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ABSTRACT

Thermomechanical models of mantle
lithosphere removal from beneath the south-
ern Sierra Nevada region, California (USA),
predict a complex spatiotemporal pattern of
vertical surface displacements. We evaluate
these models by using (U-Th)/He thermo-
chronometry, together with other paleo-
thermometry estimates, to investigate such
topographic transients. We target Tertiary
strata from the Kern arch, a crescent-shaped
active uplift located in the southeastern San
Joaquin Basin, along the western flank of
the southern Sierra Nevada. Kern arch stra-
tigraphy provides a unique record of sub-
sidence and exhumation in a sensitive region
immediately adjacent to the delaminating
mantle lithosphere at depth. Detrital apatite
(U-Th)/He ages from Oligocene-Miocene
sandstones collected in Kern arch well cores
indicate postdepositional heating to tem-
peratures beyond those corresponding with
their present burial depths. When integrated
with available geologic and stratigraphic
constraints, temperature-time modeling of
thermochronometric data suggests partial
He loss from apatites at temperatures of
70-90 °C, followed by exhumation to pres-
ent burial temperatures of 35-60 °C since
ca. 6 Ma. By constraining the late Ceno-
zoic geothermal gradient to ~25 °C/km,
our results imply 1.0-1.6 km of rapid (~0.4
mm/yr) subsidence and sedimentation, and
then subsequent uplift and exhumation of
southeastern San Joaquin Basin strata in lat-
est Miocene—Quaternary time. Stratigraphic
and geomorphic relations further constrain
the principal burial episode to ca. 2.5 Ma or
later, and exhumation to ca. 1 Ma or later.
Subtle differences in the maximum tempera-
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tures achieved in various wells may reflect
differing degrees of tectonic subsidence and
sedimentation as a function of growth fault-
ing and distance from the range front. Our
results are consistent with estimates of sur-
face subsidence and uplift from Sierran
delamination models, which predict a mini-
mum of ~0.7 km of tectonic subsidence in
regions retaining mantle lithosphere adjacent
to the area of delamination, and a minimum
of ~0.8 km of rock uplift in regions where
delamination occurred recently. We attribute
the marked pulse of tectonic subsidence in
the San Joaquin Basin to viscous coupling
between the lower crust and a downwelling
mass in the delaminating slab. The ensuing
episode of exhumation is interpreted to result
from the northwestward peeling back of the
slab and the associated replacement of dense
lithosphere with buoyant asthenosphere that
drove rapid rock and surface uplift.

INTRODUCTION

Convective removal of dense lower crust
and mantle lithosphere is postulated to have
occurred in orogenic systems around the globe
(e.g., the Sierra Nevada, central Andes, western
Europe, the Coast Mountains of British Colum-
bia, southern Tibet, and the Carpathians, among
others), and is now recognized as a fundamental
process required to maintain mass balance and
to explain crustal compositions in convergent
margin settings (see Ducea, 2011, and refer-
ences therein). Vertical tectonics driven by such
removal processes have been shown to have
great influence on the magmatic (e.g., Manthei
et al., 2010; Gutierrez-Alonso et al., 2011) and
topographic (e.g., Garzione et al., 2008) evo-
lution of orogens. In the Sierra Nevada region
(California, USA), geophysical observations,
mantle xenoliths, and the age, chemistry, and
distribution of late Cenozoic volcanic rocks
all point to the post—10 Ma removal of dense
mantle lithosphere from beneath the southern

Sierra Nevada batholith (Ducea and Saleeby,
1996, 1998a, 1998b; Ruppert et al., 1998; Man-
ley et al., 2000; Lee et al., 2001; Farmer et al.,
2002; Saleeby et al., 2003, 2012, 2013a; Zandt
et al., 2004). This recent removal event is spa-
tially and temporally linked to topographic tran-
sients in the southern Sierra Nevada region, as
evidenced by river incision pulses and various
other geomorphic indices (Wakabayashi and
Sawyer, 2001; Jones et al., 2004; Saleeby and
Foster, 2004; Stock et al., 2004; Clark et al.,
2005; Maheo et al., 2009; Figueroa and Knott,
2010; McPhillips and Brandon, 2010, 2012;
Saleeby et al., 2013a, 2013b); however, the
roles that climate and preexisting topography
have in determining landscape evolution are
not always clear in these studies. Therefore, in
order to isolate and study the effect of mantle
lithosphere removal on shallow crustal vertical
displacements, we target young and anomalous
topographic features immediately adjacent, and
thought to be dynamically related, to the foun-
dering material at depth. The southeastern San
Joaquin Basin is a critical area in that the stra-
tigraphy records both late Cenozoic subsidence
and rock uplift, allowing for a more detailed
analysis of the vertical displacement patterns
most proximal to ongoing removal.
Computational models investigating mantle
lithosphere removal indicate that the removal
of dense mantle lithosphere invariably leads to
modification of surface topography, the style
and magnitude of which change with differing
model parameters, such as size and rheology of
the foundering mass and its degree of coupling
with the lower crust (Pysklywec and Cruden,
2004; Le Pourhiet et al., 2006; Elkins-Tanton,
2007; Gogiis and Pysklywec, 2008). Studies all
show that the region above the deep mobilized
body is highly susceptible to vertical displace-
ment transients, which we refer to as being
epeirogenic (after Saleeby et al., 2012, 2013a).
Figure 1 shows a block diagram of the southern
Sierra Nevada—San Joaquin Basin region with
surface topography, and underlying P-wave
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Figure 1. Block diagram showing oblique digital elevation model view of the southern Sierra
Nevada topographic surface from the west, lifted off underlying upper mantle structure
shown as P-wave tomography of the Isabella anomaly (after Reeg, 2008). Higher velocity
core of anomaly is interpreted as actively delaminating arclogite (see text) root of the Sierra
Nevada batholith (SNB); the delamination hinge is the approximate locus of separation
from lower crust (after Saleeby et al., 2012, 2013a). The Kern arch is over an area where the
delamination hinge trace extends into the San Joaquin Basin, and the Tulare Basin is over
the principal area of residual attachment of the batholithic root. Abbreviations: SAF—San
Andreas fault; GV—Great Valley; Flt.—fault; V—vertical; H—horizontal.

tomographic structure (after Reeg, 2008). The
southern margin of the high-wave-speed Isa-
bella anomaly is shown to pass under the eastern
San Joaquin Basin along the transition between
the Tulare subbasin and the Kern arch. This
presents an ideal opportunity to use the strati-
graphic record of the eastern San Joaquin Basin
to test for epeirogenic transients predicted by
the computational models.

Here we present new thermochronometric
and thermometric data from the southeastern
San Joaquin Basin that are used to constrain the
thermal and epeirogenic history of the region
directly above the southern margin of the Isa-
bella anomaly. We interpret recent thermal
perturbation of Tertiary strata in this region as
reflecting rapid burial and subsequent exhuma-
tion of those strata, directly linked to the evolu-
tion of the Isabella anomaly. Our results allow
us to evaluate thermomechanical models of
southern Sierra mantle lithosphere removal and
to suggest that transients in surface topography
can be diagnostic indicators of the mechanisms
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involved in mantle lithosphere removal. Our
results also show that complex subsidence pat-
terns may result in sedimentary basins that arise
from processes that are beyond the commonly
assumed governing processes of plate tectonic
forcing and eustasy.

GEOLOGIC SETTING

The Sierra Nevada is an ~600-km-long, north-
west-southeast—trending mountain range that,
with the adjacent Great Valley to the west, con-
stitutes a geodetic microplate (Argus and Gor-
don, 1991). It is bound to the west by the active
Coast Range fold-thrust belt and San Andreas
fault and to the east by the Sierra Nevada frontal
escarpment, which separates the Sierra Nevada
microplate from the Basin and Range exten-
sional province to the east. The Great Valley is
an elongate trough that was part of the forearc
basin to the Cretaceous Sierran arc and tran-
sitioned into an intermontane basin through
Cenozoic time. Here we focus on part of the San
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Joaquin Basin, which forms the southern half of
the Great Valley. Although the Sierra Nevada is
typically described as a rigid, westward-tilted
block, the geologic, topographic, and structural
character of the range exhibits marked along-
strike differences. The southern Sierra Nevada
has higher crest elevations, greater local relief,
and is internally deformed. Unlike the general
pattern observed to the north, southern Sierran
basement is extensively faulted and the western
margin is structurally and topographically com-
plex (Maheo et al., 2009; Nadin and Saleeby,
2010; Amos et al., 2010; Saleeby et al., 2013a,
2013b). Similarly, the regional tilt pattern and
linear deposition in the Great Valley are dis-
turbed south of 37°N, where the Tulare Basin
embays into the western foothills of the range,
south of which (~35.5°N-36°N) the Kern arch
forms a salient into the San Joaquin Basin (Figs.
1 and 2).

In addition to its structural complexity, recent
studies also indicate that the geomorphic devel-
opment of the southern Sierra Nevada is nota-
bly different than that of the range as a whole
(Maheo et al., 2009; Figueroa and Knott, 2010;
McPhillips and Brandon, 2010; Saleeby et al.,
2013a). Unlike the central and northern Sierra
Nevada, which appear to be slowly denuding
(e.g., Cecil et al., 2006), the southern Sierra is
marked by regions undergoing anomalous rock
uplift and anomalous subsidence (see Saleeby
et al., 2013a, and references therein). The Kern
arch and the Tulare subbasin to its north are
areas undergoing such modern uplift and sub-
sidence in association with delamination.

Kern Arch

The Kern arch is a late Quaternary epeiro-
genic uplift that deforms the southeastern San
Joaquin Basin along its transition into the west-
ern Sierra Nevada (Figs. 1 and 2), and exposes
the southeastern facies of the Tertiary section
of the San Joaquin Basin. Figure 2 is a gener-
alized map of the southern Sierra Nevada—San
Joaquin Basin region that denotes the Kern arch
by Tertiary—Pleistocene strata that are currently
exposed and undergoing erosion (after Saleeby
et al., 2013b). Also shown in Figure 2 are oil
wells and oil fields for which we present data
herein. Topographic relief across the Kern arch
(~500 m) is expressed in the subsurface by a
buried and extensively faulted basement horst
that locally attains as much as ~2 km of struc-
tural relief beneath the area of the arch (Saleeby
et al., 2013a). These relations suggest ~1500 m
of Kern arch exhumation in the areas of greatest
structural relief. Figure 3 is a cross section across
the northern part of the Kern arch, 15-20 km
north of its topographic and basement surface
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Figure 2. Generalized map of the southern Sierra Nevada region showing select geomorphic features, late Cenozoic
faults, San Joaquin Basin subbasins, intervening Kern arch, and locations of wells and oil fields studied and discussed
in the text (after Saleeby et al., 2013a, 2013b). Also shown by white dots are locations of apatite He basement ages from
House et al. (2001), Clark et al. (2005), and Maheo et al. (2009). Delamination hinge trace is taken from Figure 1.
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Figure 3. East-west cross section across the northern Kern arch showing principal Ter-
tiary (T) stratigraphic units and erosional truncation of the section along the western Sierra
Nevada basement uplift. The approximate eastward extent of exhumed basement noncon-
formity is also shown. Abbreviations: Cyn.—canyon; V-vertical; H—horizontal. After

Saleeby et al. (2009, 2013a, 2013b).

structural culmination. Here the updip erosional
truncation of the top of the upper Pliocene San
Joaquin Formation suggests ~1 km of erosional
exhumation. The basement nonconformity of
the Kern arch Tertiary section is exhumed along
the eastern margin of the arch (Figs. 2 and 3),
and extends eastward across the southern Sierra
Nevada, becoming roughly comparable with
a low-relief, deeply dissected relict landscape
surface (Clark et al., 2005; Maheo et al., 2009;
Saleeby et al., 2013b). The Kern arch divides the
southern San Joaquin Basin into the Maricopa
subbasin to the south and the Tulare subbasin to
the north. The Tulare basin is an area of modern
anomalous subsidence centered above the area
of residual crustal attachment of the delaminat-
ing root (Saleeby and Foster, 2004; Saleeby
et al., 2012), while the Kern arch sits above the
area of most recent root detachment (Saleeby
et al., 2013a).

A generalized stratigraphic column is shown
for the Kern arch in Figure 4, which also shows
log- and core-based columns for wells that we
have studied in detail. General descriptions of
the stratigraphic units are given in the Supple-
mental File'. Each of the well columns studied
have undergone considerable Quaternary exhu-
mation, which is a focus of our work presented
herein. In general, the Kern arch Tertiary sec-
tion approaches 4 km total thickness just west of
the arch uplift, where the section continues into
the adjacent actively subsiding part of the San
Joaquin Basin (Saleeby et al., 2013a). The Kern
arch section is primarily siliciclastic sandstones,

'Supplemental File. Elemental data and additional
discussion of geology and analytical methods. If you
are viewing the PDF of this paper or reading it offline,
please visit http://dx.doi.org/10.1130/GES00882.S1
or the full-text article on www.gsapubs.org to view
the Supplemental File.
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first-cycle detritus derived from the southern
Sierra Nevada batholith (MacPherson, 1978;
Bartow and McDougall, 1984; Olson, 1988;
Saleeby et al., 2013b). Most of the section is
marine, except for the Walker Formation, Kern
River formation, and Tulare Formations (Fig. 4).
Internal unconformities are not recognized
except along the basal contacts of extensive Late
Miocene fluvial and deltaic sandstone and con-
glomerate shown as the Caliente River facies of
the Kern River formation in Figures 2 and 4. It
has been proposed that the Kern arch was first
uplifted as a prominent bulge on the southern
Great Valley floor in the Paleocene, based on
the absence of Cretaceous and Paleocene strata
on the basement surface (MacPherson, 1978).
Subsequent studies, however, have shown that
initial basement exhumation in the area of the
Kern arch was part of a broader Late Creta-
ceous regional pattern that extended southward
from the area of the arch across the area of the
Tehachapi—San Emigdio ranges (Reid, 1988;
Saleeby et al., 2007, 2013b; Chapman et al.,
2012). This extensive region of deeply exhumed
batholithic basement was differentially covered
nonconformably by Eocene—Early Miocene
strata of the Walker Formation (Fig. 4), and now
has kilometer-scale structural relief related to
Miocene extensional faulting, Quaternary ascent
of the Kern arch, and, in the south, Quaternary
emergence of the Tehachapi—San Emigdio fold-
thrust belt (Saleeby et al., 2013a).

High-angle, mainly normal faulting of Mio-
cene and Quaternary age is widely developed
across the Kern arch and its basement, and many
faults are shown to have been growth structures
during sedimentation (Fox, 1929; Nugent, 1942;
Mabheo et al., 2009; Saleeby et al., 2013a, 2013b).
Such growth faulting accounts for the significant
changes observed in stratigraphic thicknesses
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shown between well sites in Figure 4. The Kern
arch Tertiary section is commonly shown to be
capped by Quaternary alluvial fans (cf. Bartow
and Pittman, 1983), but our studies find little evi-
dence this; in contrast, we interpret the arch to be
undergoing erosion, and in many places it is cov-
ered by a veneer of coarse colluvial lag (Saleeby
et al., 2013b). A permanent global positioning
system monument along the eastern margin of
the arch yields a vertical uplift rate of ~2.3 + 0.4
mm/yr (Nadin and Saleeby, 2010; Hammond
et al., 2012), presenting the possibility that the
~1-1.5 km of exhumation suggested by struc-
tural-stratigraphic relations occurred within the
past 0.5 m.y. Such rapid erosion has erased the
most recent phases of subsidence and sedimenta-
tion from the Kern arch stratigraphic record.

CRYPTIC SUBSIDENCE IN
THE KERN ARCH

The work presented herein was motivated in
part by a number of surface and subsurface geo-
logic observations indicating that the Kern arch
has been elevated from shallow-marine condi-
tions since late Pliocene time, and has under-
gone substantial exhumation in late Quaternary
time. The ~1-1.5 km of recent exhumation sug-
gested from structural-stratigraphic relations is
corroborated by subsurface petrologic features
that indicate a cycle of significant subsidence
and sedimentation in Pliocene—Quaternary time,
immediately prior to the current phase of exhu-
mation. We refer to the most recent phase of
subsidence as cryptic because it is not directly
observable in the stratigraphic record due to
erosion. The observational data that suggest
a recent cycle of cryptic subsidence and then
uplift and exhumation are summarized in the
following, and further pursued using detrital
apatite (U-Th)/He thermochronometric and
vitrinite reflectance studies.

Coupled stratigraphic and geochronometric
relations generally constrain cryptic subsidence
to after 6 Ma. This is based on the 6.1 Ma date
of an ash within the Caliente River facies of
the Kern River formation (Baron et al., 2007),
close to the youngest erosionally exhumed
stratigraphic level across a significant area of
the Kern arch (Saleeby et al., 2013b). Addi-
tional stratigraphic relations, however, suggest
that most subsidence occurred between the
ca. 2.5 Ma termination of San Joaquin Forma-
tion deposition and deposition of the 0.61 Ma
Corcoran E-clay (Dalrymple, 1980) member of
the Tulare Formation (Saleeby et al., 2013a; see
Figs. 5 and 8). Based on exhumation relations
discussed herein, we interpret ca. 2.5-1 Ma as
the time interval of the principal phases of cryp-
tic subsidence.
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Figure 4. Generalized stratigraphic column for strata of the Kern arch, and local columns based on log and core data from oil wells studied
by detrital apatite (U-Th)/He thermochronometry, vitrinite reflectance, and downhole thermometry (sampling levels and techniques are indi-
cated). Stratigraphy is modified after Bartow and McDougall (1984) and Olson (1988), as based on surface and subsurface mapping of Saleeby
et al. (2013a, 2013b). Abbreviations: EK—Early Cretaceous; Pleist.—Pleistocene; El—elevation; FM—formation; MSL—mean sea level.

In much of the analysis that follows we use
temperature relations as a proxy for depth rela-
tions in stratigraphic sections. It is therefore
critical to have a reasonable approximation of
the geothermal gradient through the Kern arch
section. Stratigraphic continuity of Eocene
through Pliocene strata from the Kern arch to

the axial area of the San Joaquin Basin (Bartow
and McDougall, 1984; Bloch, 1991; Saleeby
et al., 2013a) permits a common geotherm prior
to the uplift and partial exhumation of the arch.
The observed geotherm in the actively subsiding
part of the San Joaquin Basin proximal to the
Kern arch is known from well data to be ~20-
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25 °C/km (Graham and Williams, 1985; Wilson
et al., 1999; Saleeby et al., 2013a). This over-
laps with an ~25 °C/km theoretical upper crustal
geotherm determined for the entire crustal col-
umn of the southern Sierra Nevada batholith
based on heat production data determined over
an ~35 km range of crustal level exposures, as
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Figure 5. (A) Photomicrograph in cross-polarized light of Famoso Formation sandstone
from ~1580 m measured depth in the Fuhrman. Note chloritization of matrix and complete
replacement by chlorite of deformed biotite grain in the center bottom of the image (plag. is
plagioclase). (B) Diagram showing depth relations at Fuhrman well for chloritized matrix
and albitized detrital plagioclase grains. The black line is the total subsidence curve for
ca. 40 to ca. 6 Ma (after Saleeby et al., 2013a) terminated at the erosional top of top of well
column. The red dashed line is the reconstructed cryptic subsidence-rock uplift extension
of total subsidence curve based on minimum temperature requirements of 90-100 °C for
initiation of chlorite growth and albitization (see text). MSL is mean sea level.

well as a mantle heat flux based on heat produc-
tion of mantle xenoliths recovered from beneath
the batholith (Brady et al., 2006). Consider-
ing that the San Joaquin Basin consists almost
exclusively of first cycle detritus derived from
the upper levels of the Sierra Nevada batholith
(Ingersoll, 2012; Saleeby et al., 2013b), and
that much of the basin, including the Kern arch
section, nonconformably overlies mid-crustal
Sierra Nevada batholith (Saleeby, 2007), a refer-
ence geotherm of 25 °C/km is used for the Kern
arch section.

Of similar importance for temperature-depth
relations in the Kern arch section is the tempera-
ture used for surface conditions. We put bounds
on this unknown by noting that (1) the depo-
sitional temperature of marine clastics in the
modern San Pedro Basin of southern Califor-
nia, which is similar to the San Joaquin Basin,
is 5 °C (John et al., 2012), and (2) the modern
average surface temperature of the Kern arch
is 18.5 °C (see www.climate-zone.com). We
also use an approximate surface temperature of
~15 °C for the area of the Kern arch for early
Pleistocene time, though average surface paleo-
temperatures in California shoreline environ-
ments are estimated to vary between 10.4 and
19.0 °C (Valentine and Meade, 1960).

Following the structural-stratigraphic impli-
cations of ~1-1.5-km-scale recent exhumation
across the Kern arch (Fig. 3), we present cor-
roborating petrographic features from selected
cores. We focus on depth of burial and exhu-
mation, and then draw inferences about cryptic
subsidence from these and from facies relations.
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Chloritization and Albitization

Samples of the Eocene Famoso Formation,
recovered from a cored interval at ~1580 m
depth in the Fuhrman well (Figs. 2 and 4), have
a pervasively chloritized matrix (Fig. 5A). (The
full names of all wells discussed in this paper are
given in the Supplemental File [see footnote 1].)
Petrographic and microprobe analyses show
that chlorite developed as a mineral coating on
detrital quartz and plagioclase, as a replacement
for an undetermined matrix component, and as
pseudomorphs after detrital biotite. The current
burial depth of the chloritized sandstone cor-
responds to a temperature of ~50 °C, using a
mean surface temp of 18.5 °C and a geotherm
of ~25 °C/km. Aagaard et al. (2000) showed that
grain coating by chlorite initiates in siliciclas-
tic rocks at ~90 °C. Microprobe imaging and
compositional data on 10 spots (Supplemental
Table 2 [see footnote 1]) show the chlorites to be
aggregates of 5-10 wm grains with small quartz
inclusions, resulting in poor (high) silica values.
Iron-magnesium ratios, however, indicate an
iron-rich (chamositic) composition, which typi-
cally develops at temperatures 2160 °C (Iijima
and Matsumoto, 1982). Chlorite overgrowths
found in the Fuhrman well are therefore inter-
preted to have formed at greater temperatures
(290 °C) and depths (2.9 km) than those at
which they are currently found (Fig. 5B).

Chloritized Walker Formation core samples
from the Fuhrman well also exhibit evidence for
albitization of detrital plagioclase grains. Our
research shows that tonalitic, granodioritic, and
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gabbroic rocks from the axial to western Sierra
Nevada and Great Valley subsurface typically
contain zoned plagioclase with Ab,g .. Detrital
plagioclase grains from the chloritized Walker
lack zoning; microprobe analysis of cores and
rims yielded uniform Ab,, (Supplemental Table 2
[see footnote 1]). These data show that the plagio-
clase grains have been pervasively albitized to a
uniform composition. A detailed study of the
albitization of detrital plagioclase in the actively
subsiding San Joaquin Basin showed that albiti-
zation initiates at ~85 °C, and is prolific between
110 and 160 °C (Boles and Ramseyer, 1988).
The uniform composition of plagioclase grains at
Ab,, suggests albitization at the lower end of the
temperature ranges determined in this and other
studies (Perez and Boles, 2005). The chloriti-
zation and albitization data lead us to interpret
their mutual development in the Fuhrman well
at a minimum of 90-100 °C, which corresponds
to depths 1.3 km deeper than those at which the
rocks are currently found (Fig. 5B).

Viewing the depth relations of Fuhrman well
and using a geotherm of 25 °C/km (Fig. 5B), the
chloritized and albitized level of the well was
buried to at least ~2.9 km depth. The current
depth of the sample studied is 1580 m below the
285 m surface elevation of the well site. Using
sea level as the approximate post—6 Ma depo-
sitional surface, this indicates minimum rock
uplift of 1605 m and a minimum of 1320 m
of exhumation following chloritization and/or
albitization. Figure 5B shows continuous, strati-
graphically constrained total subsidence
between ca. 40 Ma and ca. 6 Ma (Saleeby et al.,
2013a). The minimum post—-6 Ma (cryptic) sub-
sidence can then approximated as ~1350 m by
mating the rock uplift and measured depth rela-
tions with the ca. 6 Ma termination of the total
subsidence curve.

Mechanical Granulation of Detrital
Grains and Zeolite Growth

Link et al. (1990) recognized mechanical
granulation of detrital plagioclase and quartz
and the bending of detrital biotite grains around
framework silicate detrital grains during Ca
zeolite formation in the uppermost Miocene(?)—
lower Pliocene shallow-marine Etchegoin For-
mation from the Kern Front oil field (Fig. 2).
Such granulation textures are observed at
measured depths as shallow as ~500 m. Simi-
lar granulation textures are prevalent in the in
Fuhrman well (Fig. 5A), although in this case
recovered from considerably greater measured
depth (~1580 m). The type of fracturing of com-
petent grains that Link et al. (1990) observed
in the Etchegoin Formation is typically seen
at burial depths of >1600-1700 m, requiring
high compaction stresses and rapid sedimenta-
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tion (Merino, 1975; Helmold and van de Kamp,
1984). The marine sandstone found today at
500 m measured depth must therefore have been
buried to at least ~1600 m depth, indicating a
minimum of ~1100 m of exhumation and a com-
parable amount of Pliocene—Quaternary cryptic
subsidence, considering the shallow-marine set-
ting of Etchegoin deposition (Link et al., 1990).

The ~1600 m minimum burial depth for the
granulated Etchegoin Formation translates to
~58 °C conditions during granulation, using a
25 °C/km geotherm and a surface temperature
of 18.5 °C. This is at the lower range of tem-
perature formations observed for Ca zeolite
(McCulloh et al., 1981), with laboratory syn-
thesis typically requiring temperatures in the
150-200 °C range (Wirsching, 1981).

APATITE (U-Th)/He
THERMOCHRONOMETRY

Following the implications of the strati-
graphic and core petrographic data presented
above for ~1-1.5-km-scale recent exhumation
across the Kern arch, we focus here on detrital
apatite grains from oil well cores (Dyer Creek,
Fuhrman, and Richfield wells) and cuttings
(Parsons well) located within and along the mar-
gin of the Kern arch (Fig. 2). We present data on
samples from multiple depth intervals in widely
spaced wells, although subsurface materials
extracted from appropriate depth and lithologic
intervals were only available in a limited num-
ber of locations. Apatite (U-Th)/He thermochro-
nometry of sampled sandstones allowed us to
investigate the postdepositional thermal pertur-
bation of Cenozoic strata across a region. Such
thermal perturbation is then used to infer burial
and exhumation relations, as well as to constrain
prior cryptic subsidence.

We present (U-Th)/He ages for 69 individual
apatite crystals, collected from samples that
yielded an adequate number of inclusion-free
crystals. Single grain detrital apatite (U-Th)/He
ages and supporting data are given in Table 1.
A minimum of five inclusion-free apatites from
each sample were picked on the basis of size,
morphology, and lack of visible inclusions using
a binocular microscope in cross-polarized light.
The dimensions of each crystal were measured
and an alpha-ejection correction (from Farley
et al., 1996) was applied to each analysis. Com-
pared to previous work on Sierra Nevada apa-
tites (cf. House et al., 1998, 2001; Clark et al.,
2005; Maheo et al., 2009), most of the grains
analyzed here are small and therefore have larger
and more uncertain o ejection corrections. (For
additional information about the (U-Th)/He
analytical methods used, see the Supplemental
File [see footnote 1].)

Apatite (U-Th)/He ages range from 58 to
0.2 Ma and vary greatly within any individual
sample. As expected, maximum ages from all
samples decrease with increasing depth and
temperature. With the exception of the apatites
analyzed from the Dyer Creek well, (U-Th)/He
ages show a clear positive correlation with
effective uranium concentration, [eU] (defined
as [U] + [Th] x 0.235; Flowers et al., 2007).
Recent studies have shown that He retentiv-
ity increases with increasing radiation damage
within the apatite lattice, such that the effective
closure temperature of an apatite changes over
its lifetime, a phenomenon described by the
helium trapping model (HeTM; Shuster et al.,
2006) and the radiation damage accumulation
and annealing model (RDAAM; Flowers et al.,
2007, 2009). The sensitivity of He diffusion
to radiation damage means that crystals with
higher [eU] have higher effective closure tem-
peratures and will yield older ages than crystals
that had the same thermal history, but that have
lower [eU]. This is particularly true of samples,
like those presented in this study, that may have
had prolonged residence in the helium par-
tial retention zone (at temperatures 40-80 °C;
Flowers et al., 2007).

In the case of detrital samples, and given no
postdepositional heating above ~40 °C, age-
[eU] relations within the detrital apatite suite
should be random, representing the inher-
ited ages and [eU] of the source rocks. If, and
depending on the specific thermal evolution
of the system, a suite of detrital apatites with
variable initial ages and [eU] is heated above
~40 °C, the HeTM and RDAAM models pre-
dict a preferential lowering of ages of low [eU]
crystals, thereby creating a positive, typically
nonlinear, relationship between age and [eU].
The shape of that relationship, and the spread
of ages achieved as a result of postdepositional
heating, is sensitive to the peak temperature that
is reached, and the duration of residence at that
temperature. We exploit this behavior and create
thermal history simulations that can reasonably
satisfy the observed age-[eU] distributions, elu-
cidating the thermal history of the arch. Note,
however, that our data are sensitive to subtle
changes in He diffusion due to long residence in
the He partial retention zone (Wolf et al., 1998).
This means that slight changes to a sample’s
time-temperature (¢-7°) path and/or differences
in diffusion kinetics could yield ages that are not
well predicted by the simplified 7T paths used
in our thermal history simulations. Although we
recognize that in some cases our simulations do
not capture all data points of a given sample, the
fact that our results are internally consistent and
consistent with other data sets lends confidence
to our simulations.
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Forward Modeling of Age-[eU] Relations

Apatite (U-Th)/He ages become younger,
and the age ranges generally decrease, with
greater depth in Kern arch wells. As the range of
ages young, they typically straddle, or become
younger than, host depositional ages, recording
postdepositional He loss. To ascertain whether
such He loss can be explained simply by slow
burial, we perform thermal simulations using
HeFTy software (Ketcham, 2005), which incor-
porates available geologic and thermochrono-
metric constraints. Thermal simulations con-
structed by HeFTy predict age arrays over a
range of typical [eU] values (2—-100 ppm). The
best fit of measured ages to the predicted age-
[eU] envelopes is then taken to be the sample’s
preferred thermal history.

Kern arch strata were sourced from the adja-
cent southern Sierra Nevada basement uplift,
as evidenced by detrital zircon geochronol-
ogy, conglomerate clast populations, paleo-
current indices, and fan morphologies (Mac-
Pherson, 1978; Bartow, 1991; Maheo et al.,
2009; Saleeby and Saleeby, 2010; Saleeby
et al., 2013a, 2013b). Unroofing of the southern
Sierra Nevada batholith is well constrained by a
number of studies using low-temperature ther-
mochronometry (Dumitru, 1990; House et al.,
1997, 1998, 2001; Clark et al., 2005; Saleeby
et al., 2007; Maheo et al., 2009). Available apa-
tite (U-Th)/He basement ages from the south-
ern Sierra Nevada, shown in Figure 2, cluster
around ca. 55 Ma, but are variable with eleva-
tion from 42 Ma to 68 Ma. Mean ages, together
with age-elevation profiles, suggest relatively
slow Cenozoic exhumation rates of ~0.04—-0.06
mm/yr (House et al., 2001; Clark et al., 2005;
Mabheo et al., 2009). Using an exhumation rate
of 0.06 mm/yr for the southern Sierra (Maheo
et al., 2009), which we prefer because it more
accurately accounts for fault offsets in the area,
and using a geotherm of 25 °C/km, the cooling
rate of the Cenozoic southern Sierra is taken to
be 1.5 °C/m.y. We therefore impose a predepo-
sitional 1.5 °C/m.y. cooling path in our thermal
history simulations (Fig. 6). To account for
low-temperature residency at the surface prior
to burial, we allow for as much as 25 m.y. of
lag time between exhumation to the surface and
deposition in the basin. This is represented in
Figure 6 as two parallel cooling paths. A 25 m.y.
span was chosen because that is typical of the
range of cooling ages found in elevation profiles
in the southern Sierra (Clark et al., 2005; Maheo
et al., 2009). Note that we ignore effects on He
age associated with abrasion during transport;
these effects are reasonably captured by allow-
ing large variability in the He age of the grains
being shed by the Sierra Nevada.
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TABLE 1. APATITE (U-Th)/He DATA

Corrected age [U] [Th] [eV] [He] Radius
Sample (Ma) *20 (ppm) (ppm) (ppm) (nmol/g) (nm) Ft
Fuhrman well (35.5389°N, —118.96795°W)
FW-2 (1100 m measured depth)
FW-2-1* 6.7 0.56 21.3 275 27.8 0.647 38 0.631
FW-2-2 49.8 3.6 26.9 67.3 42.8 7.68 42 0.659
FW-2-3 24 0.2 56.4 86.0 76.6 0.56 30 0.55
FW-2-4 58.1 5 25.6 60.9 39.9 7.65 37 0.603
FW-2-5 51.1 3.6 24.9 60.5 39.1 7.32 4 0.67
FW-2-6 38.4 2.8 32.6 76.4 50.6 6.86 37 0.642
FW-2-7 291 26 75 23.9 131 1.38 39 0.639
FW-2-8 41.6 37 32.3 50.6 44.2 5.79 31 0.577
FW-2-9 50.5 4.0 36.8 84.4 56.6 9.54 36 0.605
FW-2-10 48.6 3.7 51.1 102.4 75.2 12.3 36 0.614
FW-2-11 324 35 14.9 32.2 225 2.27 34 0.567
FW-2-12 50.5 4 34.9 122.2 63.6 10.5 33 0.596
FW-3 (1387 m measured depth)
FW-3-1 30.3 21 16.6 48.0 27.9 3.20 45 0.692
FW-3-2 19.9 1.7 133 36.4 21.9 1.54 40 0.645
FW-3-3 24.8 2.7 10.8 18.4 151 1.28 40 0.613
FW-3-4 28.3 22 13.8 214 18.9 1.96 40 0.663
FW-3-5 37.6 24 15.6 45.9 26.4 4.05 59 0.745
FW-3-6 19.7* 1.3 39.8 81.5 58.9 4.34 45 0.683
FW-3-7 34.3 2.8 19.3 48.2 30.7 3.57 36 0.622
FW-3-8 9.1 1.5 9.2 26.1 15.3 0.44 34 0.579
FW-1 (1510 m measured depth)
FW-1-1 9.9 1.2 29.1 60.2 43.2 1.1 24 0.475
FW-1-2 1.2* 0.1 125.8 274 190.2 0.747 29 0.528
FW-1-3 1.2 1.3 16.2 36.8 24.8 0.841 31 0.55
FW-1-4 371 3.6 53.7 82.2 73.0 7.63 27 0.513
FW-1-5 4.6* 0.4 142.2 79.7 160.9 2.16 30 0.537
Richfield well (35.3592°N, —118.80189°W)
R-2 (1269 m measured depth)
R-2-1 47.8 5.5 3.4 17.2 7.4 1.27 43 0.645
R-2-2 442 29 31.2 90.5 52.5 8.52 41 0.671
R-2-3 51.8 3.8 37.6 173.6 78.5 13.9 41 0.625
R-2-4 38.7 2.8 45.7 86.8 66.1 8.72 35 0.625
R-2-5 29.6 2.1 20.4 60.7 34.7 3.75 45 0.669
R-1 (1536 m measured depth)
R-1-1 18.8 1.1 24.3 65.7 39.7 3.04 62 0.745
R-1-2 25.7 1.7 40.6 61.1 54.9 5.41 49 0.704
R-1-3 6.0 0.6 8.8 19.3 13.3 0.29 42 0.660
R-1-4 8.9 0.5 36.5 41.8 46.3 1.66 54 0.733
R-1-5 12.8 0.8 11.7 58.0 25.4 1.31 57 0.742

(continued)

Because we are most interested in the post-
depositional thermal evolution, we divide that
portion of the #-T history into two episodes: an
older (pre—6 Ma) episode, for which the tectonic
subsidence of the basin is locally known, and a
younger, post—6 Ma episode, for which the sub-
sidence and exhumation history is unconstrained
through conventional stratigraphic means, due
to the lack of post—6 Ma strata preserved across
much of the Kern arch. It is this later period we
attempt to constrain with our thermal models.

Total subsidence in the Fuhrman well, shown
as a green line in Figure 6A, occurs at a mean
rate of 0.055 mm/yr between ca. 30 and 6 Ma
(Saleeby et al., 2013a). Because they are located
at similar structural positions on the Kern arch,
we assume that the subsidence history of the
Richfield and Dyer Creek wells is similar to
that of the Fuhrman well. Using a geotherm of
25 °C/km, heating associated with subsidence
is taken to be 1.37 °C/m.y. between the tim-
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ing of deposition and 6 Ma. The marine depo-
sitional temperature is taken to be 5 °C (John
et al., 2012). Unlike the other three wells, the
Parsons well is located just west of the topo-
graphic expression of the arch (Fig. 2) at an ele-
vation of ~100 m. Subsidence in the Parson well
occurred at a much higher rate, as indicated by
the ~1350 m modern depth of the ca. 7 Ma top
of the mainly littoral Santa Margarita sandstone
(Fig. 3). Depth-age relations of the Santa Mar-
garita in the Parson well indicate a subsidence
rate of 0.19 mm/yr along the western margin of
the arch.

Figure 6B shows predicted age-[eU] relation-
ships as a function of the three different burial
histories represented in Figure 6A. The gray areas
indicate the range of possible age-[eU] given by
the range of depositional apatite He ages. In
burial history A, subsidence and heating occurs
at arate of 1.37 °C/m.y. from 6 to 1 Ma, where-
upon ~400 m of exhumation occurs, reflecting
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the erosion and removal of Pliocene—Quaternary
strata. Apatite (U-Th)/He (ApHe) ages resulting
from this burial scenario range between ca. 50
and 80 Ma and are relatively unchanging at [eU]
values above 20 ppm. At lower values of [eU],
predicted ages become lower and the predicted
range of ages becomes smaller, such that at an
[eU] of 2 ppm, corresponding apatite ages are
3040 Ma. Because of the observations suggest-
ing an episode of cryptic subsidence described
earlier, we also simulate burial histories B and
C, in which a marked pulse of subsidence initi-
ates at 6 Ma, followed by the inversion of strata
to their present burial depths and elevation lev-
els. In burial history B, sediments are heated to
60 °C, and in burial history C, they are heated
to 75 °C. Resulting apatite age-[eU] relation-
ships follow trends that are similar to, but more
pronounced than, that resulting from burial his-
tory A. In both cases, ApHe ages are positively
correlated with [eU], becoming younger and
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TABLE 1. APATITE (U-Th)/He DATA (continued)

Corrected age [U] [Th] [eV] [He] Radius
Sample (Ma) *20 (ppm) (ppm) (ppm) (nmol/g) (nm) Ft
Dyer Creek well (35.3761°N, —119.07209°W)
DC-1 (988 m measured depth)
DC-1-1 36.7 21 23.3 46.7 34.3 5.09 53 0.736
DC-1-2 49.7 3.2 17.5 52.9 29.9 5.78 50 0.712
DC-1-3 53.2 3.4 28.9 66.2 44.4 8.21 51 0.711
DC-1-4 55.9 3.2 16.5 55.1 29.4 6.93 65 0.769
DC-1-5 39.2 29 28.5 85.4 48.6 6.63 39 0.636
DC-1-6 55.6 3.4 15.6 48.9 271 6.16 59 0.748
DC-1-7 435 27 33.2 38.1 42.2 7.27 55 0.725
DC-1-8 37.3 22 28.5 775 46.7 7.03 56 0.739
DC-1-9 48.3 3.3 28.9 42.7 38.9 7.04 45 0.675
Parsons well (35.5289°N, —119.19588°W)
RCP-3 (1606 m measured depth)
RCP-3-1* 5.4 0.6 63.8 98.4 86.9 1.28 26 0.497
RCP-3-2 11 1.0 1.22 0.9 1.4 .005 32 0.562
RCP-3-4 1.9 1.8 15.6 39.8 24.9 799 26 0.488
RCP-3-5 31.7 3 66.1 192.0 11.2 9.85 27 0.512
RCP-3-6 40.7 34 138 35.6 146.4 18.1 31 0.558
RCP-7 (1743 m measured depth)
RCP-7-1 4.7 0.92 3.2 124 6.1 0.09 30 0.543
RCP-7-2 9.8 0.76 25.9 131.8 56.9 1.89 43 0.624
RCP-7-3 27.6 22 92.6 136.3 124.6 1.2 36 0.596
RCP-7-4 8.7 0.52 235 63.1 38.3 1.28 53 0.708
RCP-7-5 3.1 0.32 5.9 35.6 14.3 0.14 35 0.573
RCP-7-6 5.4 0.6 7.7 46.2 18.6 0.33 34 0.578
RCP-7-7 5.1 0.76 6.6 26.3 12.9 0.19 30 0.538
RCP-8 (1890 m measured depth)
RCP-8-1 1.3 0.16 5.9 56.1 19.1 0.08 31 0.558
RCP-8-2 29 0.2 243 355 32.6 0.38 58 0.725
RCP-8-3 1 0.1 10.8 40.3 20.3 0.07 37 0.634
RCP-8-4 13.9 14 25.0 735 423 1.84 35 0.571
RCP-8-5 2.3 0.2 20.3 26.6 26.6 0.23 44 0.683
RCP-2 (2020 m measured depth)
RCP-2-1 11.3 0.92 44.8 35.5 53.1 2.00 35 0.610
RCP-2-2 2.8* 0.22 52.7 89.7 73.8 0.72 39 0.624
RCP-2-3 6.3 0.72 20.9 222 26.1 0.52 30 0.570
RCP-2-4 25 0.16 5.8 10.6 8.2 0.09 49 0.818
RCP-2-5 12.8 0.8 22.4 55.4 35.4 1.79 53 0.718
RCP-2-6 18.8 1.1 212.2 136.8 244.3 16.8 43 0.671
RCP-2-7 10.9 0.98 20.9 63.1 35.7 1.24 32 0.582
RCP-2-8 9.8 0.54 28.5 51.6 40.6 1.61 55 0.746

Note: [eU]—effective uranium concentration. Ft—correction factor based on apatite grain size.
*These apatites are flagged as high [eU], young age grains, as discussed in text.

less variable with decreasing [eU]. There is an
overall lowering of all ApHe ages across all val-
ues of [eU] and an increase in the predicted age-
[eU] slope for samples that are heated to higher
temperatures. At maximum temperatures above
~120 °C, diftusive He loss outpaces radiogenic
ingrowth and apatite ages trend toward zero,
independent of [eU].

Maximum burial and by inference maximum
heating ca. 1 Ma is constrained by several fac-
tors. In the Kern Front oil field, grain crushing
textures that indicate ~1100 m of cryptic sub-
sidence has affected the lower Pliocene strata of
the Etchegoin Formation. This indicates that the
Etchegoin was buried substantially in late Plio-
cene to early Quaternary time (ca. 3.4-1 Ma).
This constraint parallels the stratigraphic con-
straints discussed above based on the top of the
San Joaquin Formation and Corcoran E-clay,
and indicating the principal cryptic subsidence
phase between ca. 2.5 and 0.61 Ma. Seismic

reflection data across the northwest margin
of the Kern arch show large clinoforms dip-
ping into the southern and eastern margin of
Tulare Basin that are constrained to 2.2-0.6 Ma
(Miller, 1999). These clinoforms signal the rise
of the Kern arch as a source area for Tulare
Basin detritus. Geomorphic studies suggest that
basement incision of the lower Kern River gorge
below the nonconformity surface off which the
Kern arch section was exhumed occurred over
the past 0.5 m.y. (Figueroa and Knott, 2010).
These relations together indicate a transition
from rapid subsidence and sedimentation to
rapid uplift and exhumation between ca. 2.2 and
0.6 Ma, nominally ca. 1 Ma. Because the timing
of this transition is not very well constrained, we
also investigated the distribution of ages and the
shape of age-[eU] envelopes for samples that
were heated to 75 °C at 5 Ma and at 0.5 Ma.
The model predictions are not shown because
they are indistinguishable from that of burial
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history C, indicating the inability of the thermal
simulations to constrain the timing of cryptic
subsidence.

As shown in Figure 6B, apatite age-[eU] dis-
tributions are sensitive to the peak burial tem-
peratures. They are also sensitive to grain size.
The forward modeling of Figure 6 assumes apa-
tite equivalent sphere radii of 40 wm, a typical
grain size in our data set. For any given [eU],
reduction or increase in crystal radius lowers or
raises, respectively, the expected ApHe age (col-
ored areas, Fig. 6B). The effect is pronounced at
low [eU], less significant at [eU] = 100 ppm, and
does not change as a function of the peak burial
temperature.

The thermal history simulations shown for
individual well samples in the following sec-
tion assume a grain size equal to the average
equivalent sphere radius measured from that
sample. The standard deviation in radius for
apatites in any given sample, however, can vary
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Figure 6. (A) Temperature-time (7-f) paths used in forward model-
ing of detrital apatite (U-Th)/He data, showing constraints discussed
in the text. The shaded gray polygon represents cooling of the Sierra
Nevada batholith, the source of the Kern arch sediments. The black
line represents the average pre—6 Ma subsidence rate of Kern arch
strata in the Fuhrman well area. Burial histories A—C are discussed
in the text. The differences in apatite (U-Th)/He age distributions as
a function of burial history are shown in B. (B) Shaded envelopes
represent the effect of a recent heating and/or burial event on apa-
tite age-[eU] (uranium concentration) relationships. Blue and red
semitransparent polygons represent the change in modeled age-[eU]
distributions as a function of apatite radius. See the text for discus-
sion of correlation between age and [eU] and shape of the envelope.

from 2 to 8 um. We note that the 20 wm range
modeled in Figure 6B is greater than the total
variability measured in most samples. We also
note that although grain size has an important
effect on ApHe age, it is overall less significant
than small changes in peak burial temperature.
As discussed in the following, an increase of
only 3 °C in burial temperature changes the pre-
dicted ApHe age by ~49% at an [eU] of 5 ppm
and ~3% at an [eU] of 90 ppm. Taking the influ-
ence of grain size into consideration and allow-
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ing for a range of crystal radii would effectively
broaden the predicted age-[eU] envelope, mak-
ing it easier to match the observed age-[eU] dis-
tributions, but potentially less sensitive to small
changes in peak burial temperature. Grain size
and ApHe age are not correlated in any of the
samples, and there are no identifiable examples
of data plotting outside the best-fit modeled
paths that could be fit better by modeling the
same thermal history with a different apa-
tite radius.
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Thermal History of Kern Arch Sediments

Burial histories like those shown in Figure 6
are constructed for Kern arch well samples
and adjusted for depositional ages and present
burial depths. The age-[eU] envelope that is
the best fit to the measured apatite (U-Th)/He
ages is chosen as the preferred thermal history
for a given sample. The best-fit thermal history
was determined to be the path that enclosed
the greatest percentage of individual grain
data, along with associated uncertainties, for a
given sample suite. Results for the Fuhrman,
Dyer Creek, Richfield, and Parsons wells are
summarized in Table 2, shown in Figures 7-11,
and discussed in the following.

Fuhrman Well

Detrital apatite (U-Th)/He data were col-
lected from three core samples taken at depths
of 1100 m, 1280 m, and 1510 m, and assigned
depositional ages of 23 Ma, 33 Ma, and 37 Ma,
respectively (Fig. 4). These chronologic and
lithologic assignments agree with the interpre-
tation of Fuhrman core and log data by Olson
(1988) and Hayes and Boles (1993). Apatite
ages vary greatly within each sample, but are
generally found to decrease with increasing
depth, becoming younger than the host deposi-
tional ages. The upper two samples (FW-2 and
FW-3) have broad distributions of ApHe ages
that positively correlate with [eU], a pattern
that can only be generated by partial He loss in
crystals having diverse He retentivities prior to
reheating. We reject grains that have high [eU],
but anomalously low corresponding ages. These
grains are flagged in Table 1 and in Figures 7
and 11 (for discussion, see the Supplemental
File [see footnote 1]).

The apatite age-[eU] distributions in samples
FW-2 and FW-3 can be reasonably reproduced
by thermal histories in which detrital grains are
monotonically buried from the time of deposi-
tion to 6 Ma, and then undergo a rapid pulse of
subsidence and exhumation, reaching peak tem-
peratures of 70-75 °C at 1 Ma (Fig. 7). Although
this thermal history is not necessarily unique, our
simulations show that the measured detrital ApHe
ages cannot be explained by simple monotonic
burial to their present depths (Fig. 7A). Modeled
age-[eU] trends are very sensitive to the peak
temperatures during the 1 Ma heating event. As
shown in Figure 7B, a decrease in peak tempera-
ture of 3 °C creates a modeled #-T envelope that is
no longer a good fit to the data. Using a geotherm
of 25 °C/km and a mean surface temperature of
15 °C, the modeled peak temperatures for FW-2
and FW-3 imply burial to 2200-2400 m. Based
on the burial depths of samples FW-2 and FW-3
at 6 Ma at a rate of 0.55 mm/yr, there has been
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TABLE 2. SUBSIDENCE AND EXHUMATION ESTIMATES BASED ON AHE AGE-[eU] DISTRIBUTIONS

Measured Subsea Depositional Burial Post-6 Ma Post-1 Ma
depth* depth age Peak T depthf subsidence exhumation
Sample (m) (m) (Ma) 0 (m) (m) (m)
FW-2 1100 815 23 70 2200 1670 1385
FW-3 1387 1102 33 75 2400 1320 1293
FW-1 1510 1225 37 85 2600 1520 1375
R-2 1270 953 18 83 2720 2460 1767
R-1 1540 1223 23 88 2920 2390 1697
DC-1 988 740 23 73 2320 1790 1580
RCP-3 1600 1483 18 85 2600 1800 1317
RCP-7 1740 1623 20 89 2960 1560 1337
RCP-8 1890 1773 23 88 2920 1120 1147
RCP-2 2020 1903 27 84 2760 760 857

*Parsons (RCP prefix) well samples are cuttings collected from depth intervals ~50 m in thickness. The average depth is given here.
fConverted from the peak temperature (T); assumes a geothermal gradient of 25 °C/km and a surface temperature of 15 °C.

Figure 7. (A, B, C) Individual apatite
(U-Th)/He ages, with 2¢ analytical errors,
are plotted as a function of [eU] (uranium
concentration) for Fuhrman well samples.
(D, E, F) Simulated thermal histories used
to reproduce Fuhrman well data using the
RDAAM (radiation damage accumulation
and annealing model; Flowers et al., 2007,
2009) with HeFTy (software; Ketcham,
2005). Also shown are post-6 Ma subsidence
and exhumation estimates that result from
the modeled peak burial temperatures (7).
Simulated age-[eU] distributions are shown
as gray fields in A—C. The results of two ther-
mal history simulations are shown in A: one
in which burial occurs monotonically fol-
lowing deposition, and one in which FW-2
(Early Miocene Jewett sandstone) is rapidly
buried and exhumed after 6 Ma. Shown in
B are the results of thermal history simu-
lations in which FW-3 (Oligocene Vedder
sandstone) is buried to a peak temperature
of 75 °C (best fit to the data) and to 72 °C.
The sensitivity of the model to peak burial
temperature is highlighted by the difference
in simulated age-[eU] envelopes that results
from a 3 °C change in peak temperature.

1300-1700 m of 6-1 Ma subsidence, followed by
~1300 m of exhumation (Figs. 7D, 7E).

Apatite He ages for FW-1, near the bottom
of Fuhrman well, do not show as clear a rela-
tionship with [eU] (Fig. 7C). Ignoring the two
young, high [eU] crystals (see following), the
best-fit thermal model requires post—6 Ma heat-
ing to 85 °C. Alternatively, if the older (ca.
40 Ma) data point is ignored, the remaining
ages cluster in a relatively tight band between
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1 and 10 Ma, indicating significant resetting of
the grains at temperatures >100 °C. We choose
the thermal model that best fits the apatites with
the lower [eU] values, but acknowledge that we
may be underestimating the degree of resetting
in this sample. Using the same assumptions
previously outlined, heating of sample FW-1 to
85 °C implies post—6 Ma subsidence of ~1500 m
and subsequent exhumation of ~1400 m (Fig.
7F). This agrees well with subsidence and
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exhumation estimates from the two cores sam-
pled upsection. The apatite He results for the
Fuhrman well agree with results based on matrix
chloritization and albitization of plagioclase.
The lowest core sample for which apatites were
analyzed was collected at 1510 m and achieved a
minimum burial temperature of 85 °C. Chlorite-
albitization-based temperature estimates from a
core sample collected at 1580 m suggest a mini-
mum burial temperature of 90 °C.
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Richfield Well

Results from the Richfield well, located near
the southern terminus of the Kern arch (Fig. 2),
are similar to those of the Furhman well. The
two analyzed cores (1270 m and 1540 m
depths) yielded apatites with a broad range
of He ages, which decreased with increasing
depth, also becoming younger than the depo-
sitional age of the host units. The upper core
is interpreted to be from the Olcese sandstone
(18 Ma) and the lower core from the Jewett
sandstone (23 Ma). The thermal simulations
that most closely reproduce the Richfield data
indicate a recent pulse of heating to 83 °C in
the upper sample and 88 °C in the lower sample
(Figs. 8A, 8B). These temperatures correspond
to burial depths of ~2700 and ~2900 m and
imply post—6 Ma subsidence of ~2400 m and
subsequent exhumation of ~1700 m. The burial
depths, subsidence, and exhumation recorded
in the Richfield data are greater than those
recorded in Fuhrman well. Comparing average
subsidence and exhumation values between
the two wells indicates 40% more subsidence
post—6 Ma and 26% more exhumation in the
Richfield area. This could result from the Rich-
field well site being more proximal to the Sier-
ran range front, as well as its structural position
within a range front-bounding graben system
(Fig. 2).

Dyer Creek Well

Material from one cored interval at 988 m
depth in the Dyer Creek well was recovered
for this study. Sandstones from this depth inter-
val are interpreted to be from the top of the
Vedder Formation and assigned a depositional
age of 23 Ma (Fig. 4). Apatite (U-Th)/He ages
range from 37 to 55 Ma and do not correlate
with [eU], although [eU] values in this sample
have a relatively restricted range (27-45 ppm)
(Fig. 9). Although there is no apparent relation-
ship between age and [eU], forward modeling
of the thermal evolution of the Dyer Creek well
indicates that the range of measured ApHe ages

Figure 9. (A) Individual apatite (U-Th)/He
ages, with 2¢ analytical errors, plotted as a
function of [eU] (uranium concentration) for
the Dyer Creek well sample. (B) Simulated
thermal history used to reproduce the Dyer
Creek well data using the RDAAM (radia-
tion damage accumulation and annealing
model; Flowers et al., 2007, 2009) with HeF Ty
(software; Ketcham, 2005). Also shown are
post—6 Ma subsidence and exhumation esti-
mates that result from the modeled peak
burial temperature (7). Simulated age-[eU]
distribution is shown as the grayed field in A.
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Figure 8. (A, B) Individual apatite (U-Th)/He ages, with 2¢ analytical errors, are plotted
as a function of [eU] (uranium concentration) for Richfield well samples. (C, D) Simulated
thermal histories used to reproduce Richfield well data using the RDAAM (radiation dam-
age accumulation and annealing model; Flowers et al., 2007, 2009) with HeFTy (software;

Ketcham, 2005). Also shown are post-6 Ma

subsidence and exhumation estimates that

result from the modeled peak burial temperatures (7). Simulated age-[eU] distributions are

shown as gray fields in A and B.

cannot be reproduced by monotonic burial and
heating, and rather are fit best by a thermal pulse
at 1 Ma reaching 73 °C.

Because there is considerable scatter in the
age-[eU] distribution, we inversely model
the individual detrital ApHe ages to inves-
tigate the magnitude of post—6 Ma heating
required by the data. For each ApHe age, 5000
thermal paths, restricted by available time-
temperature constraints (blue boxes in Fig. 10),
were tested using a Monte Carlo simulation.
The path that best fits the measured age for each
grain is shown as a black line. Results of this
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model demonstrate a required pulse of post—
6 Ma heating to temperatures of 63-90 °C, in
agreement with the previously discussed esti-
mate of 73 °C. Such a thermal history indicates
~1790 m of post-6 Ma subsidence, followed by
~1580 m of post—1 Ma exhumation.

Parsons Well

The Parsons well is different than the other
three well sites in that (1) it is located at the
western margin of the topographic expression
of the Kern arch (Fig. 2), and (2) subsurface
materials were only available as cuttings, not
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Recent subsidence and exhumation in the southern Sierra Nevada region

intact cores. Cuttings were collected every 10 m
in the Parsons well, but because the volume of
material from any given interval was small, we
combined cuttings from 50 m depth intervals,
and used the average depth for each interval in
our analysis. Between 1600 and 2000 m depth,
4 intervals with stratigraphic ages between 18
and 27 Ma were analyzed. Apatite (U-Th)/He
ages are positively correlated with [eU] in each
interval. Forward modeling results and thermal
histories that best fit the ApHe age-[eU] dis-
tributions are shown in Figure 11. Post-6 Ma
subsidence at the Parsons site is estimated to
be between ~800 and ~1800 m and subsequent
exhumation is estimated to be between ~800
and 1300 m.

Summary of Kern Arch Apatite
(U-Th)/He Results

Results of detrital apatite He modeling show
that a recent pulse of heating, which we assert
is a function of rapid burial in the eastern San
Joaquin Basin, is required to reproduce the
observed spread of He ages from any given
subsurface sample. Peak temperatures ranged
from 70 to 90 °C depending on burial depths.
These peak temperatures are consistent with
post—6 Ma subsidence of ~1000-2500 m and
subsequent exhumation of ~1000-1800 m;
available geologic constraints suggest that the
onset of surface uplift of the Kern arch and its
exhumation started ca. 1 Ma. Maximum burial
at 1 Ma requires rapid subsidence at rates of
0.2-0.5 mm/yr and rapid unroofing from 1 Ma
to the present at rates of 1-1.8 mm/yr. Quater-
nary exhumation rates derived from our apatite
He modeling are in rough agreement with the
~2.3 mm/yr contemporary vertical motion of the
eastern margin of the Kern arch as determined
geodetically (Nadin and Saleeby, 2010; Ham-
mond et al., 2012).

»
>

Figure 11. (A, B, C, D) Individual apatite
(U-Th)/He ages, with 2¢ analytical errors,
are plotted as a function of [eU] (uranium
concentration) for Parsons well samples. (E,
F, G, H) Simulated thermal histories used
to reproduce Parsons well data using the
RDAAM (radiation damage accumulation
and annealing model; Flowers et al., 2007,
2009) with HeFTy (software; Ketcham,
2005). Also shown are post—6 Ma subsidence
and exhumation estimates that result from
the modeled peak burial temperatures (7).
Simulated age-[eU] distributions are shown
as gray fields in A-D.

Figure 10. Thermal histories

predicted by inverse modeling
simulations for the Dyer Creek
sample. Blue boxes represent

imposed time-temperature con-
straints based on geologic obser-

vations. Black lines represent the
best-fit thermal histories to each
of the eight analyzed apatite
grains. Results of these model
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simulations require a post-6 Ma
pulse of heating to peak temper-
atures ranging from 63 to 90 °C.
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VITRINITE REFLECTANCE

Three samples with visible coal fragments
were extracted from a sidewall core from the
Smoot well (Fig. 2). The host for the analyzed
amorphous organic material was a mixture of
silt, sand, and clay from the Pyramid member
of the Jewett Formation (ca. 23 Ma). Samples
were collected from depths of between 335 m
and 353 m (Fig. 4). As many as 50 reflected
light points were measured in each sample,
which yielded mean reflectivity (R,) values of
0.38%—-0.39%, or maximum paleotemperatures
of ~68-71 °C (Sweeney and Burnham, 1990)
(Table 3). Elevated paleotemperatures for shal-
low organic material in the Round Mountain
field corroborates the previously discussed
evidence for a cryptic subsidence event in the
Kern arch. Using a mean surface temperature
of 15 °C and a geotherm of 25 °C/km, the peak
paleotemperatures determined from vitrinite
reflectance analysis indicate burial to at least
2 km depth, and subsequent ~1.8 km exhuma-
tion of the Jewett sandstone. The temperatures
implied by the R, measurements are consistent
with estimated peak temperatures (70-90 °C) of
detrital apatites from deeper subsurface inter-
vals on the Kern arch, as determined from the
(U-Th)/He data. Because vitrinite reflectance
develops only after sediments with organic
material are deposited, R, values are insensi-
tive to the predepositional thermal history of
the sedimentary detritus. The good agreement
between vitrinite reflectance and apatite He
thermochronometry estimates of peak tempera-
tures suggest that the modeled predepositional

Cecil et al.

TABLE 3. VITRINITE REFLECTANCE DATA

Measured Mean Burial
depth reflectivity R, Standard Peak T depth*

Sample (m) n (%) deviation (°C) (m)
RM-1 335 50 0.38 0.036 68.7 2148
RM-2 344 19 0.39 0.038 70.5 2220
RM-3 354 15 0.38 0.054 68.7 2148

*Converted from the peak temperature (T); assumes a geothermal gradient of 25 °C/km and a surface T of 15 °C.

thermal paths are appropriate for Kern arch
detrital apatites, and the assumptions used to
construct them are reasonable.

CONTEMPORARY THERMAL STATE
OF THE KERN ARCH

Before applying our thermochronometric
findings to the interpretation of recent Kern arch
subsidence and exhumation, we first consider
the possibility that Neogene volcanism and/or
hydrothermal activity influenced our results.
Neogene volcanism is well documented in the
southeastern Sierra Nevada and Tehachapi—San
Emigdio Ranges (Dibblee and Louke, 1970;
Sharma et al., 1991) (Fig. 2). These volcanic
centers are in regions =50 km to the east and
south of the Kern arch, and are therefore not
thought to have influenced the thermal history
of the arch. Late Cenozoic volcanism is absent
in the area of the Kern arch, as determined by
detailed study of oil well log and core sections
in conjunction with this study (and with Maheo
et al., 2009; Saleeby et al., 2009, 2013a). Of
greater concern is the possibility of disturbance
by active hydrothermal systems that may occur
locally in the Kern arch. In Saleeby et al. (2013a),

it was noted that the southwestern Sierra Nevada
and possibly the adjoining Kern arch area are
above a contemporary thermal transient zone,
defined by the local penetration of warm and
hot springs through Sierran batholithic base-
ment, that is characterized by very low observed
heat flow (Saltus and Lachenbruch, 1991; Laney
and Brizzee, 2003). The Mount Poso and Round
Mountain oil fields (Fig. 2) are notable, with
regard to the dispersed hydrothermal systems, in
that they show anomalously high downhole tem-
perature measurements (Saleeby et al., 2013a).
In Figure 12, the thermometric results of the
apatite He HeFTy modeling, vitrinite reflectance,
and chloritization-albitization relations are plotted
along with downhole temperature determinations
for each well studied (Table 4); our thermomet-
ric results plot distinctly to the high-temperature
side of the downhole temperature determina-
tions. These graphic relationships show that the
thermometric systems that we studied were set in
a completely different thermal regime than that
existing today. We further note that the Parsons,
Dyer Creek, and Fuhrman downhole tempera-
ture determinations are on the San Joaquin Basin
reference geotherm, while the Smoot and Rich-
field determinations are displaced to the high-
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Figure 12. Temperature-depth plots for downhole temperature (7') determinations (Table 4) from wells in which detrital apatite (U-Th)/He
and vitrinite reflectance studies have been performed. The range of the San Joaquin Basin (SJB) geotherm is after Graham and Williams
(1985), Wilson et al. (1999), and Saleeby et al. (2013a). (A) Downhole temperature determination and apatite He results for Parsons.
(B) Downhole temperature determination and apatite He results for Dyer Creek. (C) Downhole temperature determination, apatite He
results, and chloritization-albitization constraints for Smoot. (D) Downhole temperature determination and apatite He results for Fuhrman.
(E) Downhole temperature determinations and vitrinite reflectance results for Richfield.
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Recent subsidence and exhumation in the southern Sierra Nevada region

TABLE 4. DOWNHOLE TEMPERATURE DATA

Depth T Location

Well (m) (°C) Year drilled (TR, S)
Parsons 2768 82 1995 26S 26E 8
Dyer Creek 990 40.5 1946 26S 27E 9
Fuhrman 1602 — 1942 28S 28E 28
Bishop #85* 1769 60 1971 28S 28E 28
Smoot 571 40.5 2011 28S 29E 8
Richfield 610 46.6 1945 248 30E 31
Richfield 1191 54 1945 248 30E 31

Note: Temperature (T) data were taken from virgin wells drilled prior to fire or steam flooding, or in fields lacking
a history of such. Chosen wells were also screened to exclude those without an appropriate equilibration time
interval between drilling and temperature logging. T—township; R—range; S—section; Dash—no data.

*Adjacent well with same log signature as studied well used as proxy for temperature data.

temperature side of the geotherm. The Smoot and
Richfield well sites have undergone the greatest
amount of post-1 Ma exhumation (Table 5),
and their downhole temperature determinations
were made mainly at shallower depths than for
Parsons, Dyer Creek, and Fuhrman wells. At
24 km depths, the heating related to 1.5-2 km
of sedimentation over ~5 m.y. (6-1 Ma), or
more acutely over 1.5 m.y. (2.5-1 Ma), is on
order with the cooling related to ~1.5 km of
exhumation over the past ~1 m.y. (Turcotte and
Schubert, 2002). Thus, the deep downhole ther-
mal measurements, which are along the refer-
ence geotherm in the Parsons, Dyer Creek, and
Fuhrman wells, were effectively buffered during
the cryptic subsidence to uplift and exhumation
cycles. At shallower levels, the thermal transients
related to the rapid turnaround in subsidence to
exhumation are more pronounced, particularly
the post-1 Ma exhumation phase. Accordingly,
the Smoot and Richfield data points are lifted
off the reference geotherm in the observed pat-
tern (Fig. 12). The likelihood of nonequilibra-
tion effects during both the burial and exhuma-
tion phases undermines the use of the downhole
temperature data as a direct constraint for the
amount of exhumation.

Our analysis would be incomplete if we did
not consider the potential role of active hydro-
thermal activity in the area of the Kern arch. In
Figure 13 we plot all of the downhole tempera-
ture data of Table 4 and Figure 12, along with
the data for anomalously hot wells of the Mount

Poso and Round Mountain oil fields of the Kern
arch (after Saleeby et al., 2013a). The Mount
Poso field is located along the topographic
crest of the arch, and the Round Mountain field
is along a topographic culmination within the
range front graben system (Fig. 2). Furthermore,
the depth of exhumation into the Tertiary sec-
tion is greatest in the area of these two fields,
and is comparable to that of the Smoot well
(Fig. 4) that is along the northern margin of the
Round Mountain field. The Mount Poso and
Round Mountain downhole temperature arrays
are clearly displaced to the high-temperature
side of the data from the wells we have included
as part of our study (Fig. 13). This pattern may
reflect truncation of the local geotherm related
to rapid exhumation over the past 1 m.y., com-
parable to that determined for the Smoot and
Richfield well sites (Table 5). Alternatively,
the Mount Poso-Round Mountain data array
defines a significantly steeper local geotherm
(~50-60 °C/km) than the reference geotherm.
This cannot be accounted for by recent exhu-
mation alone, and suggests the possibility of
local hydrothermal systems beneath the Mount
Poso and Round Mountain areas. The localized
expression of hydrothermal activity beneath the
Kern arch, a region having a contemporary ther-
mal state that appears consistent with that of the
adjacent actively subsiding San Joaquin Basin
(Fig. 12), is consistent with the scattered warm
and hot springs that penetrate the adjacent other-
wise uniformly cool Sierran basement.

APPLICATION OF THE KERN ARCH
CRYPTIC SUBSIDENCE-UPLIFT
RELATIONS TO THE PLIOCENE-
QUATERNARY DELAMINATION OF
THE SOUTHERN SIERRA NEVADA
BATHOLITH HIGH-DENSITY ROOT

The southern Sierra Nevada is unique among
localities where mantle lithosphere removal
has occurred, in that the foundered material
and its area of removal are imaged by numer-
ous geophysical studies (Biasi and Humphreys,
1992; Zandt and Carrigan, 1993; Jones et al.,
1994; Ruppert et al., 1998; Zandt et al., 2004;
Reeg, 2008; Schmandt and Humphreys, 2010;
Frassetto et al., 2011; Gilbert et al., 2012). Still
partly attached to the base of the crust beneath
the Tulare Basin (Fig. 1), the anomalous body
is interpreted as the partially delaminated eclog-
itic root (cf. so-called “arclogite” [eclogitic
cumulates produced during high volume arc
magmatic fluxes] after Anderson, 2005) of the
southern Sierra Nevada batholith, as well as
its lower envelope of mantle wedge peridotites
(LePourhiet et al., 2006; Saleeby et al., 2012).
Generic dynamic models of mantle lithosphere
removal predict viscous coupling between the
crust and mobilized mantle lithosphere, which
leads to vertical forces that drive subsidence
(Binschadler and Parmentier, 1990; Pysklywec
and Cruden, 2004). These models also show that
once the mobilized body has detached from the
overlying crust, there is a rapid transition to rock
uplift. Our findings on the cryptic subsidence
and rapid transition to rock uplift and exhuma-
tion of the Kern arch are consistent with these
models, considering the position of the Kern arch
over the margin of the Isabella anomaly (Fig. 1).
These generic models focus on the dynamics
and surface expressions of Rayleigh-Taylor (RT)
instabilities. Criteria developed to distinguish
between the dominance of RT behavior versus
viscous slab delamination were developed in
Gogiis and Pysklywec (2008). Asymmetry
in both the geometry of the mobilized body and in
the surface displacement patterns is suggested to
be indicative of viscous slab delamination. The

TABLE 5. SUMMARY OF KERN ARCH SUBSIDENCE AND EXHUMATION RESULTS

Range of sample Range of peak Average post-6 Ma Average post-1 Ma
Elevation collection depths temperatures subsidence exhumation

Well (m) (m) (°C) (m) (m)

Fuhrman 285 1100-1510 70-85 15007 13467
Richfield 317 1270-1540 83-88 2425 1732
Dyer Creek* 248 988 73 1790 1580
Parsons 117 1600-2020 84-89 11878 11108
Smoot 239 335-354 69-71 1655 1828

*Only one sample was collected from Dyer Creek, so ranges and averages are not applicable to data from that well.

TAverages for Fuhrman well (FW) are weighted according to the data quality of individual samples, as discussed in the text. FW-2 and FW-3 are given weighting factors of

0.4; FW-1 is given a weighting factor of 0.2.

SAverages for Parsons well are weighted according to the data quality of individual samples, as discussed in the text. RCP-3 and RCP-7 are given weighting factors of 0.16;

RCP-8 and RCP-2 are given weighting factors of 0.33.
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Figure 13. Temperature-depth plots for
downhole temperature determinations
(Table 4) from wells in which detrital apa-
tite (U-Th)/He and vitrinite reflectance stud-
ies have been performed, in comparison to
downhole temperature data from hot wells
of the Mount Poso and Round Mountain oil
fields (from Saleeby et al., 2013a). The loca-
tions of the Mount Poso and Round Moun-
tain oil fields are shown in Figure 2. The
range of the San Joaquin Basin geotherm is
after Graham and Williams (1985), Wilson
et al. (1999), and Saleeby et al. (2013a).

Isabella anomaly has rather strong asymmetry
(Fig. 1; see Saleeby et al., 2012, fig. 3 therein),
and in Saleeby et al. (2013a) strong asymmetry
to the corresponding surface displacement pat-
terns was documented. Our results viewed in the
local context of the Kern arch and its directly
underlying mantle structure are equally applica-
ble to RT and delamination mechanisms, but
given the asymmetry and other arguments (out-
lined in Saleeby et al., 2012, 2013a), we choose
to interpret our results in the context of arclogite
root delamination.

The geometry of the Isabella anomaly is
consistent with an arclogite slab that peeled
away from the base of the crust in both east to
west and south to north directions, and that is
nested within a larger RT instability that formed
within hosting lithospheric peridotites (Saleeby
et al., 2012). The following sequence of events
describing Sierran arclogite root removal was
proposed (in Saleeby et al., 2012, 2013a):
(1) Middle Miocene RT convective mobiliza-
tion of the sub-Sierran mantle lithosphere that
promoted the initial separation of the eastern
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margin of the arclogite root from beneath the
eastern edge of the Sierra Nevada batholith;
(2) latest Miocene—Pliocene east to west accel-
erating delamination of the northwest-south-
east—trending tabular root beneath the southern
Sierra Nevada batholith; (3) late Pliocene mega-
boudin break-off of the northeastern portion
of the delaminating root, which drove a dis-
tinct focused pulse of delamination volcanism
and focused the root load toward its southern
end; (4) latest Pliocene—Quaternary transition
from the east to west to the south to north pat-
tern of delamination along the southern end of
the residual root; and (5) the currently active
northward-rolling back of the southern end of
the delaminating material, leaving the residual
root attached beneath the Tulare Basin (Fig. 1).
The transition from the east-west to south-north
phases of delamination resulted in the northern
linear to southern curvilinear trace of the of the
delamination hinge (Figs. 1 and 2). Study of
the topographic surface shown in Figure 1 shows
that the delamination bulge extends along the
southern Sierra region, and turns westward into
the eastern San Joaquin Basin as the Kern arch.

Delamination-related epeirogenic patterns
that are expressed along the axial to eastern
San Joaquin Basin as latest Miocene—Pliocene
anomalous subsidence are shown by our work to
have paralleled the entire northwest—southeast
extent of the east to west delaminating root (Fig.
14). This would correspond to the cryptic sub-
sidence episode of the Kern arch area that we
have resolved herein. Such cryptic subsidence
was in continuity with anomalous subsidence of
Tulare Basin. Delamination-driven anomalous
subsidence along the entire eastern San Joaquin
Basin was paralleled by eastern Sierra rock uplift
in the area of the delamination bulge. As delami-
nation transitioned into the present south-north
pattern, the delamination bulge propagated into
the southeastern San Joaquin Basin as the Kern
arch, leaving the current Tulare Basin centered
over the residual root (Fig. 1). This corresponds
to the transition from delamination-driven
(cryptic) subsidence in the area of the arch to
delamination-driven rock and surface uplift of
the arch (Fig. 14). This was accompanied by the
advection of high temperatures into the lower
crust of the area of the arch and adjacent western
Sierra, above the area of principal delamination,
expressed at shallow crustal levels as localized
hydrothermal fluxing. The transition to south-
north delamination also saw a change in east-
ern Sierra frontal faulting, where in the south,
active frontal normal faulting stepped over to
the Kern Canyon fault system (Saleeby et al.,
2009; Nadin and Saleeby, 2010). Quaternary
normal fault scarps of the Kern Canyon system
diverge in trend from the main eastern escarp-
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ment breaks by fanning westward, and thereby
mimicking the younger curvilinear trace of the
delamination bulge (Fig. 2).

CONCLUSIONS

The thermometric data presented here are
the first to quantitatively constrain both positive
and negative vertical surface displacements pre-
dicted by thermomechanical models of mantle
lithosphere delamination. We have focused our
study on the Kern arch, an uplifted section of
Cenozoic strata in the southeastern San Joaquin
Basin, because it is strategically located with
respect to the current position of the actively
delaminating body (Fig. 1). Cryptic subsidence,
as evidenced by detrital matrix chloritization
and plagioclase grain albitization, and mechani-
cal granulation of detrital grains during Ca zeo-
lite growth all at anomalously shallow modern
depths, was further explored using detrital apa-
tite (U-Th)/He thermochronometry, and vitrinite
reflectance across the arch. Results from these
pursuits are mutually consistent, suggesting a
post—6 Ma burial and heating event, followed by
rapid unroofing in the past 1 m.y. Burial of the
Kern arch strata we studied is estimated to have
resulted in heating to at least 70-90 °C ca. 1 Ma,
anomalously warm for current depths. By com-
bining burial temperatures with modern burial
depths, and constraints on the geothermal gradi-
ent, we estimate that Kern arch strata underwent
~1000-2400 m of Pliocene—early Quaternary
subsidence that cannot be directly documented
by conventional stratigraphic means. This is
notable because (1) post—-6 Ma rocks have been
erosionally stripped from the surface of the arch,
making this subsidence cryptic, and (2) our esti-
mates require recent subsidence to have occurred
at rates significantly greater than those typi-
cal of monotonic burial in a late-stage forearc
basin. For example, subsidence in the Fuhrman
occurred at a mean rate of 0.055 mm/yr from
40 to 6 Ma (Olson, 1988; Saleeby et al., 2013a),
but at rates of 0.2-0.5 mm/yr in the period
61 Ma. These rapid Pliocene—early Quaternary
subsidence rates can be explained by viscous
coupling of dense delaminating arclogite root
with the lower crust of the southwestern Sierra
Nevada—southeastern San Joaquin Basin region.
This cryptic subsidence was in continuity with
anomalous subsidence determined for the Tulare
Basin (Saleeby et al., 2013a), which is currently
centered above the residual arclogite root where
it remains attached to the base of the crust, and
thus continues its anomalous subsidence.

Elevated temperatures inferred from vitrinite
reflectance data and anomalously young detrital
ApHe ages in strata at shallow present depths
require a rapid pulse of exhumation immedi-
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ately following the cryptic subsidence event.
We interpret the onset of unroofing to have
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as a function of position on the arch, which in
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is expected following detachment of a dense
delaminating slab and its replacement by buoy-
ant asthenosphere. Furthermore, exception-
ally rapid exhumation estimated through our
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viding an important link between geologic and
contemporary uplift rates. The profound cryptic
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mined for the Kern arch segment of the eastern
San Joaquin Basin are consistent with the time-

transgressive three-dimensional delamination
pattern that first drove uplift along the eastern
Sierra Nevada principally in the Pliocene, and
then rapidly transitioned across the southern
Sierra Nevada and into the eastern San Joaquin
Basin in the Quaternary.

ACKNOWLEDGMENTS

We thank S.A. Reid, J.R. Boles, M. Irskine, Eric
Hierling, and the California State University, Bakers-
field, California Well Sample Repository (CWSR) for
assistance in securing core samples. Joerg Mattner
provided sidewall core from the Smoot well, as well
as useful discussion about the Kern arch. We benefited
greatly from laboratory assistance by Alan Chapman
and Lindsey Hedges and from conversations with
Laetitia Le Pourhiet, Jan Gillspie, S.A. Graham, and
D.D. Miller. An early version of this manuscript bene-
fited from the critical reviews of Mark Brandon, Craig
Jones, and Rob Negrini. This work was supported by
National Science Foundation grant EAR-0606903 to
J. Saleeby, and by a grant from the Gordon and Betty
Moore Foundation. This is contribution 208 of the
Tectonics Observatory at the California Institute of
Technology.

Geosphere, February 2014

Aagaard, P., Jahren, J.S., Harstad, A.O., Nilsen, O., and
Ramm, M., 2000, Formation of grain-coating chlo-
rite in sandstones. Laboratory synthesized vs. natural
occurrences: Clay Minerals, v. 35, p. 261-269, doi:
10.1180/000985500546639.

Allen, PA., and Allen, J.R., 1990, Basin analysis: Principles
and applications: Cambridge, UK, Blackwell Scientific
Publications, 451 p.

Amos, C.B., Kelson, K.I., Rood, D.H., Simpson, D.T., and
Rose, R.S., 2010, Late Quaternary slip rate on the Kern
Canyon fault at Soda Spring, Tulare County, Califor-
nia: Lithosphere, v. 2, p. 411-417, doi:10.1130/L100.1.

Anderson, D.L., 2005, Large igneous provinces, delamina-
tion, and fertile mantle: Elements, v. 1, p. 271-275,
doi:10.2113/gselements.1.5.271.

Argus, D.E, and Gordon, R.G., 1991, Current Sierra Nevada—
North America motion from very long baseline inter-
ferometry: Implications for the kinematics of the west-
ern United States: Geology, v. 19, p. 1085-1088, doi:
10.1130/0091-7613(1991)019<1085:CSNNAM>2.3
.CO;2.

Baron, D., Negrini, R.M., Golob, E.M., Miller, D.D., Sarna-
Wojcicki, A., Fleck, B., Hacker, B., and Erendi, A.,
2007, Geochemical correlation and “’Ar/*Ar dating of
the Kern River ash bed related tephra layers: Implica-
tions for the stratigraphy of petroleum-bearing forma-
tions in the San Joaquin Valley, California: Quaternary
International, v. 178, p. 236-260.

145



Bartow, J.A., 1991, The Cenozoic evolution of the San Joa-
quin Valley, California: U.S. Geological Survey Profes-
sion Paper 1501, 40 p.

Bartow, J.A., and McDougall, K.A., 1984, Tertiary stratigra-
phy of the southeastern San Joaquin Valley, California:
U.S. Geological Survey Bulletin 1529-J, 41 p.

Bartow, J.A., and Pittman, G.M., 1983, The Kern River For-
mation, southeastern San Joaquin Valley, California:
U.S. Geological Survey Bulletin 1529-D, 17 p.

Biasi, G.P., and Humphreys, E.D., 1992, P-wave image of
the upper mantle structure of central California and
southern Nevada: Geophysical Research Letters, v. 19,
p. 1161-1164, doi:10.1029/92GL00439.

Bindschadler, D., and Parmentier, E., 1990, Mantle flow
tectonics: The influence of a ductile lower crust and
implications for the formation of topographic uplands
on Venus: Journal of Geophysical Research, v. 95,
p. 21329-21344, doi:10.1029/I1B095iB13p21329.

Bloch, R.B., 1991, San Andreas fault to Sierra Nevada
Range, in Bloch R.B., and Graham, S.A., coordinators,
West coast regional cross section: American Asso-
ciation of Petroleum Geologists West Coast Regional
Cross Section Series, sheet 3 of 3.

Boles, J.R., and Ramseyer, K., 1988, Albitization of plagio-
clase and vitrinite reflectance as paleothermal indica-
tors, San Joaquin basin, in Graham, S.A., and Olson,
H.C., eds., Studies of the geology of the San Joaquin
Basin: Pacific Section, Society of Economic Paleon-
tologists and Mineralogists Book 60, p. 129-139.

Brady, R.J., Ducea, M.N., Kidder, S.B., and Saleeby, J.B.,
2006, The distribution of radiogenic heat production as
a function of depth in the Sierra Nevada Batholith, Cali-
fornia: Lithos, v. 86, p. 229-244, doi:10.1016/j.lithos
.2005.06.003.

Cecil, M.R., Ducea, M.N., Reiners, P.W., and Chase, C.G.,
2006, Cenozoic exhumation of the northern Sierra
Nevada, California, from (U-Th)/He thermochronol-
ogy: Geological Society of America Bulletin, v. 118,
p. 1481-1488, doi:10.1130/B25876.1.

Chapman, A.D., Saleeby, J.B., Wood, D.J., Piasecki, A.,
Kidder, S., Ducea, M.N., and Farley, K.A., 2012, Late
Cretaceous gravitational collapse of the southern Sierra
Nevada batholith, California: Geosphere, v. 8, p. 314—
341, doi:10.1130/GES00740.1.

Clark, M.K., Maheo, G., Saleeby, J., and Farley, K.A.,
2005, The non-equilibrium landscape of the southern
Sierra Nevada, California: GSA Today, v. 15, p. 4-10,
doi:10.1130/1052-5173(2005)015[4: TNLOTS]2.0
.CO:2.

Dalrymple, G.B., 1980, K-Ar ages of the Friant Pumice
Member of the Turlock Lake Formation, the Bishop
Tuff, and the tuff of Reds Meadow, central California:
Isochron-West, v. 28, p. 3-5.

Dibblee, T.W., Jr., and Louke, G.P., 1970, Geologic map of
the Tehachapi quadrangle, Kern County, California:
U.S. Geological Survey Miscellaneous Field Investiga-
tions Map 1-607, scale: 1:62,500.

Ducea, M.N., 2011, Fingerprinting orogenic delamination:
Geology, v. 39, p. 191-192, doi:10.1130/focus022011.1.

Ducea, M.N., and Saleeby, J.B., 1996, Buoyancy sources for
a large, unrooted mountain range, the Sierra Nevada,
California: Evidence from xenolith thermobarometry:
Journal of Geophysical Research, v. 101, p. 8229—
8244, doi:10.1029/951B03452.

Ducea, M., and Saleeby, J., 1998a, A case for delamination
of the deep batholithic crust beneath the Sierra Nevada,
California: International Geology Review, v. 40,
p. 78-93, doi:10.1080/00206819809465199.

Ducea, M., and Saleeby, J., 1998b, Crustal recycling beneath
continental arcs: Silica-rich glass inclusions in ultra-
mafic xenoliths from the Sierra Nevada, California:
Earth and Planetary Science Letters, v. 156, p. 101-116,
doi:10.1016/S0012-821X(98)00021-1.

Dumitru, T.A., 1990, Subnormal Cenozoic geothermal
gradients in the extinct Sierra Nevada magmatic
arc—Consequences of Laramide and post-Laramide
shallow angle subduction: Journal of Geophysi-
cal Research, v. 95, p. 4925-4941, doi:10.1029
/TB095iB04p04925.

Elkins-Tanton, L.T., 2007, Continental magmatism, vola-
tile recycling, and a heterogeneous mantle caused
by lithospheric gravitational instabilities: Journal of

146

Cecil et al.

Geophysical Research, v. 112, no. B3, doi:10.1029
/2005JB004072.

Farley, K.A., Wolf, R.A., and Silver, L.T., 1996, The effects
of long alpha-stopping distances on (U-Th)/He ages:
Geochimica et Cosmochimica Acta, v. 60, p. 4223—
4229, doi:10.1016/S0016-7037(96)00193-7.

Farmer, G.L., Glazner, A.F.,, and Manley, C.R., 2002, Did
lithospheric delamination trigger late Cenozoic potas-
sic volcanism in the southern Sierra Nevada, Califor-
nia?: Geological Society of America Bulletin, v. 114,
p. 754-768, doi:10.1130/0016-7606(2002)114<0754:
DLDTLC>2.0.CO;2.

Fay, N.P,, Bennett, R.A., and Hreinsdottir, S., 2008, Con-
temporary vertical velocity in the central Basin and
Range and uplift of the southern Sierra Nevada: Geo-
physical Research Letters, v. 35, L20309, doi:10.1029
/2008GL034949.

Figueroa, AM., and Knott, J.R., 2010, Tectonic geomor-
phology of the southern Sierra Nevada Mountains
(California): Evidence for uplift and basin forma-
tion: Geomorphology, v. 123, p. 34-45, doi:10.1016
/j.geomorph.2010.06.009.

Flowers, R.M., Shuster, D.L., Wernicke, B.P., and Far-
ley, K.A., 2007, Radiation damage control on apatite
(U-Th)/He dates from the Grand Canyon region, Colo-
rado Plateau: Geology, v. 35, p. 447450, doi:10.1130
/G23471A.1.

Flowers, R.M., Ketcham, R.A., Shuster, D.L., and Farley,
K.A., 2009, Apatite (U-Th)/He thermochronometry
using a radiation damage accumulation and anneal-
ing model: Geochimica et Cosmochimica Acta, v. 73,
p. 2347-2365, doi:10.1016/j.gca.2009.01.015.

Fox, L.S., 1929, Structural features of the east side of the
San Joaquin Valley, California: American Association
of Petroleum Geologists Bulletin, v. 13, p. 101-108.

Frassetto, A., Zandt, G., Gilbert, H., Owens, T.J., and Jones,
C.H., 2011, Structure of the Sierra Nevada from
receiver functions and implications for lithospheric
foundering: Geosphere, v. 7, p. 898-921, doi:10.1130
/GES00570.1.

Garzione, C.N., Hoke, G.D., Libarkin, J.C., Withers, S., Mac-
Fadden, B., Eiler, J., Ghosh, P., and Mulch, A., 2008,
Rise of the Andes: Science, v. 320, p. 1304-1307, doi:
10.1126/science.1148615.

Gilbert, H., Yang, Y., Forsyth, D.W., Jones, C., Owens, T.,
Zandt, G., and Stachnik, J., 2012, Imaging lithospheric
foundering in the structure of the Sierra Nevada: Geo-
sphere, doi:10.1130/GES00790.1.

Gogiis, O.H., and Pysklywec, R.N., 2008, Near-surface
diagnostics of dripping or delaminating lithosphere:
Journal of Geophysical Research, v. 113, no. B11, doi:
10.1029/2007JB005123.

Graham, S.A., and Williams, L.A., 1985, Tectonic, depo-
sitional, and diagenetic history of Monterey Forma-
tion (Miocene, central San Joaquin basin, California):
American Association of Petroleum Geologists Bulle-
tin, v. 69, p. 385-411.

Gutiérrez-Alonso, G., Murphy, J.B., Fernandez-Sudrez,
J., Weil, A.B., Piedad Franco, M., and Gonzalo, J.C.,
2011, Lithospheric delamination in the core of Pangea:
Sm-Nd insights from the Iberian mantle: Geology,
v. 39, p. 155-158, doi:10.1130/G31468.1.

Hammond, W.C., Blewitt, G., Zhenhong, L., Plag, H., and
Kreemer, C., 2012, Contemporary uplift of the Sierra
Nevada, western United States, from GPS and InSAR
measurements: Geology, v. 40, p. 667-670, doi:10.1130
/G32968.1.

Hagq, B.U., Hardenbol, J., and Vail, P.R., 1987, Chronology
of fluctuating sea levels since the Triassic: Science,
v. 235, p. 1156-1167, doi:10.1126/science.235.4793
.1156.

Hayes, M.J., and Boles, J.R., 1993, Evidence for meteoric
recharge in the San Joaquin basin, California provided
by isotope and trace element chemistry of calcite:
Marine and Petroleum Geology, v. 10, p. 135-144, doi:
10.1016/0264-8172(93)90018-N.

Helmold, K.P., and van de Kamp, P.C., 1984, Diagenetic
mineralogy and controls on albitization and laumontite
formation in Paleogene arkoses, Santa Ynez Moun-
tains, California, in McDonald, D.A., and Surdam,
R.C., eds., Clastic diagenesis: American Association of
Petroleum Geologists Memoir 37, p. 239-276.

Geosphere, February 2014

House, M.A., Wernicke, B.P,, Farley, K.A., and Dumitru,
T.A., 1997, Cenozoic thermal evolution of the cen-
tral Sierra Nevada, California, from (U-Th)/He ther-
mochronometry: Earth and Planetary Science Let-
ters, v. 151, p. 167-179, doi:10.1016/S0012-821X
(97)81846-8.

House, M.A., Wernicke, B.P,, and Farley, K.A., 1998, Dat-
ing topography of the Sierra Nevada, California, using
apatite (U-Th)/He ages: Nature, v. 396, p. 66-69, doi:
10.1038/23926.

House, M.A., Wernicke, B.P., and Farley, K.A., 2001, Paleo-
geomorphology of the Sierra Nevada, California, from
(U-Th)/He ages in apatite: American Journal of Sci-
ence, v. 301, p. 77-102, doi:10.2475/ajs.301.2.77.

lijima, A., and Matsumoto, R., 1982, Berthierine and
chamosite in coal measures of Japan: Clays and Clay
Minerals, v. 30, p. 264-274, doi:10.1346/CCMN.1982
.0300403.

Ingersoll, R.V., 2012, Composition of modern sand and
Cretaceous sandstone derived from the Sierra Nevada,
California, USA, with implications for Cenozoic and
Mesozoic uplift and dissection: Sedimentary Geology,
v. 280, p. 195-207, doi:10.1016/j.sedge0.2012.03.022.

John, S., Mendez, J., Moffet, J., and Adkins, J.F., 2012, The
flux of iron and iron isotopes from the San Pedro Basin
sediments: Geochimica et Cosmochimica Acta, v. 93,
p. 14-29, doi:10.1016/j.gca.2012.06.003.

Jones, C.H., Kanamori, H., and Roecker, S.W., 1994, Miss-
ing roots and mantle drips—Regional P(N) and tele-
seismic arrival times in the southern Sierra Nevada and
vicinity, California: Journal of Geophysical Research,
v. 99, p. 4567-4601, doi:10.1029/93JB01232.

Jones, C.H., Farmer, G.L., and Unruh, J., 2004, Tectonics of
Pliocene removal of lithosphere of the Sierra Nevada,
California: Geological Society of America Bulletin,
v. 116, p. 1408-1422, doi:10.1130/B25397.1.

Ketcham, R.A., 2005, Forward and inverse modeling of low-
temperature thermochronometry data, in Reiners, P.W.,
and Ehlers, T.A., eds., Low-temperature thermochro-
nology: Techniques, interpretations, and applications:
Mineralogical Society of America Reviews in Miner-
alogy and Geochemistry Volume 58, p. 275-314, doi:
10.2138/rmg.2005.58.11.

Laney, P., and Brizzee, J., 2003, California geothermal
resources: U.S. Department of Energy Geothermal
Technologies Program Publication INEEL/MISC-03—
01044 Rev. 1.

Lee, C.-T., Rudnick, R.L., and Brimhall, G.H.J., 2001, Deep
lithospheric dynamics beneath the Sierra Nevada dur-
ing the Mesozoic and Cenozoic as inferred from xeno-
lith petrology: Geochemisty, Geophysics, Geosystems,
v. 2, doi:10.1029/2001GC000152.

Le Pourhiet, L., Gurnis, M., and Saleeby, J., 2006, Mantle
instability beneath the Sierra Nevada mountains in
California and Death Valley extension: Earth and Plan-
etary Science Letters, v. 251, p. 104-119, doi:10.1016
/j.eps1.2006.08.028.

Link, M.H., Helmold, K.P., and Long, W.T., 1990, Depo-
sitional environments and reservoir characteristics of
the upper Miocene Etchegoin and Chanac Formations,
Kern Front oil field, California, in Kuespert, J.G., and
Reid, S.A., eds., Structure, stratigraphy, and hydrocar-
bon occurrences of the San Joaquin Basin, California:
Pacific Section, Society of Economic Paleontologists
and Mineralogists Book 64, p. 73-96.

MacPherson, B.A., 1978, Sedimentation and trapping mech-
anism in upper Miocene Stevens and older turbidite
fans of southeastern San Joaquin Valley, California:
American Association of Petroleum Geologists Bul-
letin, v. 62, p. 2243-2274.

Maheo, G., Saleeby, J., Saleeby, Z., and Farley, K.A.,
2009, Tectonic control on southern Sierra Nevada
topography, California: Tectonics, v. 28, doi:10.1029
/2008TC002340.

Manley, C.R., Glazner, A.F., and Farmer, G.L., 2000, Tim-
ing of volcanism in the Sierra Nevada of California:
Evidence for Pliocene delamination of the batholithic
root?: Geology, v. 28, p. 811-814, doi:10.1130/0091
-7613(2000)28<811:TOVITS>2.0.CO;2.

Manthei, C.D., Ducea, M.N., Girardi, J.D., Patchett, P.J.,
and Gehrels, G.E., 2010, Isotopic and geochemical
evidence for a recent transition in mantle chemistry



Recent subsidence and exhumation in the southern Sierra Nevada region

beneath the western Canadian Cordillera: Journal of
Geophysical Research, v. 115, B02204, doi:10.1029
/2009JB006562.

McCulloh, T.H., Frizzell, V.A., Jr., Stewart, R.J., and Barnes,
1., 1981, Precipitation of laumontite with quartz, the-
nardite, and gypsum at Sespe Hot Springs, western
Transverse Ranges, California: Clays and Clay Min-
erals, v. 29, p. 353-364, doi:10.1346/CCMN.1981
.0290505.

McPhillips, D., and Brandon, M.T., 2010, Using tracer ther-
mochronology to measure modern relief change in the
Sierra Nevada, California: Earth and Planetary Science
Letters, v. 296, p. 373-383, doi:10.1016/j.epsl.2010.05
.022.

McPhillips, D., and Brandon, M.T., 2012, Topographic evo-
lution of the Sierra Nevada measured directly by inver-
sion of low-temperature thermochronology: American
Journal of Science, v. 312, p. 90-116, doi:10.2475/02
.2012.02.

Merino, E., 1975, Diagenesis in Tertiary sandstones from
Kettleman North Dome, California; 1, Diagenetic
mineralogy: Journal of Sedimentary Petrology, v. 45,
p. 320-336, doi:10.1306/212F6D52-2B24-11D7
-8648000102C1865D.

Miller, D.D., 1999, Sequence stratigraphy and controls on
deposition of the upper Cenozoic Tulare Formation,
San Joaquin Valley, California [Ph.D. thesis]: Stanford,
California, Stanford University, 179 p.

Moxon, I.W., and Graham, S.A., 1987, History and con-
trols of subsidence in the Late Cretaceous—Tertiary
Great Valley fore-arc basin, California: Geology, v. 15,
p. 626-629, doi:10.1130/0091-7613(1987)15<626:
HACOSI>2.0.CO;2.

Nadin, E.S., and Saleeby, J.B., 2010, Quaternary reactiva-
tion of the Kern Canyon fault system, southern Sierra
Nevada, California: Geological Society of America
Bulletin, v. 122, p. 1671-1685, doi:10.1130/B30009.1.

Nugent, L.E., Jr., 1942, The genesis of subordinate conju-
gate faulting in the Kern River salient, California: Jour-
nal of Geology, v. 50, p. 900-913, doi:10.1086/625090.

Olson, H.C., 1988, Oligocene—Middle Miocene depositional
systems north of Bakersfield, California: Eastern basin
equivalents of the Temblor Formation, in Graham,
S.A., and Olson, H.C., eds., Studies of the geology
of the San Joaquin Basin: Pacific Section, Society of
Economic Paleontologists and Mineralogists Book 60,
p. 189-205.

Pysklywec, R.N., and Cruden, A.R., 2004, Coupled crust
mantle dynamics and intraplate tectonics: Two-dimen-
sional numerical and three-dimensional analogue mod-
eling: Geochemistry Geophysics Geosystems, v. 5, doi:
10.1029/2004GC000748.

Perez, R.J., and Boles, J.R., 2005, An empirically derived
kinetic model for albitization of detrital plagioclase:
American Journal of Science, v. 305, p. 312-343, doi:
10.2475/ajs.305.4.312.

Reeg, H.A., 2008, Tomographic observations connecting
convective downwellings with lithospheric source
regions, Sierra Nevada, California: Eos (Transactions,

American Geophysical Union), v. 89, fall meeting, abs.
S32B-06.

Reid, S.A., 1988, Late Cretaceous and Paleogene sedimen-
tation along the east side of the San Joaquin Basin, in
Graham, S.A., and Olson, H.C., eds., Studies of the
geology of the San Joaquin Basin: Pacific Section,
Society of Economic Paleontologists and Mineralo-
gists Book 60, p. 157-171.

Ruppert, S., Fliedner, M.M., and Zandt, G., 1998, Thin
crust and active upper mantle beneath the southern
Sierra Nevada in the western United States: Tectono-
physics, v. 286, p. 237-252, doi:10.1016/S0040-1951
(97)00268-0.

Saleeby, J., 2007, Western extent of the Sierra Nevada batho-
lith in the Great Valley basement and its significance
in underlying mantle dynamics: Eos (Transactions,
American Geophysical Union), v. 88, abs. T31E-02.

Saleeby, J., and Foster, Z., 2004, Topographic response to
mantle lithosphere removal in the southern Sierra
Nevada region, California: Geology, v. 32, p. 245-248,
doi:10.1130/G19958.1.

Saleeby, J., Ducea, M., and Clemens-Knott, D., 2003, Pro-
duction and loss of high-density batholithic root, south-
ern Sierra Nevada, California: Tectonics, v. 22, doi:
10.1029/2002TC001374.

Saleeby, J., Farley, K., Kistler, R.W., and Fleck, R., 2007,
Thermal evolution and exhumation of deep-level
batholithic exposures, southernmost Sierra Nevada,
California, in Cloos, M., et al., eds., Convergent mar-
gin terranes and associated regions: A tribute to W.G.
Ernst: Geological Society of America Special Paper
419, p. 39-66, doi:10.1130/2007.2419(02).

Saleeby, J., Saleeby, Z., Nadin, E., and Maheo, G., 2009, Step-
over in the structure controlling the regional west tilt of
the Sierra Nevada microplate: Eastern escarpment system
to Kern Canyon system: International Geology Review,
V. 51, p. 634-669, doi:10.1080/00206810902867773.

Saleeby, J., Le Pourhiet, L., Saleeby, Z., and Gurnis, M.,
2012, Epeirogenic transients related to mantle litho-
sphere removal in the southern Sierra Nevada region,
California, Part I: Implications of thermo-mechanical
modeling: Geosphere, v. 8, p. 1286-1309, doi:10.1130
/GES00746.1.

Saleeby, J., Saleeby, Z., and Le Pourhiet, L., 2013a, Epeiro-
genic transients related to mantle lithosphere removal
in the Southern Sierra Nevada region, California,
Part II: Implications of rock uplift and basin subsidence
relations: Geosphere, v. 9, doi:10.1130/GES00816.1.

Saleeby, J., Saleeby, Z., and Sousa, F., 2013b, From deep to
modern time along the western Sierra Nevada Foothills
of California, San Joaquin to Kern River drainages,
in Putirka, K., ed., Geologic excursions from Fresno,
California, and the Central Valley: A tour of Califor-
nia’s iconic geology: Geological Society of America
Field Guide 32, p. 37-62, doi:10.1130/2013.0032(03).

Saleeby, Z., and Saleeby, J., 2010, Erosional stripping of the
southeastern San Joaquin basin margin off the southern
Sierra Nevada basement uplift: Geological Society of
America Abstracts with Programs, v. 42, no. 4, p. 68.

Geosphere, February 2014

Saltus, R.W., and Lachenbruch, A.H., 1991, Thermal evo-
lution of the Sierra Nevada: Tectonic implications of
new heat flow data: Tectonics, v. 10, p. 325-344, doi:
10.1029/90TC02681.

Schmandt, B., and Humphreys, E., 2010, Seismic heteroge-
neity and small-scale convection in the southern Cali-
fornia upper mantle: Geochemistry Geophysics Geo-
systems, v. 11, doi:10.1029/2010GC003042.

Sharma, M., Basu, A.R., Cole, R.B., and DeCelles, P.G.,
1991, Basalt-rhyolite volcanism by MORB—continen-
tal crust interaction: Nd, Sr-isotopic and geochemical
evidence from southern San Joaquin Basin, California:
Contributions to Mineralogy and Petrology, v. 109,
p. 159-172, doi:10.1007/BF00306476.

Shuster, D.L., Flowers, RM., and Farley, K.A., 2006, The
influence of natural radiation damage on helium diffu-
sion kinetics in apatite: Earth and Planetary Science Let-
ters, v. 249, p. 148-161, doi:10.1016/j.epsl.2006.07.028.

Stock, G.M., Anderson, R.S., and Finkel, R.C., 2004, Pace
of landscape evolution in the Sierra Nevada, Califor-
nia, revealed by cosmogenic dating of cave sediments:
Geology, v. 32, p. 193-196, doi:10.1130/G20197.1.

Sweeney, J.J., and Burnham, A.K., 1990, Evaluation of a
simple model of vitrinite reflectance based on chemi-
cal-kinetics: American Association of Petroleum Geol-
ogists Bulletin, v. 74, p. 1559-1570.

Turcotte, D.L., and Schubert, G., 2002, Geodynamics (sec-
ond edition): Cambridge, Cambridge University Press,
456 p.

Valentine, J.W., and Meade, R.F., 1960, Isotopic and zoo-
geographic paleotemperatures of Californian Pleisto-
cene Mollusca: Science, v. 132, p. 810-811, doi:
10.1126/science.132.3430.810.

Wakabayashi, J., and Sawyer, T.L., 2001, Stream incision,
tectonics, uplift, and evolution of topography of the
Sierra Nevada, California: Journal of Geology, v. 109,
p. 539-562, doi:10.1086/321962.

Watts, A.B., 2001, Isostasy and flexure of the lithosphere:
Cambridge, Cambridge University Press, 458 p.

Wilson, A.M., Garven, G., and Boles, J.R., 1999, Paleo-
hydrology of the San Joaquin basin, California: Geo-
logical Society of America Bulletin, v. 111, p. 432439,
doi:10.1130/0016-7606(1999)111<0432:POTSIB>2.3
.CO;2.

Wirsching, U., 1981, Experiments on the hydrothermal for-
mation of calcium zeolites: Clays and Clay Minerals,
v. 29, p. 171-183, doi:10.1346/CCMN.1981.0290302.

Wolf, R.A., Farley, K.A., and Kass, D.M., 1998, Modeling
of the temperature sensitivity of the apatite (U-Th)/He
thermochronometer: Chemical Geology, v. 148, p. 105—
114, doi:10.1016/S0009-2541(98)00024-2.

Zandt, G., and Carrigan, C.R., 1993, Small-scale convective
instability and upper mantle viscosity under California:
Science, v. 261, p. 460-463, doi:10.1126/science.261
.5120.460.

Zandt, G., Gilbert, H., Owens, T.J., Ducea, M., Saleeby, J., and
Jones, C.H., 2004, Active foundering of a continental arc
root beneath the southern Sierra Nevada in California:
Nature, v. 431, p. 41-46, doi:10.1038/nature02847.

147



