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ABSTRACT

The uplift history of the Sierra Nevada, California, is a topic of long-​standing 
disagreement with much of it centered on the timing and nature of slip along 
the range-​bounding normal fault along the east flank of the southern Sierra 
Nevada. The history of normal fault slip is important for characterizing the 
uplift history of the Sierra Nevada, as well as for characterizing the geologic 
and geodynamic factors that drove, and continue to drive, normal faulting. 
To address these issues, we completed new structural studies and extensive 
apatite (U-Th)/He (AHe) thermochronometry on samples collected from three 
vertical transects in the footwall to the east-​dipping southern Sierra Nevada 
normal fault (SNNF). Our structural studies on bedrock fault planes show 
that the SNNF is a steeply (~70°) east-​dipping normal fault. The new AHe 
data reveal two elevation-​invariant AHe age arrays, indicative of two distinct 
periods of cooling and exhumation, which we interpret as initiation of nor-
mal faulting along the SNNF at ca. 28–​27 Ma with a second phase of normal 
faulting at ca. 17–​13 Ma. We argue that beginning in the late Oligocene, the 
SNNF marked the now long-​standing stable western limit, or break-​away 
zone, of the Basin and Range. Slip along SNNF, and the associated unload-
ing of the footwall, likely resulted in two periods of uplift of Sierra Nevada 
during the late Cenozoic. Trench retreat, driven by westward motion of the 
North American plate, along the Farallon–​North American subduction zone 
boundary, as well as the gravitationally unstable northern and southern Basin 
and Range pushing on the cold Sierra Nevada, likely drove the late Oligocene-​
aged normal slip along the SNNF and the similar-aged but generally local 
and minor extension within the Basin and Range. We posit that the thick 
proto–​Basin and Range lithosphere was primed for late Oligocene extension 
by replacement of the steepening Farallon slab with hot and buoyant astheno-
sphere. While steepening of the Farallon slab had not yet reached the southern 
Sierra Nevada by late Oligocene time, we speculate that late Oligocene slip 
along the SNNF reactivated a late Cretaceous dextral shear zone as the Sierra 
Nevada block was pulled and pushed westward in response to trench retreat 
and gravitational potential energy. The dominant middle Miocene normal 

fault-​slip history along the SNNF is contemporaneous with high-​magnitude 
slip recorded along range-​bounding normal faults across the Basin and Range, 
including the east-​adjacent Inyo and White mountains, indicating that this 
period of extension was a major regional tectonic event. We infer that a com-
bination of slab-​driven trench retreat along the Juan de Fuca–​North America 
subduction zone boundary and clockwise rotation of the southern ancestral 
Cascade Range superimposed on continental lithosphere pre-​conditioned for 
extension drove this episode of middle Miocene normal slip along the SNNF 
and extension to the east across the Basin and Range. Transtensional plate 
motion along the Pacific–​North America plate boundary, and likely a growing 
slab window, continued to drive extension along the SNNF and the western 
Basin and Range, but not until ca. 11 Ma when the Mendocino triple junction 
reached the latitude of our northernmost (U-Th)/He transect.

■ INTRODUCTION

The topographic development of the Sierra Nevada, California, (Fig. 1)
has been the topic of research for more than 100 years (e.g., LeConte, 1886; 
Lindgren, 1911; Christensen, 1966; Huber, 1981; Poage and Chamberlain, 2002; 
Wakabayashi, 2013; and many others), yet there remains disagreement as to 
whether the Sierra Nevada experienced (1) uplift in the late Mesozoic followed 
by no change or a decrease in elevation throughout the Cenozoic or (2) uplift 
in the late Mesozoic followed by first a decrease in elevation during the middle 
Cenozoic and second by a second pulse of uplift in the late Cenozoic. A variety 
of data sets, including seismic (Wernicke et al., 1996), thermochronometric 
(e.g., House et al., 1998, 2001), isotopic paleoaltimetry (e.g., Poage and Cham-
berlain, 2002; Mulch et al., 2006; Cassel et al., 2009), and cutting and filling 
of paleovalleys (e.g., Cassel and Graham, 2011), underpin the hypothesis that 
the Sierra Nevada rose in the late Mesozoic and remained high standing since 
then or lost elevation during most of the Cenozoic. In contrast, other data 
sets, including a combination of geology and geomorphology (e.g., Chris-
tensen, 1966), westward tilting (e.g., Huber, 1981; Hildreth et al., 2022), flexural 
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Figure 1 is interactive. Maps, labels, and data 
sets for this figure are organized in a series 
of layers that may be viewed separately or 
in combination using the capabilities of the 
Acrobat (PDF) layering function (click “Layers” 
icon along vertical bar on left side of window 
for display of available layers, or turn layers 
on or off by clicking the box that encom-
passes the layer label located within the gray 
box in the lower right corner of the map). To 
interact with Figure 1 if reading the full-​text 
version of this paper, please visit https://doi​
.org​/10.1130​/GEOS​.S​.22662076.

Figure 1 (interactive). Layer A. Digital shaded 
relief map of California, Nevada, northwest-
ern Arizona, and western Utah, showing 
major normal, strike-​slip, and thrust faults. 
Heavy black arrow shows the present-​day 
azimuth of motion of the Sierra Nevada 
block with respect to the central Great 
Basin (SN‑CBG) (Bennett et al., 2003). 
SNNF—southern Sierra Nevada normal 
fault. Layer B. Geographic names. Layer C. 
Outline of the late Eocene to early Pleisto-
cene southern ancestral Cascade magmatic 
arc (from John et al., 2012; Du Bray et al., 
2014), and locations of metamorphic core 
complexes. Layer D. Contours of age pro-
gression of Cenozoic volcanism associated 
with initiation of Farallon slab rollback 
(from Konstantinou et al., 2012). Layer E. 
Mapped or interpreted paleovalleys and old-
est volcanic and/or sedimentary fill (from 
MacGinitie, 1941; Yeend, 1974; Garside et al., 
2005; Henry, 2008; Henry et al., 2012, and ref-
erences therein; Henry and John, 2013; Lee 
et al., 2020; Lund Snee and Miller, 2022) and 
inferred Cenozoic paleovalley divide (from 
Henry, 2008). Layer F. Locations of our apatite 
(U-Th)/He (AHe) sample transects (Round 
Valley—RV; Mount Williamson—MW; and 
Muah Mountain—MU) (bold yellow font) 
along the SNNF. Layer G. Locations of pub-
lished Miocene to Pliocene normal fault 
slip along the Sierra Nevada frontal fault 
system (red stars). Layer H. Locations of 
Oligocene initiation of normal fault slip 
along the SNNF and published Oligocene 
normal fault slip across the Basin and Range 
(green diamonds). Layer I. Locations of Mio-
cene normal fault slip along the SNNF and 
published Miocene to Pliocene normal fault 
slip across the Basin and Range (light-​blue 
ellipses). Layer J. Past locations and age of 
the Mendocino Triple junction with respect 
to North America (noise-​reduced locations 
from DeMets and Merkouriev, 2016). See text 
Table 3 for timing of normal fault slip for each 
location in layers H and I. Maps, labels, and 
data sets for this figure are organized in a se-
ries of layers that may be viewed separately 
or in combination using the capabilities of 
the Acrobat (PDF) layering function (click 
“Layers” icon along vertical bar on left side 
of window for display of available layers, or 
turn layers on or off by clicking the box that 
encompasses the layer label located within 
the gray box in the lower right corner of the 
map). To interact with Figure 1 if reading the 
full-​text version of this paper, please visit 
https://doi.org/10.1130/GEOS.S.22662076.
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isostasy (e.g., Chase and Wallace, 1986), river incision (e.g., Stock et al., 2004), 
thermochronometry (e.g., Clark et al., 2005; McPhillips and Brandon, 2012), 
thermomechanical modeling and geologic data applied to test those model 
results (Saleeby et al., 2012, 2013), and geodesy (Hammond et al., 2016), sup-
port the scenario that the Sierra Nevada underwent an episode of late Cenozoic 
uplift. Some proponents for a period of late Cenozoic uplift of the Sierra Nevada 
invoked normal slip along the east-​dipping Sierra Nevada frontal fault system 
to drive at least some of the uplift (e.g., Chase and Wallace, 1986; Thompson 
and Parsons, 2009; McPhillips and Brandon, 2012; Martel et al., 2014) (Fig. 1A).

Although several publications (e.g., Chase and Wallace, 1986; Thompson 
and Parsons, 2009; McPhillips and Brandon, 2012; Martel et al., 2014) argued 
that a period of late Cenozoic uplift of the Sierra Nevada was, at least in part, 
linked to normal slip along the Sierra Nevada frontal fault system (Fig. 1A), 
the timing of normal faulting along the southern Sierra Nevada normal fault 
(SNNF) has not yet been conclusively documented. In light of the uncertainty 
of the exact timing of late Cenozoic normal slip along the SNNF, several geody-
namic processes have been postulated as drivers for normal faulting, including: 
(1) development of a slab window (e.g., Best and Hamblin, 1978; Dickinson and 
Snyder, 1979; Atwater and Stock, 1998), (2) oblique transform slip along the 
Pacific–​North American plate boundary (e.g., Atwater, 1970; Best and Chris-
tiansen, 1991; Dickinson, 1997, 2002; Atwater and Stock, 1998; Colgan and 
Henry, 2009), and (3) replacement of foundering dense lithosphere mantle with 
upwelling asthenosphere beneath the southern Sierra Nevada (e.g., Ducea and 
Saleeby, 1996; Liu and Shen, 1998; Manley et al., 2000; Farmer et al., 2002; 
Saleeby et al., 2003; Jones et al., 2004; Zandt et al., 2004).

To quantify the timing of Cenozoic normal slip along the SNNF, assess the 
link between normal fault slip and uplift, and test the geodynamic processes 
that are postulated to drive that slip, herein we describe new structural data 
and present detailed apatite (U-Th)/He (AHe) low-​temperature thermochro-
nometric results from the immediate footwall of the SNNF, which forms the 
steep eastern flank of the Sierra Nevada from about the latitude of Round 
Valley southward to the Garlock fault (Figs. 1 and 2). Our integrated struc-
ture and AHe data constrain the onset of normal fault slip along the steeply 
east-​dipping SNNF to the late Oligocene and document a second, younger, 
and dominant episode of slip during the middle Miocene. These results have 
important implications for the timing of surface uplift of the Sierra Nevada 
and for the geodynamic processes that drove, and continue to drive, extension 
across the Basin and Range.

■■ TECTONIC AND GEOLOGIC SETTING

The ~600-​km-​long, ~80–​130-km-​wide, and >4-​km-​high Sierra Nevada is 
characterized by an asymmetric topographic expression with a short, steep 
eastern flank and a long, shallow western flank. Bedrock exposures in the 
Sierra Nevada are dominated by Mesozoic granitic plutons (e.g., Bateman 
and Wahrhaftig, 1966; Saleeby and Sharp, 1980; Stern et al., 1981; Chen and 

Moore, 1982; Saleeby et al., 2008) that intruded Paleozoic and Mesozoic meta
sedimentary and metavolcanic rocks (e.g., Bateman and Wahrhaftig, 1966; 
Saleeby, 1981; Schweickert, 1981; Sharp, 1988). Eocene stream gravels, sourced 
locally and from Nevada, and Oligocene ignimbrites, sourced from Nevada, 
were deposited in major east-west–​trending river channels that crossed the 
central and northern Sierra Nevada and debouched into the Great Valley 
(e.g., Henry and Faulds, 2010; Cassel et al., 2012a; Henry et al., 2012) (Fig. 1C). 
The absence of Eocene river channels crossing the southern Sierra Nevada 
may be the consequence of a topographic boundary due to Eocene slip along 
the normal fault bordering the west flank of the Inyo Mountains and/or normal 
slip along the proto–​Owens Valley fault (Sousa, 2019) (Fig. 1).

Geodetically, the combined Sierra Nevada–​Great Valley block defines a 
single, rigid microplate (e.g., Argus and Gordon, 1991; Dixon et al., 2000) that 
is located between the transpressional belt in the Coast Ranges (e.g., Page 
et al., 1998) to the west and the Sierra Nevada frontal fault system along the 
east flank of the Sierra Nevada to the east (e.g., Bateman, 1965; Bateman and 
Wahrhaftig, 1966; Wakabayashi and Sawyer, 2001) (Fig. 1). The SNNF defines 
the western boundary of the Basin and Range Province and Walker Lane (Figs. 1 
and 2). In general, this normal fault juxtaposes extensive Quaternary alluvial 
fan, glacial, and rockslide deposits in the hanging wall upon bedrock in the 
footwall along the eastern range front (e.g., Bateman, 1965; Berry, 1997; Le et 
al., 2007) (Fig. 3A); locally, the SNNF cuts Cenozoic volcanic rocks (e.g., Wak-
abayashi and Sawyer, 2001). Field-​based studies show that the SNNF is still 
active (e.g., Berry, 1997; Le et al., 2007).

■■ FAULT GEOMETRY

The SNNF comprises several, generally left-​stepping NNW-​striking, east-​
dipping normal fault segments (e.g., Unruh et al., 2003; Le et al., 2007) (Figs. 1A 
and 2). To document the average strike and dip of the SNNF, we combined our 
structural measurements at the range front on well-​exposed joints within the 
first few meters of the footwall and on scarce bedrock fault planes and fault 
striations exposed along the bedrock footwall–​Quaternary deposit hanging-​
wall contact with published bedrock fault plane measurements (see plate 2 
in Bateman, 1965; Stone et al., 2000) at two study areas—Round Valley (RV) 
and Mount Williamson (MW) (Fig. 3). Bedrock fault planes and fault scarps 
are not exposed at Muah Mountain (MU) study area. Fault plane and joint 
measurements from RV yield a spread of strikes from NE to NW, whereas 
fault plane and joint measurements from MW yield NE-​ENE strikes, consistent 
with the map traces at both localities, respectively. Average fault plane and 
joint orientations from the combined data sets from RV and MW yield nearly 
identical strike and dip values of ~357° and 69°NE, respectively, indicating that 
the SNNF is defined by a steep east dip, and the better exposed joint planes at 
the range front can be used as a proxy for the strike and dip of the fault plane 
(Fig. 3B). Our measurements of bedrock fault planes indicate that the SNNF 
dips steeply east, which is in contrast to the suggestion that in Round Valley 
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the fault dips generally shallowly to moderately east based on three-​point 
problems on fault scarps (Phillips and Majkowski, 2011).

■■ APATITE (U-Th)/He AGE RESULTS

To quantify the low-​temperature cooling history, and thereby the exhuma-
tion and fault-​slip history along the SNNF, we completed 352 AHe analyses 
on 44 apatite samples collected from granitoid rocks exposed in the imme-
diate footwall of the SNNF along three ~802–​1043-m-​long vertical transects 
(Round Valley, RV; Mount Williamson, MW; Muah Mountain, MU) distributed 
~130 km along strike (Figs. 1, 2, 4, and 5). The elevation–​AHe age trends for 
each transect are shown in Figure 6, and sample ages are tabulated in Table 1; 
AHe analytical techniques and raw and reduced (U-Th[Sm]/He data results 
are provided in File S11.

AHe thermochronology is a well-​established approach to dating the low-​
temperature cooling histories, with a calculated partial retention zone (PRZ) of 
~40–​80 °C (e.g., Wolf et al., 1996, 1998; House et al., 1998; Farley, 2000; Stockli 
et al., 2000). Helium dating of apatite is based on the decay of 235U, 238U, and 
232Th by alpha (4He) emission. 4He is completely expelled from apatite at tem-
peratures above ~80 °C, retained below ~40 °C, and partially retained between 
~80 and ~40 °C (Wolf et al., 1996, 1998; House et al., 1998; Stockli et al., 2000; 
Flowers et al., 2009). This thermochronologic technique has been successfully 
applied in documenting the exhumation histories of the immediate footwall 
of a normal fault (e.g., Stockli et al., 2002; Colgan et al., 2008; Lee et al., 2009). 
If normal fault slip has been rapid and of sufficient magnitude to exhume 
footwall rocks from below the AHe PRZ, AHe ages from samples collected 
along a vertical transect in the footwall will directly date the timing of footwall 
exhumation and faulting (e.g., Stockli et al., 2000).

At RV, 15 samples collected from Triassic quartz monzonite and Creta-
ceous(?) alaskite (see plate 2 in Bateman, 1965) over a vertical distance of 
~802 m record AHe ages that range from ca. 12.2 Ma to ca. 28.6 Ma (Figs. 4A, 
5A, and 6A). Ages from 13 of these samples spread out over the entire vertical 
transect overlap, within error, which return a calculated elevation invariant 
mean age of 17.4 ± 4.6 Ma (2σ error) (Fig. 6A). Three samples from about the 
middle of the transect yield ages that overlap, within error, and define an 
elevation invariant mean age of 28.1 ± 2.4 Ma. These ages are older than RV 
samples above and below, but the same, within error, to several samples in 
the MW and MU transects (see below). This geometric age relation suggests 
that these three RV samples are in the hanging wall of a normal fault sliver 
within the footwall of the SNNF that has duplicated, in part, the middle Oli-
gocene cooling trend. Although an intraplutonic normal fault strand to the 
west of these samples has not been mapped (Fig. 4; Bateman, 1965), similar 

1 Supplemental Material. File S1: Provides a description of (U-Th)/He analytical techniques and 
(U-Th)/He analytical results. Table S1: AHe analytical techniques and raw and reduced (U-Th[Sm]/He 
data results. Please visit https://doi.org/10.1130/GEOS.S.22152095 to access the supplemental 
material, and contact editing@geosociety.org with any questions.

poles to joints§; n = 33
poles to fault planes§; n = 3
poles to fault planes‡; n = 4
trend and plunge of fault striations§; n = 3
‡data from plate 2 in Bateman (1965) & Stone et al. (2000); §data from this study

RV MW

A

B

Figure 3. (A) Field photograph of normal fault plane and joints in bedrock at the 
bedrock footwall–​Quaternary deposit hanging-​wall fault contact along the southern 
Sierra Nevada normal fault (SNNF) at the base of the Mount Williamson (MW) tran-
sect. Photo view is north across Bairds Creek approximately along strike of the fault 
plane and joints. (B) Equal area, lower-​hemisphere stereonet plot of poles to joints 
and normal fault planes, and trend and plunge of fault striations from bedrock joints 
and fault planes exposed along the Round Valley and MW segments of the SNNF.
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(B) Mt. Williamson

(C) Muah Mountain

Figure 4. Location of apatite (U-Th)/He (AHe) 
samples and associated (AHe) ages shown 
on oblique, 2× vertically exaggerated Google 
Earth images; view is approximately to the 
west. (A) Round Valley (RV). For scale, 2.90 km 
is the horizontal distance between AHe samples 
with ages of 19.5 ± 8.0 Ma and 17.9 ± 3.3 Ma, 
and 802 m is the elevation difference between 
AHe samples with ages 19.5 ± 8.0 Ma and 20.5 
± 5.7 Ma. (B) Mount Williamson (MW). For scale, 
5.31 km is the horizontal distance between 
AHe samples with ages of 30.4 ± 6.1 Ma and 
28.1 ± 7.2 Ma, and 984 m is the elevation differ-
ence between AHe samples with ages of 28.6 
± 4.9 Ma and 31.0 ± 6.3 Ma. (C) Muah Mountain 
(MU). For scale, 5.10 km is the horizontal dis-
tance between AHe samples with ages of 27.5 
± 4.4 Ma and 24.9 ± 4.9 Ma, and 926 m is the 
elevation difference between AHe samples with 
ages of 11.5 ± 5.8 Ma and 27.5 ± 2.6 Ma; “x” on 
top of semi-​transparent circle is an AHe sample 
from Clark et al. (2005). Normal fault traces in 
black are slightly modified from Bateman (1965), 
Stone et al. (2000), and Du Bray and Moore 
(1985) (RV, MW, and MU transects, respectively); 
normal fault trace in blue is inferred based on 
AHe ages versus elevation graph (see Fig. 6) and 
geomorphology. Sample numbers correspond-
ing for each age are in Table 1. Cross sections for 
each transect are shown in Figure 5.
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Figure 5. Apatite (U-Th)/He (AHe) ages pro-
jected onto interpretive cross sections along 
the Round Valley (A), Mount Williamson (B), 
and Muah Mountain (C) AHe transects (sam-
ple location with “x” on the blue circle is an 
AHe age from Clark et al., 2005). Normal fault 
trace in blue is inferred based on AHe ages 
versus elevation graph (see Fig. 6) and geo-
morphology. For locations of cross-​section 
lines, see Figure 4.
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unmapped normal fault slivers have been documented along the fault-​bounded 
range flank of the White and Inyo mountains (Stockli et al., 2003; Lee et al., 
2009). The absence of appropriate geologic markers makes it impossible to 
confirm the magnitude of this inferred offset; nevertheless, duplication of 
apatite fission-​track data (e.g., Fitzgerald, 1992; Foster and Gleadow, 1996) and 
(U-Th)/He data (Stockli et al., 2003) have been used to estimate the magnitude 
of normal fault offset.

Interestingly, replicate analyses from the lowest elevation sample 
(#RV-1960-19) of these three samples yield two statistically distinct age groups—
RV-1960a-19 and RV-1960b-19 (Tables 1 and S1 [footnote 1]) at 19.1 ± 2.2 Ma and 
26.6 ± 4.1 Ma, respectively. While there is no obvious explanation in terms of 
He kinetic variation, such as radiation damage or composition and/or zoning 
(Th/U), the preservation of different age groups from a single sample from 
within the fault zone appears to indicate intra-​sample heterogeneity or fluid 
alteration (e.g., Gorynski et al., 2014; Beltrando et al., 2015).

At MW, 12 samples collected from the Cretaceous Independence pluton 
(granite rocks) and three samples from Mesozoic metavolcanic rock (metarhyolite 
and metadacite) (Moore, 1981; Stone et al., 2000) over a vertical distance of 
1043 m record AHe ages that range from ca. 23.2 Ma to ca. 41.0 Ma (Figs. 4B, 5B, 
and 6B). Fourteen of those samples, covering the entire vertical transect, yield 
ages that overlap, within error; these ages return a calculated elevation-​invariant 
mean age of 28.1 ± 5.9 Ma (Fig. 6B). One MW sample yields an anomalous 
and over-​dispersed mean age of ca. 41.0 Ma, an outlier relative to the 14 other 
samples. A number of factors may explain this outlier, such as the potential 
presence of U-Th–​bearing mineral or fluid inclusions (Lippolt et al., 1994) or He 
implantation from U-Th–​bearing minerals (Belton et al., 2004).

At MU, 15 AHe samples (including one from Clark et al., 2005) were col-
lected from Cretaceous granite, diorite, and tonalite (Du Bray and Moore, 1985) 
that span a vertical distance of ~1040 m (Figs. 4C, 5, and 6C). Within error, the 
two lowest elevation samples record ages that are the same as the four high-
est elevation samples, implying that the two low-​elevation samples record a 
minimum vertical offset of ~800 m and age duplication along a normal fault 
within the footwall of the SNNF (Figs. 5C and 6C). These six samples record 
an elevation-​invariant mean age of 26.5 ± 2.0 Ma. The other eight samples, 
over a vertical distance of 501 m, yield ages that overlap, within error. These 
ages return a calculated elevation-​invariant mean age of 12.9 ± 5.3 Ma. One 
sample falls within a PRZ between the two elevation-​invariant trends (Fig. 6C).

Our MW and MU transects straddle two published vertical AHe transects in 
the footwall of the SNNF—one up the Mount Whitney Portal (MWP; ~8–9 km 
south of the MW transect) (House et al., 1997) and the other up the Horseshoe 
Meadow Road (HM; ~7 km north of the MU transect) (Clark et al., 2005) (Fig. 2). 
The vertical distance between samples from these two transects is typically 
330–​785 m and 97–​409 m, respectively, and significantly larger than the verti-
cal distance between all but two of our samples (typically ≲100 m). The MWP 
samples yield AHe ages that increase linearly from ca. 22.7 Ma at the range 
front (1985 m elevation) to ca. 74.6 Ma from near the top of Mount Whitney 
(4405 m elevation) (House et al., 1997) (Fig. 7). The HM AHe sample ages 

increase linearly from ca. 20.8 Ma (1666 m elevation) to ca. 52.2 Ma (2885 m 
elevation) (Clark et al., 2005) (Fig. 7). Clark et al.’s lowest elevation sample is 
located at the base of the MU transect; therefore, we included it as part of the 
MU transect (Figs. 6C and 7E).
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Figure 6. Plot of apatite (U-Th)/He (AHe) ages versus elevation showing the cooling his-
tories for the southern Sierra Nevada normal fault footwall transects (A) Round Valley 
(RV), (B) Mount Williamson (MW), and (C) Muah Mountain (MU) (red circle with an “x” is 
an AHe age from Clark et al., 2005). Horizontal lines show 2σ error associated with each 
apatite age; dashed vertical line shows the mean age (in italic font) for elevation-​invariant 
apatite ages; 50% transparent color bar shows the associated 2σ error for each elevation-​
invariant mean age; PRZ—partial retention zone.
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TABLE 1. SUMMARY OF APATITE (U-Th)/He SAMPLE PARAMETERS AND MEAN AGES  
FOR SAMPLES COLLECTED IN THE FOOTWALL OF THE SOUTHERN SIERRA NEVADA  

RANGE FRONT NORMAL FAULT

Sample Latitude* Longitude* Elevation  
(m)

Mean age  
(Ma)

±2σ Replicates†

Round Valley transect

RV-1634-19 37.45193 –118.63697 1637 19.5 8.0 7
RV-1650-13 37.44747 –118.63866 1653 17.5 9.8 3
RV-1654-18 37.44748 –118.63847 1654 14.8 3.5 11
RV-1700-19 37.43725 –118.64130 1698 15.7 6.6 6
RV-1710-19 37.45665 –118.63925 1708 14.3 6.1 15
RV-1797-19 37.42683 –118.64591 1798 17.9 3.3 7
RV-1816-19 37.45813 –118.64156 1816 17.6 3.8 7
RV-1827-19 37.44552 –118.64118 1828 13.0 4.3 6
RV-1912-19p 37.45864 –118.64298 1912 17.0 3.9 6
RV-1960a-19§ 37.44589 –118.64602 1962 19.1 2.2 4
RV-1960b-19§ 37.44589 –118.64602 1962 26.6 4.1 5
RV-2014-19 37.45925 –118.64485 2014 28.2 6.5 5
RV-2074-19 37.45933 –118.64609 2077 29.5 5.3 4
RV-2148-19 37.44603 –118.64953 2148 19.4 8.4 6
RV-2176-19 37.45921 –118.64752 2176 19.6 4.8 5
RV-2254-19 37.44742 –118.65381 2439 20.5 5.7 4

Mount Williamson transect

MW-1848-19 36.69582 –118.24747 1847 30.4 6.1 9
MW-1897-19 36.65810 –118.23526 1897 32.2 7.1 10
MW-1899-19 36.65813 –118.23547 1899 24.2 6.5 9
MW-1904-19 36.67826 –118.24247 1906 28.6 4.9 5
MW-1925-19 36.67728 –118.24193 1926 25.9 7.2 6
MW-1953-18 36.64901 –118.23574 1953 28.1 7.2 8
MW-1996-19 36.67547 –118.24351 1976 32.5 7.9 12
MW-2089-19 36.67438 –118.24534 2090 26.3 4.4 6
MW-2202-19 36.67222 –118.24611 2200 27.6 12.3 11
MW-2310-19 36.67048 –118.24710 2311 30.8 6.2 8
MW-2512-19 36.66525 –118.24867 2512 23.2 5.6 6
MW-2607-19 36.66537 –118.25119 2607 25.2 4.4 4
MW-2704-19 36.66275 –118.25387 2704 26.8 3.4 7
MW-2800-19 36.65987 –118.25452 2803 41.0 4.6 5
MW-2892-19 36.65883 –118.25499 2890 31.0 6.3 6

Muah Mountain transect

MU-1157-19# 36.44036 –118.04456 1160 27.5 4.4 5
MU-1232-19# 36.39460 –118.04020 1232 24.9 4.9 7
MU-1274-18 36.42583 –118.05340 1274 11.5 5.8 5
MU-1301-19 36.42948 –118.05630 1300 12.3 4.8 5
SN-LP-1a** 36.42680 –118.05510 1315 10.9 0.8 1
MU-1370-19 36.42871 –118.05874 1371 10.0 5.6 5
MU-1474-19 36.43050 –118.06035 1475 14.8 6.5 11
MU-1574-19 36.42650 –118.06597 1574 10.8 5.3 5
MU-1669-19 36.42475 –118.06754 1669 16.3 7.0 6
MU-1775-19 36.42330 –118.06856 1775 16.7 4.9 5
MU-1885-19 36.42098 –118.07061 1884 21.5 6.9 11
MU-1977-19 36.41970 –118.07202 1977 25.8 3.4 8
MU-2076-19 36.41781 –118.072602 2078 26.6 7.7 4
MU-2175-19 36.41529 –118.072449 2175 26.6 5.3 6
MU-2200-19 36.41485 –118.072669 2200 27.5 2.6 6

*World Geodetic System 1984 datum.
†Number of replicates per sample. See Table S1 (text footnote 1) for replicate analyses.
§Replicate analyses from sample RV-1960-19 yield two statistically distinct populations, RV-

1960a-19 and RV-1960b-19 (see Table S1 [text footnote 1]).
#Sample located in a hanging-wall block of a normal fault located in the footwall of the southern 

Sierra Nevada normal fault (SNNF), thus recording vertical offset and duplication.
**From Clark et al. (2005); error in age is standard error.
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Figure 7 is interactive. Graph, labels, and data 
sets for this figure are organized in a series 
of layers that may be viewed separately or 
in combination using the capabilities of the 
Acrobat (PDF) layering function (click “Layers” 
icon along vertical bar on left side of win-
dow for display of available layers, and/or 
turn layers on or off by clicking the box that 
encompasses the layer label located within 
the gray box beneath the plot). To interact 
with Figure 7 if reading the full-​text version of 
this paper, please visit https://doi.org​/10.1130​
/GEOS​.S​.22662076.

Figure 7 (interactive). A composite plot showing apatite (U-Th)/He (AHe) ages versus elevation (layer A) from our transects Round Valley (RV) (layer B), Mount Williamson 
(MW) (layer C), and Muah Mountain (MU) (layer D) in the footwall of the southern Sierra Nevada normal fault (SNNF), from transects from the footwall to the Eastern 
Inyo fault zone (EIFZ) (Lee et al., 2009) (layer E), to the White Mountains fault zone (WMFZ) (Stockli et al., 2003) (layer F), in the Mount Whitney Portal (MWP) (House et al., 
1997) (layer G), up the Horseshoe Meadow Road (HM) (Clark et al., 2005) (layer H), and interpreted cooling histories of combined MWP and MW data (layer I) and combined 
HM and MU data (layer J). Also shown are the age ranges for elevation-​invariant samples across sampling transects. Horizontal lines show 2σ error associated with each 
apatite age; dashed vertical line shows the mean age (in italic font) for elevation-​invariant apatite ages; 50% transparent color bar shows the associated 2σ error for each 
elevation-​invariant mean age. Graph, labels, and data sets for this figure are organized in a series of layers that may be viewed separately or in combination using the 
capabilities of the Acrobat (PDF) layering function (click “Layers” icon along vertical bar on left side of window for display of available layers, and/or turn layers on or off 
by clicking the box that encompasses the layer label located within the gray box beneath the plot). To interact with Figure 7 if reading the full-​text version of this paper, 
please visit https://doi.org/10.1130/GEOS.S.22662076.
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Interpretation of Apatite (U-Th)/He Ages

Our new apatite (U-Th)/He ages from the three transects yield two distinct 
elevation-​invariant age arrays, with sample mean ages overlapping within error. 
These two AHe age clusters indicate two episodes of cooling (Figs. 7B, 7C, and 
7D), which we interpret as recording two distinct periods of exhumation and 
rapid normal fault slip along the SNNF: (1) initiation of major exhumation and 
normal fault slip along the length of the SNNF at ca. 28.1–​26.5 Ma (mean age 
± 2σ of 27.7 ± 5.0 Ma) and (2) a second episode of normal fault slip along the 
SNNF, recorded in the RV and MU transects, but not the MW transect, at ca. 
17.4–​12.9 Ma (mean age ± 2σ of 15.7 ± 6.5 Ma). Diachronous normal fault-​slip 
histories along the SNNF during the middle Miocene, whereby the RV segment 
recorded slip at ca. 17.4 Ma and the MU segment recorded slip at ca. 12.9 Ma, 
are viable alternative interpretations of the elevation-​invariant middle Miocene 
AHe ages (Figs. 7B and 7D). We postulate that the second, younger pulse of 
middle Miocene normal fault slip is not observed in the MW samples as lower 
portions of the footwall along this section of the eastern Sierra Nevada range 
front, which might record the middle Miocene cooling and exhumation event, 
were not exhumed due to insufficient fault slip and/or are buried by the most 
areally extensive alluvial fan deposits along the SNNF (Fig. 2).

In contrast to the two discreet cooling events observed in our AHe MW and 
MU transects (Figs. 6 and 7), which we interpret as recording footwall exhuma-
tion and fault slip, AHe samples from the nearby MWP and the HM transects 
yielded ages that increase linearly with elevation (Fig. 7). This pattern indicates 
slow cooling and has been interpreted as recording erosion (0.04–​0.06 mm/yr) 
(House et al., 1997; Clark et al., 2005) (Fig. 7). We suggest that a few key obser-
vations and comparisons between our AHe transects and the MWP and HM 
AHe transects resolve this apparent contradiction in interpretations. First, a 
comparison of AHe versus elevation data between MW and MWP, and between 
MU and HM, shows two important geometric relations: (1) MW and MU data 
clearly fall off the linear relationship observed in the MWP and HM data. More 
specifically, MW and MU transects include high-​elevation samples with ages 
older than the projected erosion lines. (2) The elevation difference between 
samples is significantly larger for the MWP and HM transects compared to 
samples from the MW and MU transects (cf. Figs. 7C and 7G and Figs. 7D 
and 7H). The elevation difference is ≥170 m to as much as 785 m between all 
but two MWP and HM samples, whereas the elevation difference is ≤114 m 
between all but two MW and MU samples. Thus, the higher-​density samples 
in the MW and MU transects fill in the elevation “gaps” among the lower-​
density, low-​elevation samples of the MWP and HM transects. A consequence 
of this relation is that the (i) two low-​elevation MWP samples fall within the 
MW rapid cooling event, and (ii) three low-​elevation HM samples (including 
the lowest elevation sample at the base of the MU transect) fall within one or 
the other of the two rapid MU cooling events. Second, in Figures 7I and 7J, we 
show potential cooling curves of the AHe data from the MW, MU, MWP, and 
HM transects that incorporate both slow cooling (erosion) and rapid cooling 
(fault slip). A slow cooling curve during the late Cretaceous to early Oligocene 

fits the older higher-​elevation ages from the MWP and HM transects and 
rapid cooling curves, one during the late Oligocene and the other during the 
middle Miocene, fit the MW and MU transects, as well as the younger low-​
elevation ages from the MWP and HM transects. Third, the significant (~24°) 
westward tilting of the Inyo Mountains during middle Miocene slip along the 
east-​dipping Eastern Inyo fault zone (EIFZ) (Lee et al., 2009) (Figs. 1 and 2) 
must be accommodated to the west; middle Miocene slip along the length of 
the SNNF between the RV to MU transects provides a simple mechanism for 
accommodating this tilt.

Comparing our new multi-​stage SNNF normal fault-​slip history to the nor-
mal fault-​slip histories on the range-​bounding faults in ranges east-​adjacent 
to the southern Sierra Nevada, the east-​dipping EIFZ bounding the eastern 
flank of the Inyo Mountains and the west-​dipping White Mountains fault 
zone (WMFZ) bounding the western flank of the White Mountains (Fig. 1A), 
shows diachronous and overlapping Cenozoic normal fault-​slip histories in 
this part of the western edge of the Basin and Range (Fig. 7). While the oldest 
range-​bounding normal fault slip at 27.7 ± 5.0 Ma is recorded only along the 
SNNF, the younger and dominant episode of slip along range bounding nor-
mal faults occurred synchronously during the middle Miocene. The middle 
Miocene period of slip is recorded as a second episode of fault slip along 
the RV and MU segments of the SNNF at 15.7 ± 6.5 Ma but as the onset of 
normal fault slip along the EIFZ and the WMFZ at ca. 15.6–​11.8 Ma (Stockli et 
al., 2000, 2003; Lee et al., 2009) (Fig. 7). Given that the elevation-​invariant age 
trends along the RV, MU, EIFZ, and WMFZ yield the same age, within error, 
the four areas recorded synchronous normal fault slip at the same time of 
14.4 ± 5.1 Ma (mean age ±2σ). The EIFZ and WMFZ samples also yield AHe 
ages that record a pulse of normal fault slip at ca. 3.1 Ma (Figs. 7F and 7G) 
linked to transtensional fault-​slip deformation within the Walker Lane (Stockli 
et al., 2000; Lee et al., 2009). Preliminary landscape evolution modeling hints 
that at least the MU transect also records a Pliocene episode of normal slip 
(Lee et al., 2021).

If our interpretation that the southern Sierra Nevada escarpment devel-
oped since the onset of normal fault slip along the SNNF in the late Oligocene, 
we can place constraints on the magnitude of fault slip, fault-​slip rates, and 
rate of horizontal extension along the SNNF since the late Oligocene–​early 
Miocene (34.0–​22.2 Ma). Given the elevations of Round Valley Peak, Mount 
Williamson, and Muah Mountain, the highest point in the footwalls of the RV, 
MW, and MU transects, depth to basement estimates based on gravity in the 
hanging wall of each transect (Saltus and Jachens, 1995), a fault dip of 70 ± 10° 
(Fig. 3), and the age of the late Oligocene elevation invariant trend for each of 
the transects (Fig. 6), we calculate minimum values for long-​term magnitude 
of fault slip, fault-​slip rates, and rate of horizontal extension, at each of the 
three transects (Table 2). For RV, MW, and MU, the minimum vertical offset, or 
throw, across the SNNF at each location is 6.6–​7.6, 8.4–​9.4, and 10.4–​11.4 km, 
which based on the age of onset of normal slip, yields a vertical throw rate of 
0.2–​0.3, 0.2–​0.4, and 0.4–​0.5 mm/yr and downdip rate of 0.2–​0.3, 0.3–​0.5, and 
0.4–​0.5 mm/yr, respectively, since the late Oligocene (Table 2). The calculated 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02574.1/5839826/ges02574.pdf
by guest
on 28 April 2023

http://geosphere.gsapubs.org


12Lee et al.  |  Cenozoic slip along the southern Sierra Nevada normal fault, CaliforniaGEOSPHERE  |  Volume 19  |  Number X

Research Paper

TABLE 2. CALCULATED MINIMUM SLIP RATES AT THE THREE AHe VERTICAL 
TRANSECTS FROM THE SOUTHERN SIERRA NEVADA NORMAL FAULT

Transect Peak elevation  
(km)*

Depth to 
basement  

(km)†

Minimum 
vertical offset  

(km)

Age  
(Ma)§

#Vertical  
slip rate  
(mm/yr)

#Downdip  
fault-slip rate 

(mm/yr)

#Horizontal  
extension rate  

(mm/yr)

RV 3.6 3–4 6.6–7.6 28.1 ± 2.4 0.2–0.3 0.2–0.3 <0.1–0.2
MW 4.4 4–5 8.4–9.4 28.1 ± 5.9 0.2–0.4 0.3–0.5 <0.1–0.2
MU 3.4 7–8 10.4–11.4 26.5 ± 2.0 0.4–0.5 0.4–0.5 0.1–0.3

Note: RV—Round Valley Peak; MW—Mount Williamson; MU—Muah Mountain.
*Peak elevations are from the highest peak—RV, MW, and MU—located in the footwall of each transect.
†Depth to basement values are from Saltus and Jachens (1995).
§Age is the late Oligocene elevation-invariant age (see Fig. 6).
#Calculated minimum slip rates are based on a fault dip of 70 ± 10° (see text Fig. 3).

horizontal extension rates are <0.1–​0.2, <0.1–​0.2, and 0.1–​0.3, respectively, 
since the late Oligocene. For comparison, our calculated long-​term (107 yr) 
average horizontal extension rate (<0.1–​0.3 mm/yr) along the SNNF is the same 
as, to ~1.5× higher, than the late Pleistocene to Holocene horizontal extension 
rate of <0.1–​0.2 mm/yr (based on a fault dip of 70° +13/−15°) along an ~40-​km-​
long section of the SNNF that straddles the Mount Williamson range front 
(Le et al., 2007). Our calculated long-​term vertical slip rates along the SNNF 
are less than the middle Miocene vertical slip rates along the east-​dipping 
EIFZ (≥1.9 mm/yr) (Lee et al., 2009), and less than to similar to the vertical slip 
rate along the west-​dipping WMFZ (Stockli et al., 2003) (~0.5 mm/yr; vertical 
rate recalculated using the nominal closure temperature of ~55 °C for AHe; 
Flowers et al., 2009).

■■ DISCUSSION

Diachronous Initiation of Normal Fault Slip along the Length of the 
Sierra Nevada Frontal Fault System

Although the Sierra Nevada is a rigid continental block (e.g., Wright, 1976; 
Dixon et al., 2000), normal fault slip along the ~600-​km-​long Sierra Nevada 
frontal fault system, which defines the eastern boundary of this block, did 
not initiate simultaneously. Our interpretation of AHe data from our three 
transects shows that the onset of normal fault slip along most of the SNNF, 
which extends along strike along the southern half of the Sierra Nevada for 
~130 km, initiated during the late Oligocene. The timing of initiation of normal 
fault slip is younger along the southernmost part of the SNNF and along the 
northern part of the Sierra frontal fault system. At the southern end of the 
Sierra Nevada, located along the southernmost exposures of the SNNF near 
the intersection with the Garlock fault, Loomis and Burbank (1988) documented 
that Sierran-​derived sandstones, gravels, and boulders were first deposited in 
the El Paso basin (Fig. 1G-i; italicized roman numbers in red stars in layer G of 
Fig. 1 show location of study areas) at ca. 8 Ma, implying that the SNNF was 

active at this time. About 40 km to the north, in the Indian Wells Valley region 
(Fig. 1G-ii), seismic-​reflection, drill-​hole, sedimentological, and 40Ar/39Ar and 
(U-Th)/He data were used by Kamola et al. (2005) to suggest that normal slip 
along this segment of the SNNF initiated during the late Miocene.

To the north of our study area, in the central Sierra Nevada across the 
Sonora Pass region (Fig. 1G-iii), slip along range-​front normal faults initiated 
after emplacement of the top of the Relief Peak Formation and was ongoing 
during emplacement of the Table Mountain latite, indicating normal faulting 
initiated at ca. 10.4 Ma (our interpretation based on geology from Busby et 
al., 2013 and geochronology from Koerner et al., 2009 and Pluhar et al., 2009). 
Farther north, apatite fission-​track, geophysical, and geologic data from the 
Carson Range (Fig. 1G-iv), which defines the eastern edge of the Sierra Nevada 
at ~39° latitude, indicates that significant slip began at <10 Ma, with most of 
the extension accumulating since 5 Ma (Surpless et al., 2002). Farther north, 
at the approximate latitude of Reno, Nevada (Fig. 1G-v), Henry and Perkins 
(2001) showed that extension along the range front developed in two stages, 
an initial phase at ca. 12 Ma and a younger, larger-​magnitude event at ca. 
3 Ma that resulted in the modern structural and topographic boundary. At 
the northern end of the Sierra Nevada (Fig. 1G-vi), the 16 Ma Lovejoy basalt 
and ca. 5 Ma Mehrten Formation are offset by the same amount, 600–​1000 m, 
across the Sierra Nevada frontal fault system, indicating that normal fault slip 
began after ca. 5 Ma (Wakabayashi and Sawyer, 2001).

The diachronous fault-​slip history along the Sierra Nevada frontal fault 
system also appears to be recorded in crest elevations and bedrock fault scarp 
height. The SNNF is located at the base of the highest elevations along the 
Sierra Nevada crest. At Mount Williamson, the highest elevation among our 
three transects, the height of the footwall escarpment above the valley floor 
(Owens River) is ~3.25 km. Crest elevations in the footwall of the Sierra Nevada 
frontal fault system and bedrock fault scarp height decrease to the south and 
north of the SNNF (see fig. 3 in Wakabayashi and Sawyer, 2001). These obser-
vations are consistent with the longer slip history along the SNNF versus the 
Sierra Nevada frontal fault system to the south and north, assuming similar 
long-​term fault-​slip rates along the length of the fault system.
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Cenozoic Uplift of the Sierra Nevada

One of the long-​standing disagreements about the evolution of the Sierra 
Nevada is its uplift history. Many researchers have argued for late Mesozoic–​
early Cenozoic uplift of the Sierra Nevada followed by either no change or a 
decrease in elevation throughout the Cenozoic (e.g., Wernicke et al., 1996; 
Wolfe et al., 1997; House et al., 1998, 2001; Poage and Chamberlain, 2002; 
Cecil et al., 2006; Mulch et al., 2006; Cassel et al., 2009, 2012b). In contrast, 
others have argued that the Sierra Nevada was uplifted in the late Mesozoic, 
decreased in elevation during the middle Cenozoic, and then was uplifted a 
second time during the late Cenozoic (e.g., Lindgren, 1911; Axelrod, 1957; Huber, 
1981; Loomis and Burbank, 1988; Unruh, 1991; Christensen, 1996; Wakabayashi 
and Sawyer, 2001; Stock et al., 2004; Clark et al., 2005; Pelletier, 2007; McPhil-
lips and Brandon, 2012; Wakabayashi, 2013). Some of those who espouse the 
latter view made predictions about the timing of the second episode of uplift. 
For example, Clark et al. (2005) combined geomorphology and AHe data from 
the southern Sierra Nevada to argue that this part of the range reached 1.5 km 
in elevation by the late Cretaceous followed by two additional uplift events, 
one between 32 Ma and 3.5 Ma and another ≤3.5 Ma, which increased the 
elevation to the 4 km of today. Pelletier (2007) applied two different numerical 
models of bedrock channel erosion, a sediment-flux–​driven model and a stream 
power model, to the southern Sierra Nevada. The results from the sediment-​
flux model showed a 1 km pulse of uplift at ca. 60 Ma and a second ~0.5 km 
pulse of uplift at ca. 10 Ma and from the stream power model a 1 km pulse of 
uplift at ca. 30 Ma and an ~0.5 km pulse at ca. 10 Ma. Results from the coupled 
thermal-​kinematic model Pecube, applied to published low-​temperature ther-
mochronometric data from the southern Sierra Nevada, show that this part of 
the Sierra Nevada recorded an uplift history in the late Mesozoic, followed by a 
reduction in surface elevation, and then renewed surface uplift between 30 and 
10 Ma (McPhillips and Brandon, 2012). Our AHe results from the eastern escarp-
ment of the southern Sierra Nevada yield histories of cooling, exhumation, and 
normal fault slip along the SNNF at ca. 28–​27 Ma and ca. 17–​13 Ma, which are 
broadly consistent with postulated late Cenozoic uplift of the Sierra Nevada.

In two-​dimensional models of crust “floating” in a ductile or inviscid lower 
crust and dislocations in an elastic half-​space, slip along normal faults in the crust, 
and the associated unloading of the footwall, results in uplift of the normal-​faulted 
footwall and subsidence of its hanging wall (e.g., Vening Meinesz, 1950; Buck, 
1988; Wernicke and Axen, 1988; King and Ellis, 1990; Egan, 1992; Thompson and 
Parsons, 2009; Martel et al., 2014). In Thompson and Parsons’ (2009) model for slip 
along the Sierra Nevada frontal fault system, normal fault slip of 4 km resulted in 
1.3 km of uplift of the Sierra Nevada footwall. Martel et al.’s (2014) models for the 
Sierra Nevada frontal fault system yielded footwall uplift of hundreds of meters 
to as much as 1 km in the region of our MW transect. Our interpretation that 
the AHe data record two episodes of normal fault slip indicate that the southern 
Sierra Nevada likely experienced at least few hundred meters of uplift during 
the late Oligocene and again in the middle Miocene, although our structural and 
AHe data do not permit us to directly assess the magnitude of the uplift.

Timing of Normal Faulting across the Basin and Range

Our interpretation of two episodes of normal fault slip along the SNNF, 
the oldest during the late Oligocene and the younger during the middle Mio-
cene, are also recorded across the Basin and Range. However, the evidence 
for an episode of late Oligocene normal faulting in the Basin and Range is 
scarce, whereas evidence for an episode of middle Miocene normal faulting 
is extensive. Across the Basin and Range, normal fault slip similar in age 
to the ca. 27 Ma initiation age along the SNNF is local and generally of low 
magnitude (Fig. 1H-a; lower case italicized letters in green diamonds in layer 
H of Fig. 1 show location of study areas that record late Oligocene–​early Mio-
cene normal fault slip) (Table 3). Within the northern Wassuk Range, western 
Nevada, local normal and strike-​slip faulting occurred at ca. 27–​25 Ma and at 
23–​22 Ma (Dilles and Gans, 1995) (Fig. 1H-b). Local and minor normal fault-
ing in western Nevada of this age is consistent with field observations that 
tuff-​filled paleovalleys as young as ca. 23 Ma flowed westward from central 
Nevada across western Nevada and the northern Sierra Nevada into the Great 
Valley, which implies that any Oligocene-​age normal faulting did not result 
in significant topographic relief that would have disturbed westward flowing 
river channels (Henry et al., 2012) (Fig. 1E). In central Nevada, within the Tobin 
Range, a minor phase of normal faulting initiated during the early Oligocene 
(Gonsior and Dilles, 2008) (Fig. 1H-​c). In east-​central Nevada, normal faulting 
initiated during the late Oligocene–​early Miocene in the Grant Range and 
accommodated ~24 km extension (~115%) (Long and Walker, 2015; Long et 
al., 2018) (Fig. 1H-d ). The maximum age of normal faulting at the northern 
end of the northern Snake Range is 24.0 ± 1.3 Ma (K/Ar on sanidine) (Gans 
et al., 1989) (Fig. 1H-e), indicating that normal faulting here may be as old as 
latest Oligocene. In the eastern Pinon Range and central Huntington Valley, 
and the Ruby Mountains–​East Humbolt Range region of northeastern Nevada, 
minor extension occurred between ca. 31.1 and 24.4 Ma and ca. 25–​21 Ma, 
respectively (Lund Snee et al., 2016; McGrew and Metcalf, 2021) (Fig. 1H-f ).

In contrast, evidence for large-​magnitude normal faulting of middle Mio-
cene age is regionally extensive across the Basin and Range (Fig. 1I; numbers 
in light-​blue ovals in layer I of Fig. 1 show the location of study areas that 
record middle Miocene normal fault slip and are tied to Table 3). Evidence for 
middle Miocene normal faulting extends along most of the length of the Sierra 
Nevada frontal fault system; covers eastern California east of the southern 
Sierra Nevada and north of the Garlock fault; encompasses western, central, 
and eastern Nevada; includes southeastern Nevada–​northwestern Arizona; and 
reaches as far east as the Wasatch Range front, the eastern boundary of the 
Basin and Range Province. The ample evidence for normal faulting of middle 
Miocene age across the Basin and Range, from its western boundary along the 
Sierra Nevada frontal fault system to its eastern boundary along the Wasatch 
range front fault, suggests that this was a period of major east-​west extension.

Our AHe data indicating late Oligocene and middle Miocene normal slip 
along the SNNF, combined with data showing that the SNNF is active today 
(Berry, 1997; Le et al., 2007) and the numerous studies documenting middle 

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02574.1/5839826/ges02574.pdf
by guest
on 28 April 2023

http://geosphere.gsapubs.org


14Lee et al.  |  Cenozoic slip along the southern Sierra Nevada normal fault, CaliforniaGEOSPHERE  |  Volume 19  |  Number X

Research Paper

TABLE 3. LATE OLIGOCENE–EARLY MIOCENE NORMAL FAULTING AND ONSET OF AND/OR MAJOR 
EPISODE OF MIDDLE MIOCENE NORMAL FAULTING, BASIN AND RANGE

Range Location #* Initiation age  
(Ma)

Reference

Late Oligocene–Early Miocene

Southern Sierra Nevada, CA a Ca. 28.5–26.5 This study†

Northern Wassuk Range, NV b Ca. 26–25 Dilles and Gans, 1995§

Tobin Range, NV c Ca. 33 Gonsior and Dilles, 2008§

Grant Range, NV d Ca. 32–29; <28–31 to >15–19 Long and Walker, 2015; Long et al., 2018§

Northern Snake Range, NV e ≤24.0 ± 1.3 Gans et al., 1989§

Huntington Valley-Pinon Range, NV f Ca. 31.1–24.4 Lund Snee et al., 2016§

Ruby Mountains-East Humbolt Range, NV f Ca. 25–21 McGrew and Metcalf, 2021#

Middle Miocene

Beaver Dam Mountains, UT 1 Ca. 16 Stockli, 1999†

Black Mountains, CA 2 Ca. 12 Bidgoli et al., 2015†

Black Mountains, NV 3 15.6–15.8 Faulds et al., 1995§

Cerbat Mountains, NV 4 Ca. 16.6 Faulds et al., 2010§

Canyon Range, UT 5 Ca. 19–15 Stockli et al., 2001†

East Range, NV 6 Ca. 17–15 Fosdick and Colgan, 2008; Johnstone and Colgan, 2018†

Gardnerville Basin, NV 7 Middle Miocene(?) Cashman et al., 2009§

Gold Butte block, NV 8 Ca. 17 Beard, 1996; Fitzgerald et al., 1991; Reiners et al., 2000†,§

Highland Range, NV 9 16.2 ± 0.2 Faulds et al., 2002§

Inyo Mountains, CA 10 15 ± 2.4 Lee et al., 2009†

Mina Deflection, CA-NV 11 >12 and ca. 12–3.8 Tincher and Stockli, 2009; McCosby, 2019§

Northern Newberry Mountains, NV 12 Ca. 16.2 Ruppert et al., 1999§

Panamint Range, CA 13 Ca. 10 Bidgoli et al., 2015†

Paradise Range, NV 14 22–19 John et al., 1989§

Pine Forest Range, NV Off map 12–11 Colgan et al., 2006; Johnstone and Colgan, 2018†

Southern Ruby Mountains, NV 15 17–15 to 12–10 Colgan et al., 2010†§

San Antonio Mountains, NV 16 24.0–16.8 Shaver and McWilliams, 1987; John et al, 1989§

Shoshone Range, NV 17 17–16 Colgan et al., 2008§

Southern Sierra Nevada, CA 18 Ca. 17–13 This study†

Silver Peak Range, NV 19 Ca. 12–8 Oldow et al., 2009§

Singatse Range, NV 20 Ca. 15–13 Proffett, 1977; Dilles and Gans, 1995; Surpless et al., 2002; Stockli et al., 2002†,§

Slate Range, CA 21 Ca. 14 Walker et al., 2014†

Northern Stillwater Range, NV 22 Ca. 14 MacNamee, 2015†

Southern Stillwater Range, NV 23 Ca. 18–14 Colgan et al., 2020†

Snake Range-Deep Creek Range, NV-UT 24 Ca. 18–16.5 Miller et al., 1999; Evans et al., 2015†

Tobin Range, NV 25 20(?)–14 Gonsoir and Dilles, 2008§

Toiyabe Range, NV 26 Ca. 15 Stockli, 1999†

Verdi Basin, CA-NV 27 Ca. 12 Henry and Perkins, 2001§

Central Wasatch Mountains, UT 28 12 ± 2 Armstrong et al., 2003; Ehlers et al, 2003†

Wassuk Range, NV 29 Ca. 15 Surpless et al., 2002; Gorynski et al., 2013†,§

Northern White Mountains, CA 30 11.8 ± 2.3 Stockli et al, 2003†,§

Note: CA–California; NV–Nevada; UT–Utah.
*For location of study areas, see alphanumeric labeled diamonds and ellipses in text Figure 1.
†Age constraints are from low-temperature thermochronology (zircon and/or apatite fission track, zircon and/or apatite (U-Th)/He, and/or apatite 4He/3He analyses) of footwall rocks.
§Age constraints are from 40Ar/39Ar or K/Ar geochronology on offset and tilted volcanic rocks, and/or detrital zircon analyses on offset and tilted sedimentary rocks.
#Geochronologic or thermochronologic technique not reported.
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Miocene normal fault slip across the Basin and Range, indicate that the SNNF 
has been long-​lived and has defined the stable western limit, or western 
breakaway zone, for the Basin and Range since the late Oligocene. Unlike the 
long-​lived stable southern Sierra Nevada escarpment, normal faulting appears 
to have progressively encroached westward into the northern Sierra Nevada 
(latitudes of ~39°–40°), during the late Miocene–​Pliocene (e.g., Surpless et al., 
2002; Wakabayashi, 2013). Slip along the long-​lived, east-​dipping breakaway 
SNNF also accommodated the significant (~24°) westward tilting of the Inyo 
Mountains during the middle Miocene (Lee et al., 2009), which sits in the 
hanging wall of the SNNF (Fig. 1).

Implications for Geodynamic Processes Driving Normal Faulting 
along the Sierra Nevada Fault System

Prior to this detailed study, the uncertainty of the exact timing of late 
Cenozoic normal slip along the SNNF led to different combinations of crustal 
structure and geodynamic processes hypothesized as drivers for slip along 
the frontal normal fault system. Our documented slip history along the SNNF, 
combined with the published normal fault-​slip histories across the Basin and 
Range, provide a framework to test these hypotheses.

One early hypothesis was the development of a slab window. In this pos-
tulate, asthenosphere infilled the vacated space as the subducted Farallon 
slab was removed in the wake of the northward-​migrating Mendocino triple 
junction (e.g., Crough and Thompson, 1977; Best and Hamblin, 1978; Dickinson 
and Snyder, 1979; Atwater and Stock, 1998; Zandt and Humphreys, 2008). If 
slip along the Sierra Nevada frontal fault system was driven by this geody-
namic process (e.g., Wakabayashi, 2013), then as the Mendocino triple junction 
migrated northward, one prediction is that the initiation age of fault slip should 
decrease northward from ca. 20 Ma in the southern Sierra Nevada at the 
latitude of ~35.3° (present-​day latitude) to ca. 4–0 Ma at the latitude of ~40.5° 
(Fig. 1J). Our interpretation of AHe age results shows that this prediction is 
not viable: (1) because normal faulting along the SNNF is considerably older, 
in part, than the age of the Mendocino triple junction (ca. 15.1–​10.9 Ma) at the 
locations of our transects, and (2) the slip history along the SNNF does not 
record an initiation age that decreases northward (Fig. 6).

In the Pacific–​North American plate reconstructions of Atwater and Stock 
(1998), the rate of transtensional relative plate motion between the Pacific and 
North American plates increased by ~1.5 times during the middle Miocene. 
Thus, this rate increase in plate motion and partitioning of transtensional 
slip along the Pacific–​North American plate boundary into an extensional 
component along the SNNF and to the east, and a transform component 
along Pacific–​North American plate boundary provides a potential driver for 
the middle Miocene episode of normal slip across the Basin and Range (e.g., 
Colgan et al., 2006; Colgan and Henry, 2009), and by implication, the SNNF. In 
contrast to Atwater and Stock’s (1998) reconstructions, DeMets and Merkou-
riev’s (2016) higher-​resolution Pacific–​North American plate reconstructions 

show that during the past ~20 m.y., the slip direction between the two plates 
progressively rotated clockwise, suggesting a progressively increasing trans-
form slip component along the plate boundary. Given the higher-​resolution 
Pacific–​North American plate reconstructions, we conclude that it is unlikely 
that transtensional motion along the Pacific–​North American plate bound-
ary was the sole driver for middle Miocene normal slip along the SNNF and 
extension across the Basin and Range to the east. Furthermore, as the Pacific 
plate did not contact the North American plate until ca. 28 Ma (Atwater and 
Stock, 1998), transtensional slip along this developing plate boundary does 
not explain late Oligocene onset of normal slip along the SNNF and across 
the few localities to the north and northeast within the Basin and Range that 
also record late Oligocene normal faulting (Figs. 1H and 1J).

A third postulate is a flexural-​isostatic model of the lithospheric response 
to high rates of erosion in the high Sierra and deposition in the Great Valley 
during the past ~10 m.y. (Montgomery, 1994; Small and Anderson, 1995). This 
model shows that geomorphic forcing accounts for 100%–40% (versus 0%–60% 
tectonic forcing, including slip along the Sierra Nevada frontal fault system) 
of the differential rock uplift recorded in tilted sediments in the Sierra Nevada. 
In this model, if tectonic forcing contributes to uplift, then late Miocene slip 
should be recorded along the SNNF. Our AHe results yield an older episode 
of normal fault slip, indicating that this mechanism unlikely drove normal 
slip along the SNNF.

A fourth idea envisioned that during the Pliocene, foundering dense 
lithosphere mantle beneath the southern Sierra Nevada was replaced with 
upwelling asthenosphere (e.g., Ducea and Saleeby, 1996; Liu and Shen, 1998; 
Manley et al., 2000; Farmer et al., 2002; Saleeby et al., 2003; Jones et al., 2004; 
Zandt et al., 2004). In this hypothesis, the asthenosphere heated the lithosphere 
resulting in a decrease in lithosphere density and strength, an increase in 
its buoyancy, and an increase in gravitational potential energy. An increase 
in gravitational potential energy resulted in mean surface elevation uplift 
and increased extensional strain rates within an ~50 km distance east of the 
Sierra Nevada. AHe data indicate Pliocene normal slip along the EIFZ (Lee et 
al., 2009) and WMFZ (Stockli et al., 2003) (Figs. 7E and 7F), and preliminary 
landscape evolution modeling suggests a Pliocene episode of normal fault 
slip along the MU segment of the SNNF (Lee et al., 2021), consistent with this 
hypothesis. Although this geodynamic process cannot explain the initiation 
of normal fault slip along the SNNF during late Oligocene, the early stages 
of foundering (ca. 10 Ma; Ducea and Saleeby, 1998a, 1998b), may have been 
a contributing factor to driving the middle to late Miocene episode of normal 
slip along the MU transect of the SNNF and the WMFZ (Fig. 7).

The predominant tectonic model, which provides a geodynamic expla-
nation for the onset of the major episode of extension across the Basin and 
Range during the middle Miocene, suggests that a combination of lithospheric 
buoyancy forces (gravitational potential energy) and plate boundary processes 
drove extension (e.g., Sonder and Jones, 1999; Dickinson, 2002; Colgan and 
Henry, 2009). In this postulate, high gravitational potential energy, hypothe-
sized to be a consequence of: (1) thickened crust and high elevations following 
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Mesozoic contraction (e.g., Coney and Harms, 1984; Jones et al., 1998; DeCelles, 
2004); (2) hot, buoyant asthenosphere that replaced the Farallon slab that 
steepened and fell away (e.g., Armstrong and Ward, 1991; Humphreys, 1995; 
Sonder and Jones, 1999; Humphreys, 2009; Schmandt and Humphreys, 2011); 
and (3) the emplacement of the Yellowstone hotspot (e.g., Parsons et al., 1994; 
Saltus and Thompson, 1995; Camp et al., 2015), which primed the future Basin 
and Range for extension. During the middle Miocene, the combination of 
foundering of the last vestige of the Farallon slab (Armstrong and Ward, 1991; 
Humphreys, 1995) and trench retreat (slab rollback) along the Juan de Fuca–​
North American subduction zone allowed the pre-​conditioned Basin and Range 
crust to collapse and extend from the SNNF on the west to the Wasatch fault 
on the east, westward in the wake of that retreat (e.g., Colgan and Henry, 2009; 
Lee et al., 2020). Normal fault slip along the SNNF was not explicitly included 
in this hypothesis but was implied.

The view that overthickened crust and high elevations following Mesozoic 
contractional deformation was a critical condition for middle Miocene exten-
sion has been recently challenged by Lund Snee and Miller (2022). Lund Snee 
and Miller’s (2022) alternative hypothesis, which builds upon the hypotheses 
of Humphreys (1995) and Sonder and Jones (1999), is that the hot, thermally 
weak continental lithosphere and high elevations were the consequence of 
two processes: (1) as others have postulated, replacement of the steepen-
ing and southward-​migrating northern edge of the Farallon slab with hot 
and buoyant asthenosphere and (2) the subsequent substantial input of heat, 
associated with the addition of magma into the lithosphere, which drove the 
ignimbrite flareup, thermally weakened the crust, and increased its elevation 
(i.e., increased the gravitational potential energy). In this postulate, topographic 
uplift across the Basin and Range developed diachronously in response to the 
southward-​migrating Farallon slab and the concomitant ignimbrite flareup. 
These changes to the continental lithosphere primed the proto–​Basin and 
Range for extension. As others have also observed (e.g., Colgan and Henry, 
2009; Camp et al., 2015), Lund Snee and Miller (2022) noted the temporal 
overlap of middle Miocene extension across the Basin and Range with final 
removal of the Farallon slab (Armstrong and Ward, 1991; Humphreys, 1995, 
2009; Schmandt and Humphreys, 2011), the development of a gap in the Far-
allon slab and emplacement of the Yellowstone hotspot (e.g., Parsons et al., 
1994; Saltus and Thompson, 1995; Liu and Stegman, 2012), and development 
and lengthening of the San Andreas fault transform plate boundary (Atwater 
and Stock, 1998; DeMets and Merkouriev, 2016). The temporal overlap of these 
processes with a continental lithosphere primed for extension suggests a 
causal relationship between these processes and middle Miocene extension 
across the Basin and Range.

The ignimbrite flareup propagated southward across the northern Basin and 
Range and northwestward across the southern Basin and Range (e.g., Coney 
and Reynolds, 1977; Dickinson and Snyder, 1978; Christiansen and Yeats, 1992), 
reaching the latitudes of the SNNF by middle Miocene time (Fig. 1). In line 
with the Lund Snee and Miller (2022) hypothesis, we suggest that replacement 
of the Laramide slab with hot and buoyant asthenosphere at the base of the 

continental lithosphere and the subsequent heat input from magmatism in the 
vicinity of the southern Sierra Nevada (i.e., the southern Sierra Nevada, Coso 
Range, White Mountains, and Mina deflection; Glazner, 2022; Fig. 1) during 
the middle Miocene weakened the continental lithosphere and resulted in 
sufficient gravitational potential energy that this part of the Basin and Range 
was primed for extension. If the southern Sierra Nevada region, as well as 
the Basin and Range to the east, was primed for extension by the middle 
Miocene, the western margin of North America must have moved westward 
to drive that extension.

The plate reconstructions of DeMets and Merkouriev (2016) and Atwater 
and Stock (1998) and the southwestern North America paleogeographic recon-
structions of McQuarrie and Wernicke (2005) and Wernicke and Snow (1998) 
provide insight into the plate tectonic setting during the middle Miocene and 
the processes by which the western margin of North America moved west to 
drive extension. During the middle Miocene, the location of the Mendocino 
triple junction, relative to the Sierra Nevada–​Great Valley block, was at the 
approximate latitude of the southern part of the Sierra Nevada–​Great Valley 
block (at about the latitude of 36°N today) (Fig. 1). This temporal-​spatial con-
straint indicates that during the middle Miocene, northeast subduction of the 
Juan de Fuca plate beneath the North America plate characterized the plate 
boundary west of most of the Sierra Nevada–​Great Valley block, and a north-
west dextral (transtensional) transform plate boundary between the Pacific 
and North American plates characterized the plate boundary from the southern 
extent of the Sierra Nevada–​Great Valley block and southward. In this plate 
configuration, westward motion of the cold and strong Sierra Nevada–​Great 
Valley block, and extension across the Basin and Range to the east and north-
east, was probably the result of two plate boundary processes: (1) slab-​driven 
trench retreat along the Juan de Fuca–​North America subduction zone bound-
ary (e.g., Humphreys and Coblentz, 2007; Humphreys, 2009; Schellart et al., 
2010) and (2) clockwise rotation of the southern ancestral Cascade Range, a 
consequence of the combination of northwest dextral shear along the length-
ening Pacific–​North America plate boundary and northeast subduction of the 
Farallon plate beneath the North American plate (e.g., Magill et al., 1981; Hum-
phreys and Coblentz, 2007; Humphreys, 2009; Wells and McCaffrey, 2013). We 
suggest that the middle Miocene normal fault slip we have documented along 
the SNNF, including that documented along the east-​adjacent EIFZ (Lee et al., 
2009) and WMFZ (Stockli et al., 2003), as well as eastward across the Basin 
and Range, can be explained by a combination of these lithospheric buoyancy 
and plate boundary forces.

Preliminary landscape evolution modeling suggesting that the MU transect 
records a Pliocene episode of normal slip along the SNNF, combined with 
Pliocene normal fault slip along the east adjacent EIFZ and WMFZ, is con-
sistent with the predicted timing of extension in the premise that upwelling 
asthenosphere replaced foundering lithosphere mantle beneath the southern 
Sierra Nevada during the Pliocene (e.g., Ducea and Saleeby, 1996; Liu and Shen, 
1998; Manley et al., 2000; Farmer et al., 2002; Saleeby et al., 2003; Jones et 
al., 2004; Zandt et al., 2004).
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The Miocene plate boundary and buoyancy forces we interpret as driving 
middle Miocene normal fault slip on the SNNF and to the east across the Basin 
and Range could not have driven the initiation of normal fault slip along the 
SNNF during late Oligocene and extension in a few localities across the Basin 
and Range of similar age (Fig. 1H). Prior to the documented late Oligocene 
extension episodes (Table 3), the ignimbrite flareup had swept southward 
past all Basin and Range localities, which subsequently recorded late Oligo-
cene extension, except for the SNNF (Figs. 1D and 1H). Following on the Lund 
Snee and Miller (2022) hypothesis, we suggest that during the late Oligocene 
between northeast and west-​central Nevada, hot and buoyant asthenosphere 
had replaced the Farallon slab. The subsequent input of heat that drove the 
ignimbrite flareup thermally weakened the continental lithosphere, increased 
surface elevation, and increased the gravitational potential energy in this part 
of the Basin and Range. During the Oligocene, the western margin of the U.S. 
Cordillera was characterized by oblique subduction of the Farallon plate beneath 
the North American plate (e.g., Engebretson et al., 1985; Gordon and Jurdy, 
1986), and the Pacific plate had just come into contact with the North American 
plate well south of the Sierra Nevada (Atwater and Stock, 1998). Trench retreat, 
driven by westward motion of the North American plate (Schellart et al., 2010), 
along the subduction zone boundary, could have driven the minor late Oligocene-​
aged extension as the northeast to west-​central Nevada part of the Basin and 
Range was gravitationally unstable, but the southern Sierra Nevada region was 
not. Why, then, did normal fault slip initiate along the SNNF during the late 
Oligocene? We speculate that during the late Oligocene, the future SNNF devel-
oped along a rheologically weak boundary defined by a late Cretaceous–​earliest 
Paleogene dextral shear zone that had developed within the future Owens Val-
ley region (Bartley et al., 2007)—as well as, perhaps, across the proto–​Owens 
Valley fault which may have recorded an episode of Eocene extension (Sousa, 
2019)—and the transition between a low geothermal gradient within the Sierra 
Nevada to the west (Dumitru, 1990) and higher geothermal gradient to the east. 
Westward motion of the rigid Sierra Nevada–​Great Valley block in the wake of 
slab rollback resulted in normal fault slip within the late Cretaceous shear zone. 
Reactivation of the near vertical dextral shear zone by normal fault slip along 
the SNNF might explain the steep bedrock fault dips observed along SNNF 
(Fig. 3B). A contributing factor driving this episode of normal faulting may be 
the buoyancy forces in the Basin and Range to the north and to the south, albeit 
likely smaller than to the north, which pushed the cold Sierra Nevada–​Great 
Valley block westward with respect to North America (Sonder and Jones, 1999).

■■ CONCLUSIONS

Our integrated structural and new AHe thermochronometric study from 
the footwall of the SNNF reveals that normal fault slip along the steeply east-​
dipping SNNF initiated during the late Oligocene and experienced a major 
second episode of normal slip during the middle Miocene. Preliminary land-
scape evolution modeling suggests that at least one locality along the SNNF 

may also record a third episode of normal fault slip during the Pliocene. Evi-
dence for late Oligocene extension across the Basin and Range is limited, 
suggesting that perhaps this period of extension was relatively minor and 
local. In contrast, evidence for middle Miocene extension across the Basin 
and Range is substantial, ranging from the Sierra Nevada on the west to the 
Wasatch Range on the east, indicating that this period of extension was major 
and areally extensive. Initiation of normal fault slip along the SNNF during the 
late Oligocene and continued normal fault slip today indicate that the SNNF 
is a long-​lived western boundary or breakaway zone to the Basin and Range.

Although our AHe studies do not allow us to measure the magnitude of 
uplift of the Sierra Nevada during the late Cenozoic, since isostasy is likely the 
major driver of uplift in the footwall of normal faults, the two episodes of nor-
mal faulting on the SNNF indicate that the southern Sierra Nevada experienced 
renewed episodes of uplift during the late Oligocene and middle Miocene, well 
after the initial episode of uplift in the late Mesozoic–​early Cenozoic.

The plate tectonic setting along the western margin of North America and 
the lithospheric structure in the region of the southern Sierra Nevada changed 
during the ca. 28–​27 Ma slip history on the SNNF. During the late Oligocene, the 
southern Sierra Nevada was located east of the Farallon–​North American sub-
duction zone and well north of the Mendocino Triple Junction. Given this plate 
configuration, we postulate that trench retreat, driven by westward motion 
of the North American plate, along the Farallon–​North American subduction 
zone, drove this minor episode of extension across the Basin and Range and 
the initiation of normal fault slip along the SNNF. During the middle Miocene, 
the Mendocino Triple Junction had migrated northward so that it was located 
west of the southern Sierra Nevada (~36° latitude present day), still south of 
our transects, thus most of Sierra Nevada was located east of the Farallon–​
North American subduction zone. In this plate configuration, we propose that 
a combination of northeast subduction of the Farallon plate beneath the North 
American plate and northwest dextral shear along the Pacific–​North American 
plate boundary resulted in clockwise rotation of North America north of the tri-
ple junction. These plate boundary processes, superimposed on a proto–​Basin 
and Range lithosphere primed for extension, drove the middle Miocene slip 
along the SNNF and extension across the Basin and Range. Since slip along 
the SNNF was driven by changing plate tectonic settings, the long-​term (107 
yr) average geologic slip rates we estimate for the SNNF cannot be correlated 
to shorter-​term (103–104 yr) or present-​day (101 yr) slip rates.
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