 2008), which has motivated the study of 
mechanisms and pathways of magma ascent and emplacement during crustal 
shortening (e.g., McNulty et al., 2000; Sharp et al., 2000; Paterson et al., 2011)

The 14 documented shear zones within the SNB that we concentrate on 
here have been interpreted to have developed as a direct consequence of 
subduction forcing (see Discussion and references in Table 1). These are ex-
clusively Cretaceous structures, which commonly had low displacements 
(<<20 km) associated with diffuse deformation across zones >1 km wide. They 
are mapped in Figure 1, and their timing of motion is depicted in Figure 3 and 
listed along with sense of shear in Table 1. In the following we summarize 
published conditions of deformation, including temperatures (T ), pressures 
(P ), and senses of motion.

Sawmill Lake: 95–92 Ma; T < 500 °C; P = 2–3 kbar; contraction (Mahan 
et al., 2003).

Long Lake: 95–90 Ma; contraction to dextral transpression (syntectonic 
pluton emplacement) (Hathaway and Reed, 1994; Clemons and Bartley, 2008).

Courtright-Wishon: 94–90 Ma, P ~3.5 kbar, T = 680 to <600 °C; weak exten-
sion (Bateman, 1988; Tobisch et al., 1993, 1995; Renne et al., 1993).

Kaiser Peak: 102–91 Ma (probably closer to 95 Ma); contractional (Tobisch 
et al., 1995).

Quartz Mountain: 98–95 (possibly 87) Ma; T > 600 °C; P ~3 kbar; contraction 
(Tong, 1994; Tobisch et al., 1995).

Sing Peak: 97–98 Ma; T = 500–600 °C (presence of garnet; recrystallized 
plagioclase and orthoclase); P ~3–4 kbar; dextral transpression (Krueger, 2005).

Mount Hoffman: between 103 and 98 Ma; T > 450 °C; P ~2.5 kbar (Ague and 
Brimhall, 1988); contraction (Johnson, 2013).

Bench Canyon: 92–90 Ma with weak, domainal deformation until 78 Ma 
(development of pseudotachylite); T = 600 to <525 °C, P ~3.3 kbar for Mount 
Givens pluton (Tobisch et al., 1993); contraction to weakly extension ca. 90 Ma 
(Tobisch et al., 1995; McNulty et al., 2000); proposed member of the Sierra 
Crest shear zone system (Tikoff and de Saint Blanquat, 1997).

Virginia Canyon: 86–80 Ma; T from magmatic to low-T solid state, with 
 brittle overprint; P ~2.5 kbar; dextral transpression overprinting thrust struc-
ture (Cao et al., 2015); in structural continuity with Cascade Lake.

Cascade Lake: 86–80 Ma; T from magmatic to low-T solid state (Tikoff et al., 
2005); P ~1–3 kbar (Ague and Brimhall, 1988); dextral transpression (syntec-
tonic with emplacement of 86 Ma Cathedral Peak Granodiorite) (Tikoff and 
Greene, 1994, 1997; Hutton and Miller, 1994; Fleck et al., 1996; Davis, 2010; 
Sharp et al., 2000; Tikoff et al., 2005); in structural continuity with Gem Lake.

Gem Lake: 91–80 Ma; P ~3 kbar (Ague and Brimhall, 1988); dextral trans-
pression (in structural continuity with Cascade Lake shear zone; Segall et al., 

TABLE 1. DUCTILE SHEAR ZONES OF THE CENTRAL AND SOUTHERN SIERRA NEVADA BATHOLITH

Name 
Age
(Ma) Sense of shear* Reference

Cascade Lake 86–80 contraction --> dextral Tikoff et al., 2005
Bench Canyon 92–90, possibly as late as 78 contraction Tobisch et al., 1993; McNulty et al., 2000 
Quartz Mountain 98–95 contraction Tong, 1994; Tobisch et al., 1995
Gem Lake 88–80 contraction --> dextral Segall et al., 1990; Bürgmann and Pollard, 1992; Sharp et al., 1993; 

Greene and Schweickert, 1995; Tikoff and Greene, 1997
Kaiser Peak 102–91 contraction Tobish et al., 1995
Courtwright-Wishon 94–88 extension --> contraction Bateman, 1988; Tobisch et al., 1993; 1995; Renne et al., 1993
Long Lake 94–90 contraction and/or dextral Hathaway and Reed, 1994; Clemons and Bartley, 2008
Sawmill Lake sometime 148–92 contraction Mahan et al., 2003
Rosy Finch 88–83 dextral Segall et al., 1990; Bürgmann and Pollard, 1992; Tikoff and Teyssier, 1992; 

Sharp et al., 1993; Tikoff, 1994; Tobisch et al., 1995; Tikoff and Greene, 
1997; Tikoff and St. Blanquat, 1997

Proto-Kern Canyon 95–85 contraction Wood and Saleeby, 1998; Nadin and Saleeby, 2008
Sing Peak 97–98 dextral Krueger, 2005
Mt Hoffman sometime 103–98 contraction Johnson, 2013
Virginia Canyon 86–80 contraction --> dextral Cao et al., 2015
Kern Canyon–White Wolf 85–75, possibly younger dextral Busby-Spera and Saleeby, 1990; Nadin and Saleeby, 2008, 2010; Saleeby 

et al., 2009; Chapman et al., 2012

*Offsets are typically <20 km, distributed across diffuse (>1 km wide) deformational zones.
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1990; Bürgmann and Pollard, 1992; Sharp et al., 1993; Greene and Schweickert, 
1995; Tikoff and Greene, 1997).

Rosy Finch: 88–83 Ma, domainal deformation until 75 Ma; T = 650 °C to 
300 °C at 83 Ma; P ~3–4 kbar; dextral transpression (Segall et al., 1990; Bürg-
mann and Pollard, 1992; Tikoff and Teyssier, 1992; Sharp et al., 1993; Tikoff, 
1994; Tobisch et al., 1995; Tikoff and Greene, 1997; Tikoff and de Saint 
 Blanquat, 1997).

Proto–Kern Canyon: 95–86 Ma; T = 530–415 °C (see discussion of results); 
P = 2–8 kbar; ca. 90 Ma early contraction to dextral transpression (Wood and 
Saleeby, 1997; Nadin and Saleeby, 2008).

We omit the following from the study due to overlap or poor constraints. 
(1) Wood and Saleeby (1997) correlated the eastern Tehachapi shear zone with 
the southernmost segment of the proto–Kern Canyon fault. (2) The ductile to 
brittle dextral Farewell fault zone branches out of the Kern Canyon system 
at ~36.2°N (Fig. 1; Ross, 1986; Busby-Spera and Saleeby, 1987; du Bray and 
Dellinger, 1988; Nadin and Saleeby, 2008). Shearing was post–98 Ma (Saleeby 
et al., 2007), and dextral slip is poorly constrained (Saleeby et al., 2010).

Kern Canyon–White Wolf: 86–80 Ma, possible continued motion until 75 Ma; 
dextral ductile shear to dextral brittle shear (Busby-Spera and Saleeby, 1990; 
Nadin and Saleeby, 2008, 2010; Saleeby et al., 2009; Chapman et al., 2012).

Tobisch et al. (1995) suggested that strain fields in the central SNB changed 
from a neutral to weakly extensional state ca. 105 Ma, to contractional ca. 
100 Ma, followed by post–90 Ma dextral shearing. This study further suggested 

that transition from compressive to transpressive deformation must have coin-
cided with a change in relative plate motion between the North American and 
the subducting Farallon (or Kula) plates (Tobisch et al., 1995), first suggested by 
Engebretson et al. (1985). As summarized by the chronology of intrabatholithic 
shear zone activity given here (see also Table 1), those that were active prior 
to 90 Ma record contraction (with the exception of Courtright-Wishon and Sing 
Peak). Those younger than 90 Ma record dextral transpression. This deforma-
tion coincides with the apparent volumetric maxima of plutonic activity, which 
may have erased much of the pre–90 Ma record of regional deformation. All 
post–80 Ma deformation likely took place in the brittle regime.

METHODS

Age Data Mapping

A primary objective of this study is to constrain the pressure-tempera-
ture-time (P-T-t) paths of SNB rocks during the transition from regional contrac-
tion to transpression, as recorded in the ductile shear zones that we outlined 
here. We examine the T-t path from (1) onset of crystallization (<900 °C, when zir-
con retains U and Pb; cf. Cherniak and Watson, 2001, though this is likely lower 
for crystallization of Sierran plutons), through (2) intermediate cooling (525 ± 
40 °C; McDougall and Harrison, 1999), and (3) temperatures close to those of the 
brittle-ductile transition (>280 °C, cf. Stöckhert et al., 1999) as biotite grains close 
to loss of Ar (325 ± 30 °C; McDougall and Harrison, 1999). Other thermochrono-
metric data for SNB rocks have been published (e.g., K-Ar musco vite), but small 
data sets cannot produce the batholith-wide coverage that we need to construct 
regional maps of thermal conditions (Figs. 2 and 4). The most comprehensive 
thermochronometric coverage comes from U-Pb zircon and K-Ar and 40Ar/39Ar 
hornblende and biotite age data. We use the term Ar age for age-temperature 
data from the K-Ar and 40Ar/39Ar data sets, which we combined because closure 
to Ar loss occurs within the same temperature range for both chronometers 
(J. Benowitz, 2014, written commun.). For consistency among data sets, we use 
40Ar/39Ar integrated ages or total gas ages (which are also sometimes reported 
as ages from weighted average of all heating steps).

Thus far, 487 U-Pb zircon, 250 hornblende K-Ar and 40Ar/39Ar, and 429 biotite 
K-Ar and 40Ar/39Ar ages have been published from central and southern SNB 
rocks (see the Supplemental File1 for all compiled data). We plotted all age data 
sets with ArcGIS version 10.2, and cropped the figures to the region containing 
the major mapped shear zones. We mapped individual U-Pb zircon ages coded 
by color (Fig. 1), and contoured the Ar ages (Fig. 4). In Figure 2 (excluding Inde-
pendence dike swarm samples), 429 U-Pb zircon ages are plotted individually 
because the smoothing imparted by contouring cannot fit the data: individual 
plutons are single age fields with sharp boundaries. Hornblende and biotite Ar 
ages, in contrast, can be contoured because these ages represent reheating 
and/or cooling that ignores sharp pluton boundaries within the batholith. The 
Ar age maps were created by contouring the data with a kriging regime in 
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1 37.3793 -118.6769 215 Barth et al., 2011
2 37.9493 -119.2263 218 Barth et al., 2011
3 37.4038 -118.6563 218 Barth et al., 2011
4 37.9508 -119.2843 219 Barth et al., 2011
5 37.7544 -119.1310 220 Barth et al., 2011
6 37.9966 -119.2882 221 Barth et al., 2011
7 37.9496 -119.2754 224 Barth et al., 2011
8 38.0299 -119.2245 226 Barth et al., 2011
9 37.9535 -119.2735 232 Barth et al., 2011
10 35.7412 -117.9160 91.7 Bartley et al., 2007
11 35.6359 -117.9630 93.2 Bartley et al., 2007
12 36.0351 -118.1970 147.3 Bartley et al., 2007
13 35.9237 -117.9420 165 Bartley et al., 2007
14 35.8574 -117.9930 166.1 Bartley et al., 2007
15 35.8384 -117.9740 168 Bartley et al., 2007
16 35.7605 -117.9040 176.2 Bartley et al., 2007
17 35.7415 -117.9100 182.2 Bartley et al., 2007
18 36.4500 -118.6500 98 Busby-Spera, 1983
19 36.4000 -118.5250 97 Busby-Spera, 1983
20 38.0791 -119.3636 232.9 Cao et al., 2015
21 38.0604 -119.3649 227.4 Cao et al., 2015
22 38.0686 -119.3412 220.3 Cao et al., 2015
23 38.7760 -119.8968 90.2 Cecil et al., 2012
24 38.7048 -120.0899 101.7 Cecil et al., 2012
25 38.6457 -120.1343 105.2 Cecil et al., 2012
26 38.7648 -119.8484 106.8 Cecil et al., 2012
27 38.6945 -119.9956 109.8 Cecil et al., 2012
28 38.5610 -120.2663 121.5 Cecil et al., 2012
29 38.5463 -120.3520 148.7 Cecil et al., 2012
30 38.4356 -120.5509 163.2 Cecil et al., 2012
31 38.3721 -120.5542 166.3 Cecil et al., 2012
32 34.8689 -119.0470 88 Chapman et al., 2010
33 34.8573 -119.0675 91 Chapman et al., 2010
34 34.8519 -119.0653 92 Chapman et al., 2010
35 34.8033 -118.7867 92 Chapman et al., 2010
36 35.0403 -118.4400 92 Chapman et al., 2010
37 35.0533 -118.4111 92 Chapman et al., 2010
38 34.8782 -119.2186 105 Chapman et al., 2010
39 34.8723 -119.1099 105 Chapman et al., 2010
40 34.8845 -118.9093 105 Chapman et al., 2010
41 34.8987 -119.0294 106 Chapman et al., 2010
42 34.8851 -118.9197 121 Chapman et al., 2010
43 34.8671 -119.1278 135 Chapman et al., 2010
44 34.8753 -119.1112 136 Chapman et al., 2010
45 34.8957 -119.0937 136 Chapman et al., 2010

1Supplemental File. Ages database. Please visit 
http:// dx .doi .org /10 .1130 /GES01224 .S1 or the full-
text article on www .gsapubs .org to view the Supple-
mental File.
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the ArcGIS Spatial Analyst. The parameters that best matched computed age 
fields (contours) with the individual ages were produced by an output cell size 
of 0.006, and a fixed search radius of 0.5 km with minimum 2 data points per 
search field.

We note here that muscovite K-Ar and/or 40Ar/39Ar ages would help us fur-
ther constrain the early thermal history of the batholith, and such ages from 

K-feldspar would yield cooling rates into the brittle regime; however, we found 
only a few of these published dates, which is not sufficient for interpreting 
the thermal field of all the deformation zones within the central and  southern 
 Sierra Nevada. Few targeted zircon fission-track and (U-Th)/He age studies 
have been published that track local pathways into the brittle regime (e.g., 
 Dumitru, 1990; Mahéo et al., 2009).
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Figure 4. Color contour maps of Ar ages (including K-Ar and 40Ar/39Ar; see Supplemental File for data sources) with mapped shear zones. (A) For hornblende (hbl). (B) For biotite (bt). Contours were 
constructed with a kriging interpolator in ArcGIS v. 10.1 (described in the text). We have designated domains of the central and southern Sierra Nevada (north, west, and southeast Isabella) based 
on their different cooling histories (graphed in Fig. 6). These domains are named relative to Lake Isabella. The north Isabella domain covers an east-west–oriented cold, old corridor between the 
warm, young regions north and south of it. The southeast Isabella domain on the Ar hornblende map (A) is east of the proto–Kern Canyon fault, which in this time-temperature frame guided exhu-
mation of the southeasternmost Sierra Nevada batholith. On the Ar biotite map (B), the southeast Isabella domain is bordered to the west by the Kern Canyon fault, which in this time-temperature 
frame drove extension in the southeast. The west Isabella domain includes the area west of the proto–Kern Canyon fault in A, and west of the Kern Canyon fault in B.
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Field Work and Sampling, Southern SNB Fault Zones

The proto–Kern Canyon fault is exposed along a southward-deepening 
transect from ~5 km paleodepths in the north to ~30 km in the south (Fig. 2B; 
Nadin and Saleeby, 2008, fig. 5 therein). We sampled for 40Ar/39Ar thermochro-
nology as well as for Ti-in-quartz and two-feldspar thermometry along this 
transect (Fig. 5; Table 2). We also applied Al-in-hornblende thermobarometry 
and plagioclase-hornblende thermometry on two samples in order to establish 
their crystallization pressures and temperatures.

Two samples for 40Ar/39Ar thermochronology, LI-00B and LI-00K, were se-
lected from the Domelands intrusive suite, which is variably deformed along 
the proto–Kern Canyon and Kern Canyon faults, respectively, in the vicinity 
of Lake Isabella (see Fig. 5 for sample locations). Sample LI-00B comes from 
the ca. 95 Ma granite of Cannell Creek member (Saleeby et al., 2008), which 
is highly deformed, with both subvertical and subhorizontal lineations in this 
location near the center of the proto–Kern Canyon fault. We determined horn-
blende, biotite, and K-feldspar 40Ar/39Ar dates for this sample. Sample LI-00K 
is from the ca. 89 Ma granite of Castle Rock (Saleeby et al., 2008) that contains 
spaced mylonitic bands and subhorizontal lineations. We determined musco-
vite and K-feldspar 40Ar/39Ar ages for sample LI-00K.

We collected 13 samples for thermometry along the proto–Kern Canyon 
fault from near the northern terminus to the southernmost exposures (see 
Fig. 5 for locations and deformation temperatures; see Table 2 for thermomet-
ric results). One sample (03H) was collected from well outside of the shear 
zone to determine crystallization temperature of this part of the nondeformed 
batholith. Of the samples, 12 were analyzed for Ti-in-quartz (TitaniQ) thermom-
etry. Two samples (02A2 and 03H) were also analyzed for Al-in-hornblende 
barometry and plagioclase-hornblende thermometry (Holland and Blundy, 
1994) in order to constrain the crystallization temperatures and pressures for 
these samples (Table 2). We did not do this for the remaining samples because 
in those sample locations, the batholith has been densely sampled for Al-in-
hornblende emplacement pressure estimates (see Nadin and Saleeby, 2008, 
fig. 5 therein). Two samples (03B2 and 02A2) contained Or and plagioclase in 
contact with each other (Fig. 6), so we applied the two-feldspar thermometer 
(Benisek et al., 2004; Putirka, 2008) to test if results were consistent with the 
other thermometers. In sample 03B2, ductilely deformed orthoclase surrounds 
plagioclase (Fig. 6B), providing the opportunity to constrain feldspar deforma-
tion temperature in this location of the shear zone.

40Ar /39Ar Analyses

Samples for 40Ar/39Ar analyses were crushed, sieved to 125–180 mm, and 
separated using standard heavy liquid and magnetic separation methods. The 
40Ar/39Ar analyses were conducted at University of California–Santa Barbara. 
J-values were calculated using Taylor Creek Rhyolite sanidine with an assumed 
age of 27.92 Ma (Duffield and Dalrymple, 1990). Samples were step-heated in a 

double vacuum resistance furnace. For K-feldspar analyses, replicate tempera-
ture steps were conducted at low to moderate steps to remove the effects of 
excess 40Ar. We assume closure temperatures of 525 ± 40 °C for hornblende, 
325 ± 30 °C for biotite, and 350 ± 50 °C for muscovite during moderate to fast 
cooling (see McDougall and Harrison, 1999, and references therein). K-feld-
spars have a complex age spectrum, which can be modeled using the multiple 
diffusion domain (MDD) approach to provide information on the continuous 
cooling history from ~300 to 150 °C (Richter et al., 1991; Harrison et al., 2005). 
K-feldspar diffusion data were modeled following the MDD theory and nu-
merical approach of Lovera (1992). We assumed monotonic cooling for these 
models, supported by the regionally observed time intervals between zircon, 
hornblende, and biotite ages, and the whole-batholith–scale conductive cool-
ing model of Barton and Hanson (1989).

Thermometry

To constrain the temperatures of ductile deformation of the proto–Kern Can-
yon fault, we performed plagioclase-amphibole, two-feldspar, and/or TitaniQ 
thermometry for a suite of 13 samples collected along the shear zone (Fig. 5; 
Table 2); the type of analysis done was dictated by the mineral assemblage and 
applicability of the thermometer. Only samples 03H (undeformed) and 02A2 
(mildly deformed) have the relevant seven-phase assemblage for Al-in-horn-
blende barometry. For these samples we also determined plagioclase-horn-
blende temperatures to correct the barometer (Anderson and Smith, 1995). 
Plagioclase and orthoclase feldspar from samples 02A2 and 03B2 (Fig. 5) were 
probed in order to apply two-feldspar thermometry, notably for sample 03B2, 
which contains ductilely deformed orthoclase surrounding plagio clase (Fig. 6B). 
All 12 sample TitaniQ temperatures were pressure corrected (Thomas et al., 
2010) using the new determinations (sample 02A2) or ambient crystallization 
pressures determined previously (Nadin and Saleeby, 2008).

Amphibole and feldspar were measured with the Cameca SX-100 at the 
Brown University Geological Sciences Electron Microprobe Research Facility. 
For feldspar, the run conditions were beam current of 15 nA and spot size of 
15 mm (feldspar has well-known beam sensitivity), with 10 s count times. For 
hornblende, the beam current was 15 nA, with beam diameter at 2 mm, and 10 
s count times. Instrumental error is far outweighed by the standard deviations 
of pressure calculations (Supplemental File). For sample 02A2, emplacement 
pressure was averaged from analyses of three hornblende grains and for sam-
ple 03H two hornblende grains were analyzed. For each hornblende, at least 
five points were analyzed around each rim, where textural relations indicate 
equilibrium with quartz. We used two formulations for estimating pressure: 
(1) the Schmidt (1992) calculation, which determines pressure from total Al 
content, for consistency with preexisting data sets (e.g., Nadin and Saleeby, 
2008; Chapman et al., 2012) and because of the relatively low errors associ-
ated with this calculation (±0.6 kbar); and (2) the Anderson and Smith (1995) 
 calculation, which adapts the calculation for the influence of temperature on 
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on an igneous crystallization depth con-
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Saleeby, 2008). The large squares give 
sample numbers and temperatures from 
titanium-in-quartz (except for sample 03H, 
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tra). U-Pb zircon ages for hosting plutons 
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the pressure determination. The Anderson and Smith (1995) calculation rou-
tinely yields lower pressure estimates, which are likely more accurate because 
they are derived for near-solidus conditions that include H2O saturation.

Two-feldspar thermometry was undertaken for two samples, 02A2 and 
03B2, which have orthoclase and plagioclase grains in contact (Fig. 5). For both 
samples, 2 orthoclase-plagioclase pairs were analyzed per sample, with a min-

imum of 10 spots per grain to ensure low compositional variability. We applied 
the Putirka (2008) formulation corrected to 3 kbar pressure to both samples. 
For sample 03B2 we also used Solvcalc software (Wen and Nekvasil, 1994), 
with crystallization pressures of 3 kbar, no change to measured compositions, 
and mixing models of Fuhrman and Lindsley (1988), Elkins and Grove (1990), 
and Benisek et al. (2004).
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Figure 6. Backscattered electron images of 
mylonite samples 02A2 and 03B2 from the 
proto–Kern Canyon fault, showing probed 
spots for two-feldspar thermometry (re-
sults given in Table 2). (A) Sample 02A2. 
(B) Sample 03B2 shows orthoclase duc-
tilely deformed around plagioclase, sug-
gesting that the two-feldspar temperature 
is that for early mylonitization. B—biotite, 
P—plagioclase, Q—quartz, Or—orthoclase, 
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TABLE 2. SUMMARY OF SAMPLES ANALYZED IN THIS STUDY, INCLUDING THEIR AGES AND DEFORMATION CONDITIONS

Sample
U-Pb zircon age*

(Ma)
TitaniQ†

(°C)

Plagioclase-
hornblende

(°C)
Two-feldspar§

(°C)
Pressure#

(kbar)
Pressure**

(kbar)
Depth††

(km) Rock type

03H 102 725 ± 34 3.9 ± 0.3 3.2 ± 0.6 ~11 granodiorite, undeformed
03B2  86 467 ± 30 546 ± 37 ~12 granite
02A2  89 476 ± 18 725 ± 13 602 ± 58 3.9 ± 0.5 3.3 ± 0.4 ~11 granodiorite
02B  94 479 ± 28  11 alaskite
02H  95 486 ± 7 ~11 granite
02H2  >95 434 ± 36 ~11 quartz vein
02I§§ 300–200 414 ± 4 ? quartzite
02F 104 475 ± 14  12 granite
11F 103 509 ± 31  16 granite
11H 103 483 ± 41  16 granite
11A 100 523 ± 12  17 tonalite
10D  92 510 ± 20  20 granodiorite
10F  92 533 ± 29  20 granodiorite

*Crystallization age, from Saleeby et al. (2008).
†Titanite in quartz; corrected for pressure determined via Al-in-hornblende barometry.
§Solvcalc software (see Wen and Nekvasil, 1994) solutions: temperature, Talbite = 329 ± 2; Torthoclase = 488 ± 13; Tanorthite = 508 ± 31.
#Pressures derived from the Schmidt (1992) formula.
**Pressures derived from the Anderson and Smith (1995) formula.
††Samples 03H and 02A are from this study; the remainder are from Nadin and Saleeby (2008).
§§Metamorphic pendant rock.
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Concentrations of Ti in quartz were measured first with the Cameca IMS 
3f ion microprobe (secondary ion mass spectrometer) at Woods Hole Oceano-
graphic Institution (Massachusetts; WHOI) on four mylonites of the proto–Kern 
Canyon fault (see Table 2). We followed the procedure outlined by Wark and 
Watson (2006) for measuring samples with Ti concentrations below the detec-
tion limits of the more commonly used electron probe microanalysis (EPMA). 
These are a primary oxygen (O–) beam, current of 5–10 nA, and spot size of 
~10 mm, which is less than the size of recrystallized quartz grains from the shear 
zone. We measured 40Ca to remove peak interference from 48Ca and calculate 
a corrected intensity of 48Ti. We normalized counts on the 48Ti peak to counts 
on reference peak 30Si. Ti concentration was ultimately calculated using the 
corrected 48Ti/30Si and the relationship between Ti (ppm) versus 48Ti/30Si es-
tablished for standard quartz (Wark and Watson, 2006). The Ti content of this 
standard (140 ppm) as measured at WHOI matched that determined by EPMA 
at Rensselaer Polytechnic Institute (Troy, New York).

We analyzed 9 of the 12 TitaniQ samples (Table 2) on a Cameca Sx-50 elec-
tron microprobe at the University of Alaska Fairbanks Advanced Instrumenta-
tion Lab (AIL). Reliable electron microprobe analyses require concentrations 
>~10 ppm (Behr et al., 2011); this requirement was met by all samples analyzed 
at AIL. The AIL microprobe’s capability was tested by analyzing low-concen-
tration synthetic quartz, a quartz standard used in the WHOI ion probe, and 
sample 03B2 (Table 2), which had been analyzed by the WHOI probe. Once 
we reached consistent results, we analyzed the remaining 8 samples under 
the following run conditions: beam current of 400 nA and spot size of 1–3 mm, 
acquiring elements using 3 simultaneously collecting PET (positron emission 
tomography) crystals for Ti ka, and 600 s count times for peak and background 
for all spectrometers. Measurements were blank corrected. The 99% detec-
tion limit was 3 ppm. TitaniQ temperature estimates were calculated with the 
Thomas et al. (2010) expression:

 RT lnXTiO2 (quartz) = –60952 + 1520 · T(K) – 1741 · P (kbar) + RT lnaTiO2, (1)

which accounts for the pressure dependence of [Ti] in quartz, where R is 
the gas constant 8.3145 J/K, T is temperature in Kelvin, X TiO2 (quartz) is the 
mole fraction of TiO2 in quartz, and aTiO2 is the activity of TiO2. Pressure cor-
rections come from previously published values (Nadin and Saleeby, 2008), 
with the exception of sample 03H (Table 2). This sample comes from outside 
the proto–Kern Canyon fault, but belongs to a pluton whose margin is de-
formed within the shear zone. It is likely a slight overestimate of pressure 
because it is for crystallization conditions, and here we seek temperature 
of recrystallization that would occur at depth ≤ crystallization depth. A de-
crease in pressure of 0.5 kbar results in an ~10 °C decrease in temperature; 
however, it is likely that deformation began at or near crystallization condi-
tions (see Discussion). We use an activity of Ti of 0.8 because the samples 
are deformed granitoids containing titanite (cf. Kohn and Northrup, 2009). 
Decreasing the activity to 0.6 raises the temperature by ~8 °C at the same 
pressure.

RESULTS

U-Pb Zircon Age Maps

Crystallization ages through the SNB generally decrease eastward, with 
a few notable exceptions (Fig. 2A). The easternmost margin of the batholith 
is dominated by intrusive rocks that are older than 140 Ma (some as old as 
ca. 248 Ma) that correspond to the earliest stages of magmatism (Chen and 
Moore, 1982; Chen and Tilton, 1991; Mahan et al., 2003; Bartley et al., 2007; 
Barth et al., 2011; Davis et al., 2012; Saleeby and Dunne, 2015). Shear zones of 
the east-central SNB form an apparent boundary between outcrops that con-
tain batholithic rocks older than 140 Ma, and younger than 95 Ma intrusives. 
One such detailed example is from the northern terminus of the proto–Kern 
Canyon fault, where it intersects with an ~100-km-long belt of Jurassic and 
Triassic plutons (Fig. 2A; Chen and Moore, 1982; Saleeby and Dunne, 2015).

Ar Hornblende Age Maps

As noted in the Methods discussion, we combine published K-Ar and 
40Ar/39Ar hornblende ages of Mesozoic intrusive rocks to produce an Ar age 
contour map (Fig. 4A). The SNB has a hornblende Ar age zonation similar to 
that of U-Pb zircon, with most ages decreasing progressively eastward with 
the exception of samples just east of the easternmost shear zones (Fig. 4A; see 
also Fig. 1 for shear zone names). The easternmost edge of the central Sierra 
Nevada has Ar hornblende ages older than 100 Ma. Intrusives with Ar horn-
blende ages younger than 90 Ma are aligned in a generally north-south–trend-
ing band in the eastern part of the batholith, with the exception of lat ~36°N, 
where there is an east-west swath of older than 95 Ma ages. As shown on the 
U-Pb zircon map (Fig. 2A), the long, through-going shear zones of the eastern 
Sierra Nevada appear to be localized between outcrops that have the oldest 
and youngest ages; in the case of Ar hornblende these are older than 100 Ma 
and younger than 90 Ma.

Ar Biotite Age Maps

We combine published K-Ar and 40Ar/39Ar ages for the Ar biotite age con-
tour map (Fig. 4B). The pattern of biotite Ar ages is eastward younging, but the 
region of anomalously older ages shrinks to a patch just east and northeast of 
the Sawmill Lake shear zone. This location coincides with an area containing 
intrusions with older than 140 Ma U-Pb zircon ages (Fig. 2A) as well as older 
than 100 Ma Ar hornblende ages (Fig. 4A). Throughout the rest of the eastern 
edge of the batholith, Ar biotite ages are mainly younger than 80 Ma. Similar 
to the Ar hornblende map, there is an east-west swath of older ages near lat 
36°N. The long, through-going shear zones are now located primarily within 
the youngest Ar biotite domains of the batholith.
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Deformation Ages and Temperatures of the Kern Canyon System

All samples for thermochronometry and thermobarometry are shown in 
Figure 5 and summarized in Table 2. We present here the first 40Ar/39Ar dates 
and thermometry of sheared rocks along the proto–Kern Canyon fault.

40Ar /39Ar Thermochronometry

Sample LI-00B comes from a location (Fig. 5) where the ca. 95 Ma granite 
of Cannell Creek interfingers with the ca. 86 Ma Goldledge granite member 
( Busby-Spera and Saleeby, 1990; Saleeby et al., 2008); both are highly de-
formed along the center of the shear zone (Nadin and Saleeby, 2008). Because 
they are both intensely mylonitized where they interfinger, the two members 
are difficult to distinguish in the field, but in thin section the Goldledge mem-
ber notably lacks hornblende. The presence of hornblende in sample LI-00B, 
combined with its age, suggests that the sample is from the 95 Ma granite of 
Cannell Creek. This sample yields a somewhat complex 40Ar/39Ar age spectrum 
with climbing ages during the first 10% of gas release followed by a mod-
est U-shaped segment for the remainder of the gas release. Although not a 
true plateau, the central portion of the U yields contiguous ages that compose 
>45% of the gas and yield a weighted mean plateau age of 89.1 ± 0.1 Ma or 14 
point isochron age of 88.8 ± 0.2 Ma (Fig. 7; mean square of weighted deviates, 

MSWD = 1.11). The biotite from this sample yields a similarly shaped age spec-
trum (Fig. 7) that flattens over the last 50% of gas release. The 6 point isochron 
age of 79.1 ± 1.0 Ma (MSWD = 1.83 and 40Ar/36Ar = 397.7 ± 94.2) is similar in age 
to the flat portion of the age spectrum. The K-feldspar age gradient climbs from 
ca. 69 Ma at low-temperature steps to ca. 79 Ma at high-temperature steps 
(Fig. 7). The K-feldspar diffusion data were best fit by 7 discrete domain sizes 
and an activation energy, E = 47.00 kcal/mol. Combined age results and best-fit 
MDD models suggest that this sample cooled linearly, from 250 to 175 °C, at a 
moderate rate (~15 °C/m.y.) from 89 to 71 Ma. Moderate cooling was followed 
by very slow cooling (~1 °C/m.y.) to 150 °C until at least 69 Ma. We note here 
that because of interfingering with the 86 Ma Goldledge granite, there was 
probably reheating at 86 Ma and the cooling path is probably not linear.

The second sample came from ~5 km north of Lake Isabella (sample LI-00K; 
see Fig. 5 for location) from the ca. 89 Ma granite of Castle Rock granite mem-
ber of the Domelands intrusive suite (Saleeby et al., 2008). In this location 
within the Kern Canyon fault, deformation is distributed as pervasive modest 
grain-size reduction and concentrated mylonitic shear bands with horizontal 
lineations attesting to dextral shear. Sample LI-00K is therefore moderately 
deformed, with quartz, feldspar, and micas flattened into parallelism. Musco-
vite from this pluton yields a nearly flat 40Ar/39Ar age spectrum with a plateau 
age of 82.3 ± 0.1 Ma (Fig. 7B). The K-feldspar age spectrum climbs from 67 Ma 
at low-temperature steps to ca. 78 Ma at high-temperature steps. K-feldspar 
diffusion data from this sample were best modeled with 8 discrete domain 

A B

Figure 7. (A) 40Ar/39Ar age spectra for samples (A) LI-00B hornblende (Hbl), biotite (Bio), and K-feldspar (Kspar) of the ca. 95 Ma granite of Cannell Creek, and (B) LI-00K muscovite (Musc) and Kspar 
of the ca. 89 Ma granite of Castle Rock. TFA—total fusion age; WMPA—weighted mean plateau age.

Downloaded from https://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/12/2/377/4092362/377.pdf
by University of  Nevada Reno user
on 17 March 2020

http://geosphere.gsapubs.org


Research Paper

389Nadin et al. | Sierra Nevada thermal evolution and strain localizationGEOSPHERE | Volume 12 | Number 2

sizes and E = 47.53 kcal/mol (Fig. 7B). Combined thermochronologic data from 
this pluton suggest moderate (14–17 °C/m.y.) cooling from ~350–165 °C from 
82 to 70 Ma, followed by very slow cooling (~1 °C/m.y.) to <150 °C after 70 Ma.

Thermometry

Figure 5 shows sample locations and TitaniQ temperatures for all samples 
selected for thermometry, in the context of the ambient igneous crystalliza-
tion depths. Other thermometric results given in the text and Table 2, but not 
shown in Figure 5, were derived from plagioclase-hornblende and two-feld-
spar measurements.

Both the Schmidt (1992) and the Anderson and Smith (1995) formulations 
of the Al-in-hornblende thermometer indicate that samples 02A2 and 03H (see 
Fig. 5 for locations) crystallized at ~3–4 kbar, or >10 km depth (Table 2). Both 
calibrations have an associated ±0.6 kbar external error, which is greater than 
the ±0.3–0.6 kbar standard deviations for both samples. Sample 02A2 is mildly 
deformed granite of Castle Rock with weak foliation and ribboned quartz, dated 
at 88 Ma (Saleeby et al., 2008). It yielded crystallization pressures of 3.9 ± 0.5 
kbar (Schmidt, 1992) or 3.3 ± 0.4 kbar (Anderson and Smith, 1995) and plagio-
clase-hornblende (crystallization) temperatures of ~725 °C via the Blundy and 
Holland (1990) thermometer. Sample 03H is from the non deformed 104 Ma 
granite of Kern River (Saleeby et al., 2008) and yields crystallization pressures 
of 3.9 ± 0.3 kbar (Schmidt, 1992) or 3.2 ± 0.6 kbar (Ander son and Smith, 1995) 
and temperatures ~725 °C.

Sample 02A2 and 03B2 two-feldspar thermometry (Fig. 6) yielded tem-
peratures of 604 ± 44 °C and 508 ± 89 °C, respectively, for K-spar crystalliza-
tion using the global regression model of Putirka (2008). Sample 03B2 was 
analyzed more extensively because of its possible value in recording feldspar 
recrystallization temperature (Fig. 6B). The Solvcalc solution yielded Torthoclase 
~477–502 °C from the Fuhrman and Lindsley (1988), Elkins and Grove (1990), 
and Benisek et al. (2004) formulations.

Quartz recrystallization temperatures along the proto–Kern Canyon fault, 
for the 12 samples collected along the shear zone (Fig. 5; Table 2), range from 
415 to 530 °C. These deformation temperatures increase from north to south 
along the same trend as increasing igneous crystallization depths (Fig. 2B). 
Sample 02H2 is from a quartz vein that is transposed into the foliation plane of 
its host granodiorite, and was completely dynamically recrystallized (sample 
02H). In this case, the two have nearly overlapping TitaniQ temperatures of 
486 ± 7 °C for the host pluton and 434 ± 36 °C for the sheared vein (Table 2). A 
quartzite from a metamorphic pendant (sample 02I) was also measured, and 
yielded a TitaniQ temperature of ~415 °C.

DISCUSSION

The wealth of data produced for the SNB by numerous investigators has 
allowed for fairly detailed geological interpretations, which continue to be re-
vised. Often the scope of a single inquiry is focused by necessity, given the size 

and time span encompassed by rocks of the batholith. In this study we incor-
porate information from several sources as well as present new data to exam-
ine the thermal evolution of the southern half of the batholith over a >20 m.y. 
time span. We then evaluate the timing and deformation style of major shear 
zones in the context of the evolving thermal conditions.

Many studies of SNB magmatism support the idea that the batholith was 
assembled via magmatic flare-ups that peaked ca. 225 Ma, 161 Ma, and 98 Ma 
(see Cao et al., 2015, fig. 15 therein). Targeted inquiries certainly support the 
case for discrete magma pulses (Stern et al., 1981; Chen and Moore, 1982; 
Frost and Mattinson, 1993; Coleman and Glazner, 1998; Ducea, 2001; Coleman 
et al., 2004; Ducea and Barton, 2007; DeCelles et al., 2009; Paterson and  Ducea, 
2015; Ducea et al., 2015). However, a comprehensive table of U-Pb zircon ages 
shows that there was never a complete cessation of magmatism, or any signif-
icant lulls, from ca. 140 to 84 Ma (Supplemental File; Saleeby and Sharp, 1980; 
Chen and Moore, 1982; Saleeby et al., 2007; Lackey et al., 2008; Cecil et al., 
2012; Chapman et al., 2012; Saleeby, 2014; deSilva et al., 2015), the time interval 
relevant to development of the preserved shear zones discussed herein. The 
U-Pb zircon age database and map (Fig. 2; Supplemental File) by no means 
represents the volume of material emplaced at different ages, but it serves to 
identify the timing of magmatism in the batholith. In the central and southern 
SNB, the majority of ages are in the most recent stage of activity (62% of ages 
are 110–80 Ma), but 22% of the samples are in the 140–110 Ma time interval 
that is outside the peak in Sierra Nevada plutonism. Significant tracts of 140–
110 Ma Sierran intrusives nonconformably underlie upper Cretaceous forearc 
basin strata in the Great Valley subsurface (May and Hewitt, 1948; Saleeby, 
2007, 2014). This large tract of batholithic material is distal to the shear zones 
that we focus on here, thus allowing us to focus on the mid- to Late Creta-
ceous thermal evolution of the exposed batholith, which is most pertinent to 
the shear zones.

An effectively uninterrupted magma supply for mid- to Late Cretaceous 
time provides the continuous record needed to examine the styles and loca-
tions of shearing through the batholith that we posit were controlled by stress, 
temperature, and horizontal temperature gradients. In addition, new sources 
of magma provided focused heating that may have guided such deformation.

Thermotectonic History

Regional SNB Thermal History

The data presented here offer the opportunity to interpret the high- to 
 medial-range thermal history of the southern and central SNB (Fig. 4). These 
maps may also serve to guide further sampling that may provide better insight 
into the thermal and structural history of the batholith.

Because plutonic activity was uninterrupted in the central and southern 
SNB from ca. 140 to 85 Ma, postemplacement cooling was probably quite 
variable in different regions, and protracted and punctuated by reheating as 
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new intrusions were emplaced. The timing of cooling was primarily controlled 
by the ages of igneous emplacement, such that regions that cooled earlier 
were regions with older plutons, and regions that stayed warmer longer had 
younger superposed plutonism. In addition, older, cooled terrane could be re-
heated by subsequent voluminous plutonism. We consider reheating by indi-
vidual intrusions to be negligible for our primary focus given the scale of the 
major batholithic zones and their regional cooling patterns (as suggested by 
the conductive cooling model of Barton and Hanson, 1989).

In this study we depict three main age-temperature data sets, U-Pb zircon 
(~900 °C), Ar hornblende (~525 °C), and Ar biotite (~325 °C), in order to explore 
the regional pattern of cooling in the SNB (Figs. 2 and 4) through brittle-plas-
tic transition temperatures. The older western margin of the batholith cooled 
early and remained cold, while the eastern side was continuously resupplied 
with magma and cooled more slowly. This general picture is punctuated by 
two local thermal breaches just north of lat 36°N. The first is the Mount Whit-
ney Intrusive Suite which includes the youngest (ca. 84 Ma) and shallowest 
(P ~ 1 kbar) plutonism in the batholith. The suite is centered at the southeast 
termination of the Sawmill Lake shear zone (Fig. 2A) and is especially notable 
as the ellipse of shallowest emplacement pressures shown in Figure 2B. The 
second thermal anomaly is seen most clearly on the hornblende Ar age map 
(Fig. 4A): an east-west–oriented corridor just north of lat 36°N, which cooled 
earlier than 100 Ma, in contrast with the surrounding regions that cooled ca. 
85–80 Ma. The corridor is well defined east of the Kern Canyon fault, where 
three samples come from Triassic–Jurassic plutons whose map extents are 
significant (Fig. 2A; Saleeby and Dunne, 2015).

The paired Mount Whitney Intrusive Suite high-temperature and 36°N cool 
corridor suggest that a thermal barrier segregated the southernmost shear 
zones (Kern Canyon–White Wolf fault system) from those to the north. The 
Mount Whitney Intrusive Suite was likely responsible for heating surround-
ing rocks above the biotite Ar closure temperature (or slowing their cooling 
paths), but the older, colder region persisted somewhat through this tempera-
ture, due primarily to an abundance of early Mesozoic intrusions in the area 
(Fig. 2; Saleeby and Dunne, 2015). An additional noteworthy feature on the 
biotite Ar age map is a zone of rocks that cooled more recently (ca. 80–70 Ma 
biotite Ar ages) in the southeasternmost part of the batholith. This swath sug-
gests a structural connection to the Kern Canyon fault on its western border; 
we explore this in the following, where we attempt to place the deformational 
history into the context of temperature distribution. We also note that the 80–
70 Ma swath on the biotite Ar age map coincides with the area of temperature 
closure through (U-Th)/He zircon (~190 °C) between 80 and 70 Ma, signaling 
rapid cooling through medial temperatures (Chapman et al., 2012). The map 
distribution of this swath suggests a thermal-tectonic control by the Kern Can-
yon system, which we explore in the following.

In order to explore the seemingly different cooling history of the southern 
SNB from regions northward, we split the southern part into three different 
thermotectonic zones. We consider the “cool corridor” (Fig. 4A) to define a 
northern province, coinciding with the northern terminus of the Kern Canyon 

fault at lat 36.3°N. South of this (lat ~35.5°N), in the time frame during which 
cooling proceeded through ~525 °C, the proto–Kern Canyon fault guided ex-
humation of the southeasternmost part of the batholith. We thus designate a 
southeast Isabella geographic province eastward of the proto–Kern Canyon 
fault. The west Isabella province extends westward from the proto–Kern Can-
yon fault to the western edge of the exposed batholith. As the southern part 
of the batholith emerged due to local forces through ~325 °C, the Kern Canyon 
fault became the driver for extension in the southeast, and thus this structures 
defines the border between the west Isabella and southeast Isabella domains 
after ca. 85 Ma (Fig. 4B).

The cooling histories of these three provinces (Fig. 8) are overlapping but 
distinctive. The U-Pb zircon age data are shown for the context of the earliest 
thermal history; they span a large age range but follow the general pattern 
of oldest to the north and youngest to the southeast, suggesting that differ-
ent tectonic processes were responsible for their cooling paths. North Isabella 
under went protracted cooling throughout its history because it contains plu-
tons that range in age from 248 to 84 Ma. Average hornblende Ar ages here are 
104 ± 12 Ma, and biotite Ar average ages are 87 ± 6 Ma. West Isabella cooled 
later and more rapidly, with identical average hornblende Ar and biotite Ar 
ages, ca. 91 ± 6 Ma. Southeast Isabella cooled even later, going from horn-
blende Ar temperatures at 85 ± 4 Ma to biotite Ar temperatures at 82 ± 3 Ma.

Proto–Kern Canyon and Kern Canyon Fault Thermal Histories

We explore the thermal history of the proto–Kern Canyon fault in detail to 
compare and contrast the deformational history of this major shear zone to the 
more spatially restricted shear zones to the north.

In the central part of the shear zone, pluton crystallization temperatures 
extended down to ~725 °C, as indicated by plagioclase-hornblende thermom-
etry (Fig. 5; Table 2; samples 03H and 02A2). Deformation started under hot 
subsolidus conditions at temperatures at least 450–600 °C, as suggested by 
ductilely deformed feldspars (Passchier and Trouw, 2005) of sample 02A2 
(Fig. 6A), from the mildly deformed ca. 89 Ma granite of Castle Rock (Saleeby 
et al., 2008). Sample LI-00K, which comes from the same granite body, moder-
ately deformed along the Kern Canyon fault, has deformed muscovite with a 
40Ar/39Ar age of ca. 82 Ma. Muscovite 40Ar/39Ar ages correspond to deformation 
temperatures near 450 °C, and this deformation temperature is confirmed by 
the ~475 °C TitaniQ result from ductilely deformed quartz of nearby samples 
02A2 and 02B (Fig. 5). Sample LI-00B, from the 95 Ma granite of Cannell Creek, 
contains 89 Ma deformed hornblende as well as 80 Ma deformed biotite. This 
information, along with TitaniQ temperatures from mylonitized sections of 
the Goldledge, Cannell Creek, and Castle Rock granites and quartz veins that 
are transposed into alignment with S surfaces, suggest that deformation took 
place during cooling from >500 to 450 °C. An array of T-t data from plutons 
that were deformed during cooling suggest a protracted interval of shearing 
from at least 90 to 80 Ma, during which time proto–Kern Canyon transpres-
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sional defor mation ceased and was overprinted by Kern Canyon fault dextral 
shearing. Shearing in the ductile regime ended as these rocks cooled through 
~450 °C, as recorded by TitaniQ thermometry.

The southern part of the proto–Kern Canyon fault records higher TitaniQ 
deformation temperatures of 485–530 °C. We interpret these higher tempera-
tures to indicate that deformation in the ductile regime along this segment of 
the fault ceased earlier, “freezing in” the deeper record of the shear zone in 
this area possibly as a result of rapid exhumation in the south (e.g., Chapman 
et al., 2010, 2012, and references therein). Figure 8 shows that the region north 
of Lake Isabella cooled much more slowly than the region to the south, partic-
ularly after ca. 90 Ma. Another potential factor in controlling this pattern is that 
ca. 85 Ma, the northern proto–Kern Canyon fault was abruptly overprinted by 
the northern reaches of the dextral Kern Canyon–White Wolf system (Fig. 1).

Cooling Rates of Central SNB Shear Zones

Sheared plutons are crucial to placing temporal and thermal constraints 
on strain localization, as well as on the ambient cooling history of the de-
forming region. One well-studied example in the central region of the SNB 

is the Courtright shear zone, an early compressional structure that devel-
oped between large plutons that are ca. 102 and ca. 90 Ma (Renne et al., 
1993). U-Pb zircon and 40Ar/39Ar (hornblende and biotite) ages of minerals, 
as well as plagioclase-hornblende thermometry, from the two plutons and 
from the intervening shear zone suggest that activity began during ca. 
90 Ma pluton emplacement at a subsolidus temperature of 680 °C (Renne 
et al., 1993; Tobisch et al., 1993). Recrystallized biotite from the shear zone 
is dated as 88.7 Ma. These data suggest very rapid cooling of ~130 °C/m.y. 
between 500 and 300 °C (Renne et al., 1993) at the tail end of compressive 
deformation.

In the east-central SNB, the recently mapped Virginia Canyon shear zone 
deforms a ca. 86 Ma pluton, which was emplaced at ~2.5 kbar and ~700 °C 
(Cao et al., 2015, and references therein). It is also continuous with the Cascade 
Lake shear zone to the south, which was active from 86 to 80 Ma (e.g., Tikoff 
et al., 2005). Cao et al. (2015) suggested that the Virginia Canyon shear zone 
entered the brittle regime (300 °C) at 80 Ma. The 40Ar/39Ar ages of hornblende 
and fine-grained biotite from the shear zone hosting pluton are 86 Ma and 
80 Ma, respectively. Together, the age-temperature estimates suggest a cool-
ing rate of ~35 °C/m.y. from 530 to 330 °C, which is likely more representative 
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of the broader region than the rapid cooling rate derived from the vicinity of 
the Courtright shear zone.

In the southern SNB, where the Kern Canyon–White Wolf fault merges 
with the proto–Kern Canyon fault in the vicinity of Lake Isabella, the integrated 
hornblende, biotite, and K-spar 40Ar/39Ar thermometry (samples LI-00K and 
LI-00B) suggests a cooling rate similar to that of the Virginia Canyon–Cascade 
Lake system: a moderate rate of ~30 °C/m.y., from ~640 to 360 °C over the inter-
val 92–82 Ma. This was followed by slower rates of ~17 °C/m.y. until ca. 70 Ma 
and afterward (~1 °C/m.y.).

Noting the different cooling rates calculated for specific domains of intra-
batholithic shear zones, and considering that these deformation zones com-
monly overprint intrusives that span a wide age range, it seems evident that a 
single cooling rate would likely not apply to a single, aerially extensive shear 
zone. In the vicinity of the proto–Kern Canyon fault, the Goldledge granite 
cooled quite rapidly, for example, from syntectonic emplacement at 86 Ma 
through biotite Ar closure at 80 Ma. The cooling rate for this intrusive is there-
fore ~70 °C/m.y. This higher cooling rate is consistent with cation distribution 
modeling of feldspar from deformed sample 03B2, whose K content of plagio-
clase is relatively high and suggests limited Na-K diffusion associated with 
higher cooling rates (A. Benisek, 2014, written commun.).

The southern segment of the proto–Kern Canyon fault (south of Lake Isa-
bella; Fig. 1) underwent more rapid cooling than the segment to the north. 
Thermobarometric and thermochronometric data (Nadin and Saleeby, 2008; 
Maheo et al., 2009; Blythe and Longinotti, 2013; Chapman et al., 2012) show 
that from 90 to 80 Ma, the area south of Lake Isabella cooled and decom-
pressed from >650 °C and ~6 kbar to ~180 °C ca. 80 Ma, and continued cooling 
rapidly through apatite (U-Th)/He until ca. 70 Ma. In the following discussion 
of drivers for cooling we discuss the kinematic framework of intrabatholithic 
defor ma tion in greater detail, but here we suggest that low-angle displace-
ment along the underlying Rand fault in the southernmost part of the batholith 
(e.g., Chapman et al., 2010, 2012) is directly responsible for exposing rocks 
deformed at higher temperatures, as well as for the higher cooling rate along 
the southern proto–Kern Canyon fault.

Tectonic History

Exposures of the central and southern SNB are dominated by plutons that 
were emplaced between 110 and 85 Ma (Fig. 2), and thus it follows that mid- 
to Late Cretaceous intrabatholithic shear zones were preferentially preserved 
in this region. We recognize that Early Cretaceous synplutonic shear zones 
operated in the southern SNB region (Bateman et al., 1983; Tobisch et al. 
1989; Clemens-Knot and Saleeby, 1999), although these are limited in aerial 
extent due to intrusive truncations by more voluminous mid- to Late Creta-
ceous plutons. We focus here on principally Late Cretaceous intrabatholithic 
shear zones of the central to southern SNB, for which the deformation record 
is fairly continuous from 100 to 80 Ma. In the central Sierra Nevada (north of 

lat 36.5°N), ductile shear zones like Quartz Mountain, Bench Canyon, Court-
right, and Kaiser Peak, which show mainly arc-normal shortening with minor 
superimposed local extension, developed between 100 and 90 Ma (Table 1; 
McNulty, 1995; Tobisch et al., 1995; McNulty et al., 2000). These shear zones 
are preserved as relatively short (<25 km long) structures through the axial 
zone of the batholith (Fig. 1). In contrast, long through-going ductile shear 
zones are well preserved along the eastern edge of the central SNB, where 
ca. 90 Ma plutons record the transition from regional contraction to dextral 
transcurrent shear (Cao et al., 2015; Tobisch et al., 1993, 1995; Renne et al., 
1993; McNulty et al., 2000; Sharp et al., 2000). The Virginia Canyon, Cas-
cade Lake, Gem Lake, and Rosy Finch shear zones are along strike of one 
another and are also along the boundary between plutons that are older than 
140 Ma to the east and younger than 100 Ma to the west. Older intrusives 
show steeply plunging lineations consistent with transverse shortening, and 
younger, syntectonic granites record shallowly plunging lineations consis-
tent with tangential shear (Tikoff and Teyssier, 1992; Greene and  Schweickert, 
1995; Tikoff and de Saint Blanquat, 1997; Tikoff and Greene, 1997; Tikoff 
et al., 2005).

Structural relations along the contiguous Cascade Lake–Gem Lake shear 
zones indicate highly variable finite strain along strike (Tikoff and Greene, 
1997). The Rosy Finch shear zone has an order of magnitude lower shear-strain 
values than in the Gem Lake shear zone to the north (g = 20 for Gem Lake 
versus g ~ 2 for Rosy Finch: Tikoff and Greene, 1997). Similarly, the proto–Kern 
Canyon fault has much higher strain in the south, as well as greater thrust and 
strike-slip displacements (Wood, 1997; Nadin and Saleeby, 2008) accompany-
ing the higher deformation temperatures reported here.

Although the Rosy Finch shear zone has been suggested to link with the 
proto–Kern Canyon fault as part of the Sierra Crest shear zone system (e.g., 
Tikoff and de Saint Blanquat, 1997), no physical continuity between the two 
has been mapped. Given the evidence for decreasing shear strain and offsets 
of both shear zones as they converge in the vicinity of the Mount Whitney 
Intrusive Suite, as well as evidence for a thermal barrier, we suggest that 
the Virginia Canyon, Cascade Lake, Gem Lake, and Rosy Finch shear zones 
in the central Sierra Nevada arose under a different tectonic regime than did 
the proto–Kern Canyon fault to the south. This finding is further supported 
by (1) the 4–9 m.y. differences in ages of initiation and termination of the 
proto–Kern Canyon fault and faults of the Sierra Crest shear zone system 
(Fig. 3), and (2) an ~40° discordance between the regional strike of the Sierra 
Crest system and the northern segment of the overlapping proto–Kern and 
Kern Canyon systems.

Drivers for Cooling and Deformation

Many plate kinematic discussions cite the Engebretson et al. (1985) model 
that invokes a doubling of Farallon plate speed and 10° change in obliquity of 
plate convergence between 100 and 90 Ma. More recent estimates of relative 
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plate motion from Cao et al. (2015), who used orientations of deformed bed-
rock, support a transition from normal- to oblique-sense convergence between 
97 and 90 Ma. Updated global plate motion models (Seton et al., 2012) provide 
greater time resolution, in 5 m.y. time steps of Farallon–North America conver-
gence rates and directions (Fig. 9) of relative plate motion. Furthermore, many 
recent studies suggest that more local features influenced the timing and kine-
matics of subduction-driven deformation (e.g., oceanic plateau subduction). 
We pursue these kinematic and dynamic features here, as they attest to the 
structural complexity that is manifest in the batholith.

In the Seton et al. (2012) reconstruction (Fig. 9), the convergence rate be-
tween the Farallon and North American plates (at southern SNB latitudes) in-
creased abruptly ca. 120 Ma, and remained high (~100 mm/yr) at nearly normal 
convergence until ca. 100 Ma, when convergence rates dropped abruptly for 
~5 m.y. Over the 120–85 Ma interval, modest tangential components of con-
vergence changed from sinistral through nil to dextral (Fig. 10). The ca. 95 Ma 
convergence rates accelerated to as high as ~150 mm/yr, and then dropped 
back to ~100 mm/yr ca. 85 Ma, when dextral tangential components increased 
significantly.

The plate kinematic reconstruction places the SNB in a continuously com-
pressional setting from 120 to 85 Ma. At 100 Ma, when Farallon plate velocity 
dropped, the magmatic front moved eastward (Fig. 2A), and arc-normal short-
ening led to formation and preservation of the compressional Quartz Moun-
tain, Bench Canyon, Courtright, and Kaiser Peak shear zones (Fig. 10A). This 
is counter to what is commonly assumed, that magmatic front migration is 

driven by acceleration in convergence rates (Dickinson and Snyder, 1978). This 
seemingly extraordinary regime of arc migration and intensified contractile 
deformation coincident with deceleration in convergent rates coincided with 
the impact of the Shatsky Rise conjugate, a large oceanic plateau that was 
embedded within the Farallon plate and that subducted beneath the California 
convergent margin in the Late Cretaceous (Saleeby, 2003, fig. 4 therein; Chap-
man et al., 2010; Liu et al., 2008, 2010).

We posit that initial impact of the Shatsky Rise conjugate between 100 and 
95 Ma (Liu et al., 2010, fig. 1 therein) initially slowed Farallon plate subduction 
due to increased traction from slab flattening and tectonic erosion of the SNB 
mantle wedge (Saleeby, 2003). Between ca. 95 and 90 Ma, the thickened ba-
saltic crust of the Shatsky Rise conjugate reached eclogite facies conditions 
deeper in the subduction zone and became negatively buoyant, leading to the 
subsequent acceleration in plate convergence. The 100–90 Ma time interval 
coincides with arc-normal shortening dominating the central to southern SNB 
upper plate. Spatial and temporal complexities in the initial impact and ensu-
ing subduction of the Shatsky Rise conjugate likely arose from the primary 
structure and bathymetry of the rise. Most pertinent is a profound bathymetric 
gradient that formed across the principal igneous massif and its broad shoul-
ders (Sager, 2005). According to contemporary Shatsky Rise bathymetry and 
the reconstruction of the conjugate as it impinged on the California conver-
gent margin, the steep bathymetric gradient maps onto the southern SNB. 
This imparted three profound regional structural imprints: (1) at the southern 
end of the SNB and continuing southward into the Mojave region, the en-
tire mantle wedge of the SNB was sheared off and replaced by subduction 
accretion assemblages (Saleeby, 2003; Chapman et al., 2010), while further 
north in the SNB the mantle wedge was left intact; (2) a north-dipping lateral 
ramp in the Rand to Coast Range (Franciscan) subduction megathrust devel-
oped, above which the strong southward depth of exhumation gradient in the 
southernmost SNB developed (Fig. 2B); and (3) the proto–Kern Canyon fault 
developed as a whole-crust–penetrating lateral ramp that climbed northward 
out of the Rand megathrust (Fig. 10A). In addition to the increasing exposure 
depths and temperatures southward along the proto–Kern Canyon fault (Figs. 
2B and 5), the fault also exhibits southward-increasing reverse to thrust com-
ponents of shear as it flattened southward into the Rand megathrust (Wood, 
1997; Saleeby, 2003; Nadin and Saleeby, 2008). These observations are con-
sistent with the hypothesis that the proto–Kern Canyon fault is restricted to 
the southernmost part of the batholith, in that the north-dipping lateral ramp, 
as seismically imaged, projects to Moho depths at the same approximate 
latitude that the southward increase in exposure depth starts (Malin et al., 
1995; Nadin and Saleeby, 2008). Rand thrusting is constrained to between 98 
and 90 Ma (Saleeby et al., 2007; Chapman et al., 2012), largely overlapping 
deformation ages of the proto–Kern Canyon fault. In summary, where the 
broad northern shoulder of the rise conjugate subducted, normal shortening 
strains were localized at strong thermal contrasts within the central SNB. In 
contrast, where the massive Tamu conjugate subducted, the entire mantle 
wedge was sheared off and the shallow Rand subduction megathrust formed.  
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Figure 9. Reconstruction of Farallon–North America convergence direction 
(blue line) and rate (red line) from 120 to 60 Ma showing the detailed con-
vergence history derived from Seton et al. (2012); highlights are briefly sum-
marized in the text. The ca. 85 Ma drop in convergence rate and direction of 
the Farallon plate coincides with a major change in the deformational regime 
of the Sierra Nevada batholith, from compressional to dextral shearing. The 
trajectory of the Farallon plate is given in degrees from north. Note that in 
Figure 10 the relative convergence direction is adjusted for the N30W orien-
tation of the Sierra Nevada batholith during this time interval.
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Figure 10. Maps of the general setting of the Sierra Nevada batholith (SNB). (A) During the 100–90 Ma time frame. (B) During the 90–80 Ma time frame. Farallon plate trajectory vectors are adjusted 
from Figure 9 to reflect the N30W orientation of the SNB, and show convergence directions that are compatible with compression (A) versus dextral shear (B). U-Pb zircon ages (colored dots) are 
shown to approximate the extent of plutonic rocks present for each time frame. The shear zones that arose from 100 to 90 Ma are relatively short structures dispersed through the central part of 
the SNB. In contrast, dextral shear zones of the 90–80 Ma central SNB occur at the boundaries between old, cold and young, hot plutons. The shear zones of the southern SNB do not link to those 
in the north, and were perhaps prevented from doing so by the large swath of Triassic–Jurassic plutons, which is minimally offset by the Kern Canyon fault.
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The deformational gradient between these two regions is marked by the 
profound southward exhumation gradient in the southernmost SNB, and 
the oblique dextral  convergence zone of the proto–Kern Canyon fault. 
Deep exhumation south of Lake Isabella is likely connected to the multiple 
~50-km-length-scale detached upper crustal sheets, which have been iden-
tified along the Garlock fault (Fig. 1) and in the San Andreas fault–displaced 
Salinina terrane of coastal central California (Chapman et al., 2012; Hall and 
Saleeby, 2013).

Each of these tectonic events contributed to regional and local cooling and 
deformation within the batholith.

Origin of the Kern Canyon Fault

The Kern Canyon fault is a Cretaceous ductile to brittle shear zone whose 
northern trace overprints the northern proto–Kern Canyon fault, and whose 
southern trace continues southwestward as the White Wolf fault basement 
damage zone (Fig. 1; e.g., Nadin and Saleeby, 2008, 2010, and references 
therein). Timing and kinematics distinguish the Kern Canyon–White Wolf from 
the proto–Kern Canyon zones (Fig. 10; Nadin and Saleeby, 2008, 2010; Saleeby 
et al., 2009; Chapman et al., 2012).

The thermal history of the Kern Canyon–White Wolf fault zone is difficult 
to interpret because of a paucity of biotite Ar data along the zone (Fig. 4B), 
and due to the strong exhumation gradient that developed rapidly along its 
southeastern wall during its dextral displacement phase (Figs. 2B and 5). In 
the ca. 85 Ma time frame, the Kern Canyon–White Wolf zone appears to have 
more strongly controlled the rapid cooling pattern of the southeast Isabella do-
main than did the proto–Kern Canyon fault. The fact that (U-Th)/He zircon ages 
from the southeast Isabella domain are virtually identical to biotite Ar ages, 
within uncertainty (Chapman et al., 2012, fig. 9 therein), attests to rapid cooling 
(inferred exhumation) in the 86–80 Ma interval. Dextral slip along the Kern 
Canyon fault and its southwestward continuation into the White Wolf zone 
(Fig. 1) began ca. 85 Ma. Displacement decreases from as much as 25–30 km 
of separation in the south, where the zone descends into the southernmost 
Great Valley subsurface (Ross, 1986; Nadin and Saleeby, 2008; Saleeby et al., 
2010), to zero in the north near the Mount Whitney region. In addition, multiple 
east-west–oriented normal faults are between the Kern Canyon–White Wolf 
zone and the southeastern margin of the SNB. The thermochronological and 
structural signatures suggest that Kern Canyon–White Wolf dextral displace-
ment was contemporaneous with large-magnitude north-south extension 
southeast of the Kern Canyon fault (Wood and Saleeby, 1997; Saleeby et al., 
2010; Chapman et al., 2012). Crustal-scale stretching is attributed to coupling 
across the Rand fault as the Rand Schist was extruded southwestward out of 
the shallow, low-dipping subduction zone ca. 85 Ma (Saleeby, 2003; Saleeby 
et al., 2007; Chapman et al., 2010, 2012). This was accompanied by tectonic 
removal of large overlying upper crustal detachment sheets. The Kern Can-
yon–White Wolf fault zone partitioned the highly extending southeast Isabella 

domain from modest to nonextending Sierran basement to the northwest 
(Saleeby et al., 2007, 2010; Nadin and Saleeby, 2008; Chapman et al., 2010). 
Bartley et al. (2007) ascribed ~50 km of Late Cretaceous dextral offset of the 
SNB along the Owens–Indian Wells Valley region to rapid tectonic exhumation 
of the southern SNB and to the dextral offset history of the Kern Canyon sys-
tem. We find merit in this proposition, but point out that the correlative Kern 
Canyon structure to this regime is the Kern Canyon–White Wolf zone, and not 
the proto–Kern Canyon zone, as Bartley et al. (2007) stated.

Extrusion of the Rand Schist and coupled overlying large-magnitude ex-
tension of the southernmost Sierra have been attributed to (1) gravitational 
collapse in concert with crustal shortening and surface uplift (Malin et al., 
1995; Chapman et al., 2012), and/or (2) focused slab rollback as the trailing 
edge of the Shatsky Rise conjugate progressed down the subduction zone 
(Saleeby, 2003). These more localized dynamic effects as the principal drivers 
for Kern Canyon–White Wolf dextral displacements are in contrast to the plate 
 kinematic mechanism of dextral-sense oblique subduction hypothesized for 
the northeastern Sierra Crest dextral shear zones (Tobisch et al., 1989, 1993, 
1995; Cao et al., 2015; Tikoff and Greene, 1994; Tikoff et al., 2005). The timing 
for the transition between normal shortening and dextral shear in the central 
SNB in general reflects the Seton et al. (2012) plate kinematic reconstruc-
tion for an abrupt change from effectively normal to dextral convergence ca. 
85 Ma (Figs. 9 and 10). We note, however, that the Gem Lake and Rosy Finch 
dextral shear zones appear to have initiated before the time that the plate 
kinematic model predicts. One possibility is that the impact of the Shatsky 
Rise conjugate to the south drove components of dextral shear along the 
 Sierra crest thermal contrast zone, between large Late Cretaceous plutons 
and significantly older plutons to the east. The significant mass of cooled 
early Mesozoic plutons in the northeast Isabella domain may have, in this re-
gard, helped transmit impactor tangential stresses northward into the central 
SNB crest region prior to the ca. 85 Ma change in Farallon plate motions. This 
mechanism would fail to drive the ca. 85–80 Ma phase of Sierra Crest dextral 
shear, because the Rand Schist was in its southwestward extrusion phase 
during that time, indicating that the positively buoyant impactor had pro-
gressed down the subduction channel and likely was converting to  eclogite 
(Liu et al., 2010).

The apparent conundrum outlined above for the driver of ca. 85 Ma re-
gional dextral shear may be resolved by the temporal relations of schist ex-
trusion. Geospeedometry based on garnet zonation and textural patterns in 
the Rand Schist (Chapman et al., 2011), and on thermal evolution patterns 
along the Rand fault (Saleeby et al., 2007), permit 100-km-scale southwest-
ward extrusion of the schist over very short (~1 m.y.) time scales ca. 85 Ma. 
Perhaps the entire dextral displacement history of the Kern Canyon–White 
Wolf zone was compressed into this short time frame, driven by these local 
dynamic processes, during and after which Farallon plate kinematics pro-
pelled the principal dextral displacements of the Sierra Crest shear zone sys-
tem ( Tobisch et al., 1989, 1993, 1995; Cao et al., 2015; Tikoff and Greene, 1994; 
Tikoff et al., 2005).
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CONCLUSIONS

In this study we map U-Pb zircon (~900 °C), hornblende Ar (~525 °C), and 
biotite Ar (~325 °C) ages throughout the SNB in order to explore the regional 
pattern of cooling through brittle-plastic transition temperatures and place lo-
calization of shear zones into a thermotectonic context. We report new 40Ar/39Ar 
biotite, hornblende, muscovite, and K-spar ages, as well as a variety of ther-
mometric determinations, from the proto–Kern Canyon and overprinting Kern 
Canyon faults in the southern SNB. We contrast intrabatholithic conditions that 
yielded contractional and transpressional structures, and compare conditions 
under which shear zones of the central versus southern SNB arose.

Color contour maps of the thermochronometric data reveal a general trend 
of eastward-younging plutonism punctuated by local thermal anomalies and 
deformation zones. Contractional deformation ca. 100–90 Ma is recorded 
along short (<10 km long) shear zones dispersed through the axial zone of the 
central SNB. In contrast, ca. 90–80 Ma transpressional zones of the Sierra Crest 
shear zone system are found at the boundary between some of the oldest 
(older than 140 Ma) and youngest (85–80 Ma) intrusives of the batholith. The 
thermotemporal juxtaposition of cold, older than 100 Ma and warm, 85–80 Ma 
rocks of the batholith may have served to localize shear as the central part of 
the batholith transitioned from contractional to transpressional deformation 
fields during plate kinematic reconfiguring.

Shear zones of the southern SNB arose under conditions quite different 
from those to the north, and are separated from them by two distinct thermal 
barriers: the young, warm Mount Whitney Intrusive Suite and an east-west–
oriented corridor of cool rocks just north of lat 36°N, coinciding with a Triassic–
Jurassic zone of the batholith. We suggest that these thermal and/or physical 
perturbations prevented the Sierra Crest shear zone system from propagat-
ing southward. The proto–Kern Canyon fault, which was continuously active 
from ca. 95 to 86 Ma, arose due to local effects of oceanic plateau subduction. 
Southward-increasing deformation temperatures along the fault track with in-
creasing depths of crystallization for the southernmost SNB and reflect rapid 
exhumation in the region during and immediately following proto–Kern Can-
yon fault displacement. The proto–Kern Canyon fault shallows in dip south-
ward and merges with high-grade tectonites of the proximal upper plate of 
the Rand subduction megathrust. This, in conjunction with the synchronicity 
of motion of these two regional structures, leads us to interpret the proto–Kern 
Canyon fault as a whole-crust–penetrating lateral ramp that originated in the 
southeast part of the batholith and climbed northward out of the Rand mega-
thrust. This lateral ramp nucleated at a major northward inflection in the Faral-
lon plate as it subducted, and we relate this to primary bathymetric structure 
of the subducted oceanic plateau.

The Kern Canyon–White Wolf fault system overprints the proto–Kern Can-
yon fault along its northern extent. It initiated in the most deeply exhumed 
parts of the southwestern SNB, contemporaneous with reversal of Rand fault 
motion and extrusion of the subducted Rand Schist accretionary assemblage. 
Its dextral offset diminishes northward, terminating near the youngest and 

southernmost pulse of plutonism, the ca. 85 Ma large-volume Mount Whit-
ney Intrusive Suite. In this capacity the Kern Canyon–White Wolf fault system 
was intimately related to large-magnitude extension of the region, partitioning 
highly extended basement to the southeast from modestly extended basement 
to the northwest. The kinematic pattern of large-magnitude extension and dex-
tral displacement along the Kern Canyon–White Wolf system coincides with 
the extrusion direction of the Rand Schist, and suggests that middle to upper 
crustal extension was mechanically coupled to lower crustal schist extrusion.

The map patterns of central SNB shear zones are in stark contrast to those 
of the Kern Canyon–White Wolf system of the southern SNB, including ori-
entation, aerial extent, and overall kinematic patterns (Figs. 1 and 10). We as-
sert that these differences result from different tectonic driving regimes, with 
the central SNB zones arising from Farallon plate kinematic patterns, and the 
southern SNB zones arising from more localized dynamic effects of oceanic 
plateau subduction.
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