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TOPOGRAPHIC EVOLUTION OF THE SIERRA NEVADA MEASURED
DIRECTLY BY INVERSION OF LOW-TEMPERATURE
THERMOCHRONOLOGY

DEVIN MCPHILLIPS* and MARK T. BRANDON**

ABSTRACT. At present, there are at least two competing ideas for the topographic
evolution of the Sierra Nevada. One idea is that the Sierra Nevada was formed as a
monocline in the Cretaceous, marking the transition from the Great Valley forearc
basin to the west, and a high Nevadaplano plateau to the east, similar to the west flank
of the modern Altiplano of the Andes. Both the thermochronologic imprint of local
relief and the stable isotopic evidence of a topographic rain shadow support this
hypothesis. A second idea, supported by geomorphic observations, suggests that the
Sierra gained a large fraction of its present elevation as recently as the Pliocene. This
recent surface uplift could have been driven by convective removal of the lower part of
the lithosphere, the isostatic response to Basin and Range faulting, and/or by changes
in dynamic topography associated with deep subduction of the Farallon plate. Here we
present the first comprehensive analysis of low-temperature thermochronology in the
Sierra Nevada, which indicates that both ideas are likely correct. We show that
thermochronology can resolve surface uplift as well as exhumation by measuring
long-wavelength topographic evolution relative to sea level. Uplift measurements are
possible whenever there is sufficient constraint on vertical rock velocity. The tilting of
isochrones, defined as surfaces of equal cooling age, provide this constraint in the
Sierra Nevada. Three new factors further distinguish our analysis. The first is that we
allow for the local relief and the long-wavelength topography to evolve independently.
Second, we use Al-in-Hb barometry to constrain the initial depth of emplacement for
the Sierra Nevada plutons. Third, our analysis is tied to a sea-level datum by using the
paleo-bathymetric record of the Great Valley basin, where it transitions to the Sierra
Nevada batholith. Results indicate that westward tilting of the Sierra Nevada accounts
for 2 km of uplift since 20 Ma. Topographic relief increased by a factor of 2. These
findings suggest that the Sierra Nevada lost elevation through most of the Tertiary but
regained much of its initial elevation following the onset of surface uplift in the
Miocene.
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INTRODUCTION

The western United States has as much as 9 km of vertical relief from the offshore
abyssal plain to the peaks of the Cordillera (fig. 1). Nearly half of the elevation gain is
achieved over about 150 km between the eastern Great Valley and the crest of the
Sierra Nevada. The evolution of this dramatic topography remains controversial. One
interpretation favors high-elevation Cretaceous topography that slowly decayed through-
out the Cenozoic to its present, relatively low-elevation state (House and others, 1998;
Poage and Chamberlain, 2002; Stock and others, 2005; Mulch and others, 2006; Mulch
and others, 2008; Cassel and others, 2009; Hren and others, 2010; Cassel and others,
2012). The alternative calls for elevation gains of 1 to 2 km in the late Cenozoic,
implying much lower elevations in the Eocence and Oligocene (LeConte, 1886; Huber,
1981; Unruh, 1991; Wakabayashi and Sawyer, 2001; Clark and others, 2005). The contro-
versy persists because of the difficulties of measuring paleoelevation. For example, stable
isotope proxies are susceptible to biases due to diagenesis and climate change (Mulch and
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Chamberlain, 2007; Molnar, 2010). Geologic and geomorphic evidence do provide
convincing evidence of local tilting and incision, but these observations are hard to link to
topographic evolution at the regional scale. Here, we contribute a new measurement
of paleoelevation, derived directly from low-temperature thermochronology.

The present controversy is partly a debate over the origin of high topography
generally, which is increasingly recognized as the result of more than just crustal
thickening associated with plate convergence. Convective forces in the mantle can
support large dynamic topography at the surface (Mitrovica and others, 1989; Liu and
Gurnis, 2010). In the Sierra Nevada, these forces could plausibly account for 1 to 2 km
of the present elevation (Lowry and others, 2000). The removal of the lower litho-
sphere is capable of similar contributions to the elevation of mountain belts (House-
man and others, 1981; Goguis and Pysklywec, 2008). The Sierra Nevada is one of the few
locations with concrete evidence for lithosphere drips at the scale large enough to
drive significant topographic elevation gains (Ducea and Saleeby, 1996; Jones and
others, 2004; Zandt and others, 2004; Le Pourhiet and others, 2006). An isostatic
response to extension and faulting has also been proposed as a source of elevation in
the Sierra Nevada (Chase and Wallace, 1986; Thompson and Parsons, 2009). However,
reliable estimates of paleoelevation are required to test these predictions. Large
surface uplift in the late Cenozoic, after the cessation of subduction, would require a
driver other than horizontal convergence and crustal thickening.

The objective of this paper is to unravel the topographic evolution of the Sierra
Nevada using low-temperature thermochronology. The prevailing view is that thermo-
chronology can only measure erosion, not surface uplift (for example, England and
Molnar, 1990; Reiners, 2007). We show here that, in some cases, thermochronology
can be used to estimate the evolution of paleotopography at a regional scale. We begin
by reviewing the controversy surrounding surface uplift in the Sierra Nevada. Next, we
discuss the results from our previous study, which show that isochrones, or surfaces of
equal cooling age, tilt uniformly to the southwest (McPhillips and Brandon, 2010). The
isochrone concept is particularly important for the analysis presented here because the
tilting is a measure of rock uplift. The data require a unique surface elevation history
because they constrain both exhumation and rock uplift. The eastern boundary of the
Great Valley provides a stable sea-level datum for this measurement. We then intro-
duce the coupled thermal-kinematic model Pecube (Braun, 2003), along with several
important changes to its standard parameterization, in order to provide a full analysis
of the data. The Neighborhood Algorithm (NA) (Sambridge, 1999a; Sambridge,
1999b) provides a comprehensive exploration of the parameter space as well as best
estimates and uncertainties for the model parameters. Our results show a two-stage
topographic history for the southern Sierra Nevada, starting with an Andean-scale
topography at ~100 Ma, followed by a slow two- to three-fold reduction in topography,
and then a growth of new topography starting at about 20 Ma. Since then, peak
elevations have increased by 2 km, producing the present topography of the region.

BACKGROUND

The Sierra Nevada is a large batholith, which has been exposed by differential
exhumation in its southern half (Ague and Brimhall, 1988). In the north, exposures of
stratigraphically overlying Tertiary volcanics and non-marine sediments are frequently
preserved. The batholith was formed in association with Mesozoic subduction along
the western margin of North America (Evernden and Kistler, 1970; Stern and others,
1981; Chen and Moore, 1982). This tectonic setting suggests some form of high
topography in the Cretaceous. The plutonism occurred between 110 to 90 Ma.
Subsequently, the Sierra Nevada arc became inactive, perhaps due to shallow subduc-
tion by the Farallon plate (Dickinson and Snyder, 1979) and/or the northward
migration of the Baja BC block, which was bounded on its west side by a subduction



measured directly by inversion of low-temperature thermochronology 93

zone (Cowan and others, 1997; Miller and others, 2006). As a result, the thermal
evolution of the shallow crust was mainly controlled by cooling during exhumation.
The San Andreas transform boundary started to grow at about 35 Ma, and has
gradually replaced much of the older subduction boundary along the western side of
California and Mexico (Atwater and Stock, 1988). Normal faulting associated with
Basin and Range extension arrived in the Pliocene with the formation of Owens Valley
and the Eastern Sierra Escarpment (Bachman, 1978).

The sedimentary strata of the Great Valley record its elevation since the Creta-
ceous. Large areas of what is now the Great Valley were deposited at bathyal depths of
several kilometers or on a steep, narrow continental slope (Ingersoll, 1979; Cherven,
1983; Mitchell and others, 2010). However, shallow marine, estuarine, and beach
deposits indicate that the eastern margin of the Great Valley has persisted near sea
level since at least 85 Ma (Ingersoll, 1979; Bartow, 1991). Transgressions of at most a
few hundred meters occurred locally (Oslon, 1988). In effect, the boundary between
the Great Valley and the southern Sierra Nevada provides a stable, sea-level reference
frame for nearly the entire evolution of the Sierra Nevada.

The present topography of the Sierra Nevada has the profile of a tilted block,
where a wide, shallow western slope contrasts with the steep Eastern Sierra Escarpment
(fig. 1). To the west of this fault zone, the Sierra Nevada batholith is essentially
unbroken by faults or other structural features (Dixon and others, 2000). A southward
trend toward higher elevation is superimposed on the overall east-side-up tilt of the
range. Modern peak elevations show a steady progression from 2.1 km at Humboldt
Peak in the north to 4.4 km at Mt. Whitney in the south. Likewise, relief at the scale of
drainage basins increases from <1 km to >2 km over the same distance. These
north-south differences have led some to propose somewhat different elevation
histories for the north and south (Wakabayashi and Sawyer, 2001; Mulch and others,
2008). Our analysis focuses on the southern Sierra Nevada, often called the High
Sierra, spanning from the Merced River in the north to Mt. Whitney in the south (fig.
1). We exclude the southernmost Sierra, which has an independent history associated
with the Garlock and San Andreas faults (Maheo and others, 2009).

Early research constrained the age of tilting to the late Cenozoic and suggested
that tilting created much of the present topography (LeConte, 1886; Lingren, 1911).
Subsequent research has reinforced these results (Huber, 1981; Unruh, 1991; Waka-
bayashi and Sawyer, 2001). The main argument is that the dip of Cenozoic features in
the northern Sierra Nevada, including both the easternmost Great Valley sedimentary
strata and the preserved remnants of stream channels in the batholith, reflect the
block-tilting around a hinge in the eastern Great Valley at ~10 to 5 Ma (Huber, 1981;
Unruh, 1991; Wakabayashi and Sawyer, 2001). The relevant strata and surfaces are only
preserved to the north of the San Joaquin River. Evidence from throughout the Sierra
shows a pulse of stream incision at this time, consistent with an increase in gradient
(Wakabayashi and Sawyer, 2001; Stock and others, 2004; Stock and others, 2005; Clark
and others, 2005). Although none of this evidence is sufficient to constrain the
absolute paleoelevation of the Sierra crest, it suggests as much as 2 km of peak surface
uplift since ~10 Ma. Stock and others (2004, 2005) argue that most of the relief in
southern river canyons predates Pliocene incision, indicating that substantial early
topography was also present.

Coney and Harms (1984) hypothesize that high Cretaceous topography collapsed
in the Tertiary in order to explain the formation and prevalence of metamorphic core
complexes in the western U.S. Seismic surveys showing anomalously thin crust under
the southern Sierra Nevada and adjacent Basin and Range support Tertiary thinning
(Wernicke and others, 1996). In an early application of thermochronology to topogra-
phy, House and others (1998) interpret transects of apatite cooling ages to suggest that
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the Late Cretaceous mean topographic elevation of the southern Sierra Nevada was
nearly twice as high as the present. The apatite closure isochrone appears to have been
distorted within the southern batholith by about 70 Ma (House and others, 1997;
House and others, 1998; House and others, 2001). House and others (1998) interpret
this distortion as the result of large canyons aligned with the modern San Joaquin and
Kings Rivers and extrapolate paleoelevation from their relief. Together, these results
suggest that the Sierra Nevada was a monocline in Cretaceous time, which ramped up
from sea level at the boundary of the Great Valley to a high interior plateau. This
plateau is sometimes referred to as the Nevadaplano by analogy to the modern Andean
Altiplano (DeCelles, 2004). Recent studies of sediment provenance try to pinpoint the
location of the headwaters of Eocene rivers (Cecil and others, 2010; Cassel and others,
2012). Cassel and others (2012) argue convincingly that Eocene alluvial deposits in
California were sourced by large fluvial systems that originated far to the east of the
modern Sierra crest, perhaps on the former Nevadaplano plateau.

The recent application of stable isotope proxies presents a somewhat similar
picture. In the northern Sierra, these proxies show evidence of high topography since
at least Eocene time (Poage and Chamberlain, 2002; Mulch and others, 2006; Mulch
and others, 2008; Cassel and others, 2009; Hren and others, 2010). Relatively sparse
data in the south support high topography since at least the middle Miocene (Crowley
and others, 2008; Mulch and others, 2008). Recent compilations of stable isotope data
from throughout the western Cordillera have been interpreted as showing the diachro-
nous growth of high topography through the Eocene and Oligocene (Mix and others,
2011; Chamberlain and others, 2012). All of these proxies infer paleoelevation from
systematic isotope fractionation between low and high topography. Although all stable
isotope proxies are subject to biases related to changing climate conditions (Mulch
and Chamberlain, 2007; Molnar, 2010; Poulsen and Jeffery, 2011), the analyses of
ancient clay, volcanic glass, and organic molecules yield similar results.

Among mechanisms proposed for recent uplift, asthenosphere buoyancy (that is,
dynamic topography), the removal of dense lithosphere, and the isostatic response to
faulting are perhaps the most credible. Different estimates of dynamic topography
(which are not always exclusive) yield a wide range of contributions, from 0.1 to 2 km
to the present surface elevation (Mitrovica and others, 1989; Lowry and others, 2000;
Moucha and others, 2009; Liu and Gurnis, 2010). In the southern Sierra, volcanic
xenoliths show a change in mantle composition from pyroxenite to peridotite some-
time between 8 and 3 Ma (Ducea and Saleeby, 1996; Lee and others, 2001), and seismic
imaging appears to capture a dense body sinking into the mantle, called the Isabella
Anomaly (Ruppert and others, 1998; Zandt and others, 2004). Jones and others (2004)
show that the removal of dense lower lithosphere could account for nearly all of the
inferred late Cenozoic surface uplift. Although there appears to be a seismic velocity
anomaly in the north similar to the Isabella Anomaly (Benz and Zandt, 1993), receiver
functions only resolve a drip through the Moho in the south (Frassetto and others,
2010). The northern Sierra also lacks petrologic evidence for a drip (Jones and others,
2004), implying that unstable lithosphere might be restricted to the south. Finally, the
response of the crust to Basin and Range extension and faulting has been proposed as
a source of uplift. Although the elastic thickness of the crust is probably too small to
satisfy the flexural model of Chase and Wallace (1986), Thompson and Parsons (2009)
show that isostatic support could provide more than 1 km of uplift following the onset
of faulting on the Eastern Sierra Escarpment.

CONSTRAINTS ON SURFACE UPLIFT FROM THERMOCHRONOLOGY

Isochrone Conceptual Model
In order to use low-temperature thermochronology to measure surface uplift, we
rely on isochrones, or surfaces of equal cooling age. This idea goes back to the early
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thermochronologic studies [for example, Armstrong (1982) used the term “chron-
tours” to describe the pattern of cooling ages around metamorphic core complexes].
We use the term isochrones to emphasize that a cooling age is a point-wise sample of a
specific cooling age surface. These surfaces are formed as rocks cool while moving
through a thermal window, called the partial retention zone (PRZ). This window spans
a temperature interval of about 10 to 30 °C for most low-temperature thermochronom-
eters (Reiners and Brandon, 2006). The isochrone surface is fully formed only after it
cools through this window. Dodson (1973) showed that for the case of monotonic
cooling, cooling age may be related to an effective closure temperature, which is a
function mainly of the diffusion properties of the radiogenic production in the
mineral host, and the rate of cooling in the PRZ. Non-monotonic cooling histories are
commonly observed in sedimentary basins, but erosion in upland landscapes tends to
result in monotonic cooling through the PRZ. As a result, we can use the Dodson
concept to define an effective closure isochrone, which would be the initial “zero-age”
surface where an isochrone was formed.

For a given thermochronometer with uniform closure properties, we would
expect the closure isochrone to follow a specific isothermal surface. Although the
closure isochrone can rise or fall relative to the isothermal surfaces due to spatial and
temporal variations in cooling rates, thermal-kinematic modeling indicates that the
closure isochrone should usually have low relief, generally much smaller than the relief
of the overlying topography. Thus, we can envision these surfaces by analogy to
sedimentary bedding. Sedimentary beds also form as nearly flat planes with the
minimum gradients necessary to transport sediment (for example, the depositional
gradient; Leopold and Bull, 1979). As rock is exhumed, isochrones are continuously
created and advected toward the surface, thereby populating the crust. The isochrone
conceptual model is frequently used implicitly in thermochronology, for example
when interpreting age-elevation relationships (Wagner and Reime, 1977; see also
McPhillips and Brandon, 2010). By treating isochrones explicitly, we are able to
measure rock uplift as well as exhumation, thereby constraining surface uplift and
paleoelevation.

End-Member Cases

In order to measure the uplift of a topographic surface, England and Molnar
(1990) argue that it is necessary to know both rock uplift and exhumation rates. The
rate of rock uplift is defined as the vertical component of the velocity of a particle of
rock, measured with respect to the initial position of the particle. In contrast,
exhumation rate is defined as the vertical component of rock velocity, measured with
respect to the topographic surface. As England and Molnar (1990) point out, indi-
vidual thermochronologic ages only measure exhumation rate. (Note that erosion is
commonly the dominant exhumation process in the shallow crust of convergent
orogens.) However, in the Sierra Nevada, McPhillips and Brandon (2010) show that
the suite of apatite (U-Th)/He data define isochrones that are well approximated by a
tilted stack of parallel planes. These planes are oriented subparallel to the present
topographic surface, but with a steeper dip (3.4° versus 1.8°). The observation of
dipping isochrones provides a prior constraint on rock uplift rates as well as erosion
rates. We illustrate this constraint by considering two different ways to form tilted
isochrones. From these simple end-members, we then develop a model parameteriza-
tion to evaluate the topographic evolution of the Sierra Nevada.

In the first end-member, erosion maintains steady state topography identical to
the modern form. As a result, isochrones form parallel to a relatively flat closure
isotherm (as estimated by Pecube), and deformation is required to produce tilting
steeper than topography (fig. 2A). Either rigid rotation or vertical shear could tilt
isochrones. The observed isochrone dip records total rock uplift, and the individual
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Fig. 2. Schematic illustration of the end-member formations of dipping isochrones. Isochrones are
surfaces of equal cooling age in the crust. Two end-members cases illustrate the range of processes for
creating planar, tilted isochrones. (A) Strain associated with a gradient in rock uplift rates may cause

isochrones to dip after their formation at the closure isotherm. (B) Topography may create a dip, as it warps
the closure isotherm and subsequently erodes away.

cooling ages record local exhumation. Surface uplift is constrained jointly by these two
components.

In the second end-member, the rock uplift rate is zero and topography is not
isostatically compensated. As a large mountain range decays, erosion gradually ex-
humes isochrones from depth. Eventually, the exposed isochrones dip more steeply
than surrounding topography (fig. 2B). This is because shallow isotherms, potentially
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TaBLE 1

Fixed model parameters

Lowry and others, 2000

Elastic thickness 12 km Granger and Stock, 2004

Crust density 2700 kg/m® Christensen and Mooney, 1995
Mantle density 3200 kg/m’ Christensen and Mooney, 1995
Young’s modulus l.ell Pa Christensen and Mooney, 1995
Poisson’s ratio 0.25 Christensen and Mooney, 1995
Thermal diffusivity 27.6 km®*/Myr Lachenbruch and Sass, 1977
Heat production 8.8 °C/Myr Brady and others, 2006

Sea level surface temperature 15.9°C Miller and others, 2006
Atmospheric lapse rate 3.4 °C/km Miller and others, 2006

including the isotherm at the closure temperature, closely track the long-wavelength
topographic surface (Mancktelow and Grasemann, 1997). The exposed isochrones
preserve the relatively steep dip that was imposed during closure by the initially high
topography (fig. 2B). The western slope of the Sierra Nevada is wide enough to impose
a large fraction of its dip on the shallow thermal field, including the apatite (U-
Th)/He closure isochrone. Without isostatic compensation, the observed isochrone
dip would require an ancient mountain range approximately twice as high as the
modern Sierra Nevada. The omission of isostasy simplifies this scenario for the purpose
of illustration, but any realistic model must include isostasy.

MODELING AND INVERSION

Thermal-Kinematic Model
The model Pecube solves the 3-dimensional heat transport equation:

aT a1 g T 9 9T o IT

pc(dt+de>_6xkﬂx+8ykﬁy+8zk&z+pH’ (1)
subject to an evolving topographic surface and arbitrary field of rock uplift rates
(Braun, 2003). We parameterize the topographic surface and the rock uplift rates and
invert to find their evolution, described in detail below. For data, we use 88 apatite
(U-Th)/He ages (Dumitru, 1990; House and others, 1997, 1998, 2001; Clark and
others, 2005), 15 apatite fission-track ages (Dumitru, 1990), and 46 Al-in-hornblende
barometry measurements (Ague and Brimhall, 1988) from the literature, thereby
constraining both low-temperature cooling and total exhumation in the batholith.
Pecube calculates cooling ages at the surface directly from Lagrangian time-
temperature paths. Pecube also accounts for relevant thermal and rheological parame-
ters, which we estimate from the literature (table 1). Preliminary experiments suggest
that the inverse estimates are not sensitive to these choices. Thermal conductivity
deserves special attention because it is known to vary among the Sierra plutons (Brady
and others, 2006). We choose a single, intermediate value. Calculations using the
l-dimensional, steady state model Age2Edot (Brandon in Ehlers and others, 2005)
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show that the widest range of observed conductivities can account for no more than 30
percent of the observed isochrone dip, even when the variance in conductivity is
arranged systematically down-dip.

We run Pecube on 3 km grid, which is sufficient to capture 99 percent of the
variance in the depth of the apatite (U-Th)/He closure isochrone (fig. 3). While this
relatively coarse grid was sufficient for the thermal problem, it filters out some local
topographic relief. Pecube must be modified to account for the interpolation of ages
over smoothed topographic data, especially in slowly eroding regions like the Sierra
Nevada. If not, a cooling age sited on a local promontory could be modeled at an
elevation of hundreds of meters lower than the observed topography. This amount of
smoothing corresponds to an age difference of several million years when erosion rates
are low. To address the issue, we calculate the predicted age for the observed elevation
using the interpolated model topography and the vertical age gradient at each point.
We find that in the case of the Sierra Nevada this correction improves the misfit by 5 to
10 percent.

There is a growing literature exploring the possible effects of radiation damage on
the diffusion of helium in a crystal lattice (Farley, 2000; Shuster and others, 2006;
Shuster and Farley, 2009; Flowers and others, 2009; Gautheron and others, 2009;
Cherniak and others, 2009). Pecube does not account for radiation damage effects
when calculating (U/Th)/He cooling ages (Braun, 2003), and we do not add a
damage model to the Pecube calculations. Although the cooling ages in the Sierra
Nevada are old enough to have accumulated significant radiation damage, the
apatite crystals have low concentrations of parent isotopes (House and others,
1997, 1998, 2001). As a result, too few decay events have occurred for radiation
damage to have played an important role in helium diffusion in the Sierra. A simple
test is proposed by Flowers and others (2009): plotting eU concentration against
apatite (U-Th)/He age. Flowers and others (2009) argue that significant damage
effects will manifest as a positive, non-linear correlation, which is absent in the Sierra
Nevada data (fig. 4).

Parameterization

The model Pecube is designed primarily to calculate exhumation rates and
changes in local relief (Braun, 2003). The model requires modification in order to
invert for Sierra Nevada paleotopography. As a starting point, we use the observation of
tilted isochrones in the apatite (U-Th)/He system (McPhillips and Brandon, 2010).
The end-member cases described above illustrate how this tilt could be produced by
gradients of either rock uplift or exhumation across the strike of the Sierra Nevada.
Our aim is to parameterize the simplest model capable of capturing the continuous
transition between these two end-members.

Sedimentary evidence shows that the eastern boundary of the Great Valley forms a
stable sea-level reference frame since at least 85 Ma (Dickinson and others, 1979;
Bartow, 1991). As a result, both the rock uplift and exhumation rates along this line
have been near zero for most of its history. Sedimentation rates were (Moxon and
Graham, 1987) near steady state relative to the depositional surface. (A depositional
rate of 100 m/Ma gives a Peclet number <0.1, so the thermal field can be approxi-
mated as purely conductive.) Therefore, the boundary may be viewed as a hinge line
for the isochrone tilting, just as it is often used to approximate the hinge line for tilting
estimates in the geomorphology literature (Huber, 1981; Unruh, 1991; Wakabayashi
and Sawyer, 2001).

The tilted isochrones presently have the form of a topographic ramp that would
reach above the modern peaks if projected from the eastern boundary of the Great
Valley. The ramp is approximately parallel to the Eocene Ione Formation where it is
exposed at this boundary (Unruh, 1991), although it is steeper than the slope of the
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Fig. 3. (A) The variance density distribution of the Sierra Nevada as a function of wavelength. The
topography shows a Brownian variance distribution (Huang and Turcotte, 1990). (B) The integrated
variance for the topography of the closure surface, as integrated over the range of wavelengths, w, from the
smallest to the largest wavelength, w,, present in the digital elevation model of the Sierra Nevada (30 m
resolution). The integrated variance assumes a Brownian distribution for the surface topography and the
attenuation of the surface topography when downward continued to a closure depth, z_,. The arrows show
that for the Sierra Nevada, which has w, ~ 200 km, the digital data should represent wavelengths down to 4
km to capture 99% of the topographic variance on the closure boundary.
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Fig. 4. Test of radiation damage effect on helium diffusion. Following Flowers and others (2009), we
test for significant effects from radiation damage by plotting eU concentration against apatite (U-Th)/He
age. Flowers and others (2009) argue that significant damage effects will manifest as a positive, non-linear
correlation, which is absent here.

present topographic surface. As illustrated by the end-member cases, the rock uplift
rate and/or the ancient topographic surface must “ramp-up” (that is, systematically
increase) between the boundary of the Great Valley and the crest of the Sierra Nevada
in order to produce the observed tilting. We take advantage of this fact and parameter-
ize both rock uplift rate and topography with a ramp-like form.

Topography is decomposed into two parts. The first is the sloping mean elevation
surface between the boundary of the Great Valley and the Eastern Sierra Escarpment
(fig. 1B). This is the topographic ramp. The second part is the variance around the
mean surface (fig. 1C). This is local relief. The actual elevation of topography is given
by the sum of these two parts. Past topography is parameterized in terms of two
multiplicative factors that scale the topographic ramp and local relief, respectively,
relative to the modern topography: rampElevation and relief (table 2). This decomposi-
tion provides a more realistic parameterization than a single value because local relief
and the tilting of the mean topography are allowed to evolve independently.

The topographic parameters define the state of topography at specific times in the
past. Topography evolves linearly between these states. At minimum, one set of
topographic parameters is required in order to define the initial state. The final state is
always given by the modern values. Additional topographic states may be defined
between the initial and final states. An additional state requires an additional free
parameter for time. In our preferred model parameterization, the topographic param-
eters are defined for three states: initial (time0), intermediate (timel), and final (time2).
Only timel is a free parameter in the inverse. We use the Bayesian Information
Criterion (Schwarz, 1978; Liddle, 2008) in order to select the number of topographic
states and the value of #Zme0 to use. Table 2 summarizes our preferred parameterization
scheme.
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TABLE 2

Model free parameters

Temperature at

Tectonic rock model base (at

Stage in Topographic  Mean topographic uplift (between 50 km, for all
model time relief surface time stages) time stages)
time() relief0 rampElevation(

tectonicUplift0
timel relief] rampElevationl basalTemp

tectonicUpliftl
time?2 relief? rampElevation2

Rock uplift is also decomposed into two parts, flexural and tectonic. The flexural
component is defined implicitly by changes in the topographic load, such that the rock
uplift rate includes the value necessary to maintain compensation between topo-
graphic states. For the tectonic component of rock uplift, we rely on the idea of a ramp.
Tectonic rock uplift persisted near zero at the boundary of the Great Valley, even
though it may have been much higher under the crest of the Sierra Nevada. We
parameterize this contrast using a ramp function that mirrors the form of the mean
topographic surface (fig. 5). The parameter tectonicUplift scales the function according
to the maximum rock uplift at the topographic crest. The form of the function ensures
that rock uplift decreases monotonically toward the Great Valley, where it is zero. The
value of tectonicUplift gives the maximum amount of vertical displacement of rock (in
kilometers) between successive topographic states, not including flexure.

Inversion

For the inverse problem, we employ a direct search method to constrain parame-
ters of interest. For efficiency, we apply the Neighborhood Algorithm, which uses
nearest-neighbor calculations to concentrate sampling in the regions of the multi-
dimensional parameter space that yield low misfit values (Sambridge, 1999a; for
application to thermochronology, see Herman and others, 2010). A fraction of the
samples (here, 50%) is also selected at random in order to avoid local minima. Misfit is
quantified as the standard deviation of the residuals, which is defined as:

o= \/E (7 = )/ v, (2)

where 7is a cooling age or Al-in-Hb exhumation value and v is the degrees of freedom.
The units of 7are both time (Ma) and length (km), which gives some weight to cooling
ages over total exhumation values. For each inverse, we run approximately 1000
forward models (give or take 24) on a high-performance cluster computer. We then
run an additional 1000 forward models in order to verify convergence and more fully
explore the parameter space.

We interpret the results in terms of Bayesian posterior probability, which mea-
sures the likelihood that a given value of a parameter is the true value in the context of
available data and any prior information (Sivia and Skilling, 2006). Posterior probabil-
ity is better for estimating topographic parameters than a best-fit value with Gaussian
error bars because of the non-linearity of the inverse and the complicated form of its
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Fig. 5. Ramp function, as used to parameterize rock uplift. Map area is the same as the study area map
(fig. 1). The ramp function has a value of 1 everywhere east of the Eastern Sierra Escarpment and a value of 0
west of the Great Valley lithologic transition (fig. 1). There is a linear gradient in between, with the slope
determined by the local mean topographic slope. Rock uplift at any point in the model map area is given by
the product of the ramp function at that point and the parameter tectonicUplift, plus the contribution from
flexure.

error surface (see Tarantola, 2005). For example, an inverse using a leastsquares
approach will identify the best estimate of a single parameter as the value with the
lowest misfit. However, the misfit is a function of all parameters. The set of parameters
that yields the lowest misfit may include a single parameter value that is otherwise
associated with large misfits. The posterior probability accounts for this problem. It is
explicitly a function of all free parameters, but it may be integrated to examine the best
estimates of one or more parameters independently of the others. The result of
integrating a posterior probability function is called a marginal probability function.
Either the posterior probability or a marginal probability may be used to describe
confidence intervals in light of the available data (Sivia and Skilling, 2006).

After sampling the parameter space, the Neighborhood Algorithm constructs a
robust approximation of the Bayesian posterior probability density function. For this
calculation, we choose a standard form of the likelihood function and a uniform prior.
Thus, the natural logarithm of the posterior probability value for each forward model
is proportional to its chi-squared value:

v o

: (3)

log P/-E —5?,
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where we use the standard deviation of the best fit forward model, &, as an estimate of
the total uncertainty for the purpose of converting misfit values into chi-squared
values. The Neighborhood Algorithm resamples and interpolates the individual prob-
ability values over the parameter space in order to estimate a continuous, multi-
dimensional posterior probability density function. This function is then numerically
integrated to find 1- and 2-dimensional marginal probabilities for each parameter or
pair of parameters (Sambridge, 1999b). The narrowest interval of a 1-dimensional
marginal probability that contains 68 percent of the probability can be viewed as a
confidence interval for the given parameter. The 2-dimensional marginal probabilities
help to demonstrate that the parameters are uncorrelated and therefore well chosen.

RESULTS

In total, we ran more than 16,000 forward models, including the runs for the 4
inverses described here. All of the inverse runs indicate that the Sierra Nevada started
as a high mountain range, eroded to a minimum elevation in the mid- to late Cenozoic,
and was subsequently uplifted to its present high elevation. The results show that the
observed tilting of isochrones was achieved by a combination of initially high topogra-
phy and subsequent rock uplift. Figure 6 shows the inverse results for our preferred
parameterization scheme. This scheme has the best Bayesian Information Criterion
score, which means that it has the lowest misfit value, weighted relative to the number
of free parameters (Schwarz, 1978; Liddle, 2008). In this scheme, the model starts at
110 Ma. The state of the topography at this time (time0) is given by the parameters
ramplilevation0 and relief0. Topography evolves toward a new state, given by ramplleva-
tionl and relief1, and achieves this state at the time given by timel. From timel until time2
(0 Ma), the topography evolves to its present state. The parameters fectonicUplift0 and
tectonicUplift] give the tectonic component of rock uplift between successive topo-
graphic states. The eighth and final free parameter is the temperature at the base of
the model, basalTemp. This parameter is fictive in the sense that it is only used to define
the near-surface thermal gradient, rather than to actually resolve the temperature at
the base of the crust. In all the inverses, the direct search method explores the range of
plausible values for each parameter (see the plot axes; fig. 6). For example, the
plausible range of topography is between zero and more than twice the present
elevation—almost 9 km.

Figure 7 summarizes the results of several alternate parameterization schemes.
These results support several important choices, including the model starting time and
the complexity of the topographic evolution. In order to evaluate the best number of
topographic states, we ran inverses with one (fig. 7A), two (fig. 6), and three states (fig.
7C). The number of free parameters rapidly increases because each additional state
requires two topographic parameters, one time parameter, and one rock uplift
parameter. Despite fewer free parameters, the one-state topographic evolution has by
far the largest Bayesian Information Criterion score, indicating that the topographic
evolution of the Sierra Nevada was not monotonic. In order to evaluate the best model
start time, we ran inverses beginning near the start of Sierra Nevada plutonism (110
Ma; fig. 6) and near the end of plutonism (90 Ma, fig. 7B). The Bayesian Information
Criterion scores favor the earlier model starting time (zime0), although the results of
both runs are similar.

The initial elevation of the Sierra Nevada was as high or higher than the modern
elevation. In the preferred parameterization scheme, the parameter relief0 is a modest
fraction of the modern value, but the mean topographic surface, rampElevation0 is
almost twice the modern value (fig. 6). Taken together, these results indicate that the
peaks of the Cretaceous Sierra Nevada were 5 to 6 km above sea level (fig. 8). All of the
alternate parameterization schemes favor similarly high initial topography and low



104 D. McPhillips and M. T. Brandon—Topographic evolution of the Sierra Nevada

“10708§ 9eds umouwyun ue 0y dn Aiqeqoad sopoad A[uo poyrow pooyIPYI[ oY) pur 2ANR[AI dae sanisuap Aipiqeqoid [[e asnedaq
Surreos anbrun e saey wonnqLUSIp YorI JO sapmruSew 9y} LY} 10U OS[Y “UD| § JB PIXY SeM UONLAI[d WNWIXeW a3 ‘refnonred
U] "UMOYS SE ‘SIN[BA I[RUOSEIL A PIPUNOY II9M ISIDAUL I} J0J PIMO[[E SIN[BA JO SISURIL U3 JRYI JON "UOHRINp I} 10
apdap wy (g 1e ‘[Ppow o) Jo dseq oy 1B aanyeradwa) oY) SAQLIISIP ‘G [ psvq asrowreted yse[ oy I, Juswode[dsIp YO01 wnuwixeut
JO swIo) Ul ‘A[oAndadsar gowy 0) [ouy) pue [owir) 0) (J2ur) UIIMIDQ S[EAISIUL Y} UL SINIO[IA YOOI Y} dLIISIP [1f1d o109
pue g1fydnruoipa sispwered oy ‘uonnjoas oryderSodoy oy aqudSIp ‘Teapydune ‘Tfoyar ‘Tawn ‘poapduns gfargas ‘siarourered
oAy 181y oy [, “stoowrered 2015 1YSIO $2INIBIY ISIOAUL ST, *(UOISSNISIP 10§ 1X9) 99s) Prjdn 2orns 210Z0U) 01 JURAD[DI A[1d911p
axe L9 9snedaq papuedxd aIe SuoNNLISIP [EUOISUIWIP-] I ], "9IUBLIEAOD I[NI] dARY s1ajowered jey) Moys pue s[euoSerp-jjo
9} UO 2B SUONNLNSIP [PUOISUIWIP-G S} I[IYM DIBWNSI 1S3 ) 10§ 9010YD I8 € apiaoad pue feuoSerp a1 uo axe suonnqrisip
[euoIsuswWIp-T 9y, ‘suonnquusip Liiqeqodd [RUISIRW [RUOISUDWIP-g PUR -] JO SULID) UL S)NSII ISIDAUL [PPOIN ‘9 St

(uesaid (wuesaid (uesaid (uasaid
) (wsy) () [REILEED) o} anlejal) (en) o] aAlejal) 0} ane|l)
dwajeseq zudnowoal Lydnouoos]l  LAs|3dwel (WETE)] Lown ons|3dwel WEIE)]
9601} i v.L Le I L v0 I L ¥0 |} S 0C ¥/ ¥'0 10 3 10 0
~ 0
@ .
AM 1o
S’
3 .
.M _v.o
™ 0
M I
3 GG €€ 02 ¢l /L
3 02
= 4=°/,Q0

[WET[EY]
<o«
- O O W
a1ewise 1seq
Ajsuap Ayiqeqoud

g o b

B 0 b

L v !
T 2 \
23 ~ NN Lawi
3,z \ /'L 0L 90 ¥0 20 L0
& \ 3| | eouspyuoo L
T3 ey T 3| €= %89 =—=p 3
=+ = \ = o
g to o o 8

] o \ @D 2

g E & o 2

=2 [0}
= = \

g g g o Si\| 2 g
2 =2 @, \ (5] <
3 8 <
.w L Hel8l

LA9|3dwel



105

measured directly by inversion of low-temperature thermochronology

(82,31 = DIF) 1uasaxd pue [enrut o) UMD SIIBIS

JreIpauLIdIUL ‘umowun oml ysnoayy saajoad Aydei8odo (D) “(1FET = DIG) BN 011 JO PeISUL BN (06 ST (02uz1) dwn 1aeys [Ppow nq ‘uonezuaawered
paepow patoaey Ino ur se saajoad Ayderdodoy, () "(F9%¢ = DIF) 218318 1uasaxd o) 01 21e)s [eNIUI uMouyun wodj A[edruojouowr saA[oad Aydersodoy
ssisapodAy [N (V) '8 2InSy Im pue 19710 yoea [Pm uosLredwod Jo ases 10y Jurpeys (s91eis [euy) 1YSI[ 10 ($91e)s [RNIUL) SIep Ion M parySiysy
axe soyeys orydesSodoy yuspeamby *(9 *8y) (Fzz1 = DIF) PPow paiidjaid 1no ueyy 91038 (DY) UOLIIILY) UONBUWLIOJU] UrIsakeq 1oySIy € Sey S[opow s}
Jo yoey ‘s1vowered 9a15 o1 Jo saniiqeqord [eULSIeU [BUOISUSWIP-T JO SULIY) UI ‘SuonezLIdowered [opou 91 tIdl[e 991 10 SINSIT 9s19AU] “/, “Sif

o,) (W) (aAne21) (el) abueyd
2injesadwsal Yl dn xdoi adepns >1ydesbodoy
|eseg [ED13ISA  uOleAS|D UBSN  (9A11R[DM) JOI19Y J013sUQ
68, 2,2 00°L &0 ¥L'0 G9L 00} 190 ZE0220 VL0 S9) 001 1902802200 GG €6 02 gt A
<
N_.N_.Q Nwmm wN_.w mww/ ”_
wa | [eseq w
/ tdnotuoioay | || LAs|gdwes Ljole) Lown -
¢cl 6L 8Y'v ¢l S9'L G9'L 00} 1970 £E°0 220 ¥+'0 00k LE0 ¥L'0 SO0 200
=
BN 06 3
=Qown ™
oulidnoluoio8} oo o
g
clch 266 [45:] G99 1'0¢ 6€°L 2.2 00k 2E0 ¥L'0 S9'L 00'F 190 LE°0 220 ¥+'0 00} LE0 ¥1°0 500200
I_
BANOLL 3
= QoW D
dwa] [eseq oHlIdnoIuo}os) Oswin 2
Y




106 D. McPhillips and M. T. Brandon—Topographic evolution of the Sierra Nevada

O,)
aJnjesadwal
|eseq

(W)
W dn 1o
[ed119A

(panunuod) 7 81

(aAneal)
aoe)uns
UOI1eA3|D Ue3|N

(2n11R[21) Jo119Y

(e) abueypd
J1ydesbodoy
JO19sUQ

clel <66 cl8 S99

dwa] [eseq

8y'y G9'L 190 220

S9'L 00°} 190 £E'0 ¢c0 ¥1'0

G9'L 00°1 19'0 280 220 ¥1'0

06 0c__ €l 6 9

Zyiidnolucios}

2Zna|3dwel

/

ciollal

zown

czcl 8vy S9'L 190 220

S9'L 00°} 190 20 220 ¥1'0

S9'1 00°} 19°0 €0 220 ¥1'0

v, L9 09 S5 6 S OF

LHIIdNo1uo}08)}

LA9|I3dwel

L1184

AN

rouwin

¢cl 8vy G9'L 190 220

oyidnoluoios}

G9'L 00°L 19°0 LE°0 220 ¥1°0

G9'L 00°L 190 LE'0 22’0 ¥1°0

eWOLL
= 0awWI

L swiL ¢awly

Oawil




measured directly by inversion of low-temperature thermochronology 107

6 data coverage

5

4 modern
Basin
and

3

Range

Elevation (km)
N

—_

Great
Valley
Basin

sea level

Sierra Nevada monocline

-60 -40 -20 0 20 40
Distance (km)

Fig. 8. Cross-section showing past and present elevations of the southern Sierra Nevada as constrained
by thermochronology. Elevations are tied to the Great Valley, which was near sea level since the Late
Cretaceous (see text for discussion). Confidence intervals at 68% are taken from the 1-dimensional marginal
probability distributions (fig. 6). A time-lapse animation of this figure is available for download in the online
supplement (http://earth.geology.yale.edu/~ajs/SupplementaryData/2012/03McPhillipsMovie.avi).

relief (fig. 7), although in one case the marginal probability distribution for relief0 is
bimodal (fig. 7B).

The Sierra Nevada reaches its minimum elevation at the intermediate topo-
graphic state (timel). Although the topography is lower at this time, it is still substantial
(fig. 8). The best estimate of relief, reliefl, is 51 percent of the modern value (fig. 6).
The mean topographic surface, rampElevationl, is most likely 35 percent of the
modern. Both parameters are lower than the modern values within at least 68 percent
confidence. Among the alternate parameterization schemes that permit intermediate
states, all show elevations that are lower than the modern value. In fact, the alternate
parameterizations generally favor intermediate elevations that are much lower—the
peak marginal probabilities are generally around 20 percent of the modern for both
topographic parameters (fig. 7).

The topographic minimum occurs in the mid- to late Cenozoic. The best estimate
for the timing of the intermediate topographic state (Zimel) is 20 Ma (fig. 6). The
alternate parameterization scheme with two intermediate states shows a topographic
minimum at 17 Ma (#ime2; fig. 7C). The alternate with one intermediate state shows a
minimum at 26 Ma (timel; fig. 7B). Both of these values fall within the 68 percent
confidence intervals of the best estimate, which is between 30 and 10 Ma (fig. 6).

In order to examine the details of the topographic evolution we rely on the
forward model run using the best estimate values of all parameters (fig. 9). For most of
the model run, erosion rates are predicted to be in the range of 0.03 to 0.08 km/Ma.
These rates are in agreement with those estimated from apatite (U-Th)/He age-
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Fig. 9. Forward model results for the best estimate parameter values. Exhumation is defined as the sum
of surface and rock offset and is accomplished by erosion. Surface offset is the sum of the parameters relief
and rampklev. Rock uplift is given by the parameter tectonicUplift plus any flexural adjustments (fig. 6). The
grid shows these sums graphically at each topographic state. The difference in the transparency of the color
scheme shows the map area where we have elevation control (that is, between the eastern boundary of the
Great Valley and the Eastern Escarpment).
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elevation relationships (House and others, 1997; House and others, 2001; McPhillips
and Brandon, 2010). After timel, stream incision must increase in order to cut the
present relief. The peak exhumation rates in large river valleys approaches 0.3 km/Ma
during this interval. This value is comparable to the maximum incision rate docu-
mented by cosmogenic nuclides in the Kings River canyon during the Pliocene (Stock
and others, 2005). Although the peak exhumation rates in the model are greater than
the estimates from age-elevation relationships, the two values are likely consistent. The
inverse predicts that incision began around 20 Ma, well after even the younger cooling
ages were set. As a result, age-elevation estimates, which measure erosion rates during
the interval between the oldest and youngest cooling ages, are not an accurate measure
of more recent rates. Total exhumation rates are in good agreement with Al-in-
hornblende barometry measurements of 8 to 10 km (Ague and Brimhall, 1988).

The overall quality of the fitis best judged in terms of the residuals of the observed
cooling ages and barometry measurements. The standard deviation of all the residuals
is 9.1, which is greater than the average analytical error by a factor of 3. In terms of the
R? statistic, this fit corresponds to a 37 percent improvement over the mean (U-
Th)/He age. The empirical isochrone fit of McPhillips and Brandon (2010) has an R?
value of 68 percent for the same data. The thermal-kinematic model treats the full
physics of the problem with a highly simplified version of the topographic evolution.
The residuals show little systematic variation. We measure this in two ways. First, we
apply the Von Neumann Rank Ratio test (Bartels, 1982) to the residuals, in projections
parallel to both isochrone strike and dip. These tests show no significant systematic
variation in either direction. (Note that a model without dipping isochrones would fail
this test.) Second, we address the potential for 2-dimensional spatial autocorrelation
using a variogram, which plots variance of each pair of residuals as a function of
distance (fig. 10). The uniform scatter of points on the variogram is as expected for a
case without spatial autocorrelation (Wackernagel, 2003). The lack of correlation
among residuals indicates that the model fit captures the essence of the topographic
evolution.

DISCUSSION

Topography

Our analysis supports the idea, proposed by Braun (2003), that the evolution of
paleotopography can be represented using factors that scale the paleotopography
relative to the modern topography. There is no guarantee that this approach will work
in other areas, but it does provide a useful first step in relating geologic and
thermochronologic data to the evolution of ancient topography. Our approach is
motivated by the work of House and others (1997, 1998, 2001), who use nearly the
same cooling age data to argue for late Cretaceous topographic relief aligned with, but
exceeding, modern river canyons. However, our comprehensive analysis shows very
little local relief in the Cretaceous. The steady state, 2-dimensional estimates of House
and others (1997, 1998, 2001) are evidently insufficient to capture the evolution of
local relief, perhaps in part due to the sampling strategy (Braun, 2002). While we do
not preclude Cretaceous transverse drainages, we find no evidence for local relief at
the scale suggested by House and others (1997, 1998, 2001) to be aligned with modern
canyons. For the mid-Cenozoic Sierra Nevada, our results are in agreement with more
sophisticated investigations into stream morphology. Clark and others (2005) identify
two uplift and incision events since 32 Ma. Pre-Pliocene relief documented by Stock
and others (2004, 2005) was likely incised beginning at around this time.

This inverse analysis is limited to data in the southern Sierra Nevada, between Mt.
Whitney and the Merced River. Areas to the south and north may have different
histories. However, the character of isochrones in the south implies that the northern
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Fig. 10. Variogram showing little or no spatial correlation among model residuals. The variance for
each pair of model residuals is plotted against the distance between the pair. In the case of spatial
autocorrelation, we would expect to see a relationship between these variables, typically an inverse
distance-squared relationship, but no such relationship is evident. Furthermore, Von Neumann rank-ratio
tests show no statistically significant autocorrelation along either of the principal axes of the data (see text).

Sierra has similar history. McPhillips and Brandon (2010) show that the isochrones in
the south have an orientation that matches the dipping strata in the north that were
originally used to identify tilting (for example Unruh, 1991; Wakabayashi and Sawyer,
2001). The isochrone dip of 3.4° is in particularly good agreement with the dip of the
Eocene Ione Formation in the north (Unruh, 1991). Furthermore, the residuals from
fitting the isochrones to the actual cooling ages show no systematic trends from north
to south (McPhillips and Brandon, 2010). Absent major structures separating the
northern and southern Sierra, the common orientations suggest a single tilting event
beginning sometime after the mid-Tertiary.

The timing and extent of Cenozoic surface uplift also provide clues about the
cause. Our analysis supports the onset of surface uplift throughout the southern Sierra
Nevada between 30 and 10 Ma, culminating in about 2 km of peak uplift. By 30 Ma,
Farallon slab subduction was essentially complete (Atwater and Stocker, 1988), requir-
ing an alternate driver for more recent uplift. Our analysis demonstrates that an
isostatic response to valley incision, as proposed by Small and Anderson (1995), cannot
account for recent uplift—a significant amount of tectonic rock uplift is required to
produce the observed tilting of isochrones. The more likely drivers include the
removal of dense lower lithosphere (Ducea and Saleeby, 1996; Lee and others, 2001;
Zandt and others, 2004), isostasy related to normal faulting (Thompson and Parsons,
2009), and dynamic topography (Mitrovica and others, 1989; Lowry and others, 2000;
Moucha and others, 2009; Liu and Gurnis, 2010). Among these, only dynamic
topography was active prior to 10 Ma; xenoliths record a thick crust and lithosphere
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(Ducea and Saleeby, 1996; Lee and others, 2001), and Basin and Range extension had
not yet reached the Eastern Sierra Escarpment (Bachman, 1978). However, dynamic
topography does not provide a satistying explanation. The mantle buoyancy that is
invoked for the uplift of the Colorado Plateau is the result of convection deep in the
asthenosphere (Mitrovica and others, 1989; Moucha and others, 2009; Liu and others,
2010). Dynamic topography of this sort is expressed over long wavelengths, usually
many hundreds of kilometers. The fact that Great Valley boundary has remained at sea
level, less than 100 km from the crest of the Sierra Nevada, implies a limited role for
dynamic topography. Geophysical (Wernicke and others, 1996; Zandt and others,
2004) and geochemical (Ducea and Saleeby, 1996; Lee and others, 2001) evidence
document the removal of dense lower lithosphere in the southern Sierra Nevada,
which likely had some effect on surface elevation (Jones and others, 2004). However,
the presence of a thick crust in the northern Sierra Nevada (Frassetto and others,
2010) suggests that this mechanism is not responsible for tilting observed in the north
(for example, Wakabayashi and Sawyer, 2001). In contrast, an isostatic response to
extensional faulting along the Eastern Sierra Escarpment and Walker Lane could drive
a maximum of 1 km of surface uplift and tilting along the length of the range
(Thompson and Parsons, 2009). Therefore, we favor a combination of lower litho-
sphere removal and extension-driven isostasy as a main causes of uplift in the southern
Sierra Nevada, with a smaller contribution from dynamic topography in the Miocene.

Modeling with Pecube

The model Pecube is a powerful and flexible tool, but it requires some modifica-
tion to be useful for measuring paleoelevation. Notably, Pecube always requires some
prior constraint on rock velocity, typically in terms of specific displacements along
faults or with the assumption of a uniform vertical velocity field (Braun, 2003). The
isochrone conceptual model provides a convenient means of distinguishing a uniform
velocity field, which yields flat structures, from a more complex field, which yields
tilted or complex structures. It is important to test for these structures before running
Pecube in most scenarios. Our results demonstrate the utility of this approach for
arriving at a viable functional form of rock uplift, thereby permitting paleoelevation
measurements.

In order to measure paleoelevation specifically, Pecube (or any thermal-kinematic
model) must include a datum such as the Great Valley paleoshoreline. For our analysis,
this boundary serves a double purpose. First, it fixes the thermal field with respect to
sea level. Cooling ages are capable of measuring relief change at many scales, due to
the influence of relief on the closure surface (Mancktelow and Grasemann, 1997). By
including the shoreline in the model runs, we are able to measure relief change at a
very large spatial scale that is linked to a sea-level datum. Decomposing topography
into the mean surface and relief allows topography to evolve independently of
small-scale relief. This is particularly important for the initial state of the model, when
valley relief could have been oriented differently than at present. Second, the Great
Valley shoreline is a datum for rock velocity. Because it persisted near the erosion-
aggradation boundary, this boundary provides a zero-velocity line that is important for
developing the rock uplift parameterization.

It may seem curious that (U-Th)/He cooling ages ranging between 85 and 23 Ma
can resolve paleoelevation during the entire period since approximately 100 Ma. The
principal constraint on recent (late Cenozoic) incision is the range of exposed cooling
ages. Relief must have been cut relatively recently in order to expose such a large range
of ages at the surface. If relief were long-lived, the closure isotherm would warp
according to the surface boundary condition, and the ages exposed in ridges and
valleys would eventually approach a common value. The data place direct constraints
on erosion and uplift during the interval of closure, from 85 to 23 Ma. Prior to closure,
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the topography must define an initial condition that agrees with the Al-in-Hb total
exhumation data (Ague and Brimhall, 1988), limited fission track data (Dumitru,
1990), and the subsequent topographic evolution.

CONCLUSIONS

In conclusion, we emphasize the geological scenario revealed by the inversion of
low-temperature thermochronology. These paleotopography results are broadly consis-
tent with other observations and potentially reconcile conflicting interpretations. The
southern Sierra Nevada was high in the Late Cretaceous, declined through most of the
Cenozoic, and began to grow again early in the Miocene. The onset of surface uplift
and incision between 30 to 10 Ma is an especially robust result, which is common to
virtually all choices of parameterization. Immediately prior to this event, the southern
Sierra Nevada was at a lower elevation than any time before or since. Renewed surface
uplift was likely driven by several processes, perhaps beginning with a small contribu-
tion from dynamic topography in the Miocene and then bolstered by larger contribu-
tions from lower lithosphere removal and the isostatic response to normal faulting.

Although our analysis does not resolve whether the topography of the northern
Sierra Nevada was also uplifted in the late Cenozoic, it seems likely that it was, in light
of the similar tilt of isochrones in the south and sedimentary and geomorphic surfaces
in the north. According to our analysis, high, but decaying, topography would have
persisted well into the Tertiary. Our results also support the idea of a high-elevation
region to the east of the Sierra Nevada during Cretaceous time. It remains unclear
whether this upland region had low relief, like the modern Andean Altiplano (De-
Celles, 2004), or whether it had higher relief, like the modern Puna Plateau. Recent
stable isotope work, interpreted to suggest a complex and diachronous history of
uplift, may be consistent with large local relief in the surrounding Cordillera (for
example, Mix and others, 2011; Chamberlain and others, 2012). Our study in the
southern Sierra Nevada illustrates the importance of considering both local relief and
long-wavelength topography.
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