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ABSTRACT

Despite broad interest in determining 
the topographic and climatic histories of 
mountain ranges, the evolution of Califor-
nia’s  Sierra Nevada remains actively de-
bated. Prior stable isotope–based studies 
of the  Sierra Nevada have relied primarily 
on hydro gen isotopes in kaolinite, hydrated 
volcanic glass, and leaf n-alkanes. Here, we 
reconstruct the temperature and elevation 
of the early Eocene Sierra Nevada using the 
oxygen isotope composition of kaolinitized 
granite clasts from the ancestral Yuba and 
American Rivers that drained the windward 
(Pacific) flank of the Sierra Nevada. First, 
we evaluated the possible contributions of 
hydrogen isotope exchange in kaolinite by 
direct comparison with oxygen isotope mea-
surements. Next, we utilized differences in 
the hydrogen and oxygen isotope fraction-
ation in kaolinite to constrain early Eocene 
midlatitude weathering temperatures. Oxy-
gen isotope geochemistry of in situ kaolin-
ites indicates upstream (eastward) depletion 
of 18O in the northern Sierra Nevada. The 
δ18O values, ranging from 11.4‰ to 14.4‰ 
at the easternmost localities, correspond 
to paleoelevations as high as 2400 m when 
simulating the orographic precipitation of 
moisture from a Pacific source using Eocene 
boundary conditions. This result is consistent 
with prior hydro gen isotope studies of the 
northern Sierra, but oxygen isotope–based 
paleoelevation estimates are systematically 
~500–1000 m higher than those from hydro-
gen-based estimates from the same samples. 
Kaolinite geothermometry from 16 samples 
produced early Eocene weathering tempera-
tures of 13.0–36.7 °C, with an average of 
23.2 ± 6.4 °C (1σ). These kaolinite tempera-

ture reconstructions are in general agreement 
with paleofloral and geochemical constraints 
from Eocene California localities and climate 
model simulations. Our results confirm prior 
hydrogen isotope–based paleoelevation esti-
mates and further substantiate the existence 
of a hot and high Eocene Sierra Nevada.

INTRODUCTION

Earth’s topography reflects the balance 
among tectonic, Earth surface, and climatic 
processes. As such, determining paleoelevation 
and paleoclimate histories of mountain belts 
provides insight into the evolution and multiple 
interactions of these processes (e.g., Chase et al., 
1998; Blisniuk and Stern, 2005; Mulch and 
Chamberlain, 2007; Clark, 2007; Rowley and 
Garzione, 2007; Mix et al., 2011; Chamberlain 
et al., 2012). Stable isotope–based reconstruc
tions provide one of the few methods that can be 
used to quantitatively reconstruct the evolution 
of topography in the world’s largest mountain 
and plateau regions (e.g., Chamberlain et al., 
1999; Garzione et al., 2000, 2008; Rowley et al., 
2001; Mulch et al., 2004; Rowley and Currie, 
2006; Rowley and Garzione, 2007; Lechler and 
Galewsky, 2013; Saylor and Horton, 2014). 
Stable isotope paleoaltimetry exploits sys
tematic changes in the hydrogen or oxygen iso
tope ratios of meteoric water, which ultimately 
relate to changes in paleoelevation. This tech
nique has been shown to reliably reconstruct 
past elevation histories in most of the world’s 
large mountain ranges, including the Himalaya 
and Tibet (e.g., Garzione et al., 2000; Rowley 
and Currie, 2006; Gébelin et al., 2013), the 
Andes (e.g., Blisniuk and Stern, 2002; Garzione 
et al., 2006, 2008; Mulch et al., 2010; Canavan 
et al., 2014), the Southern Alps (Chamberlain 
et al. 1999), the European Alps (Campani et al., 
2012), the Menderes Massif in Turkey (Hetzel 
et al., 2013), and western North America (e.g., 

Poage and Chamberlain, 2002; Horton et al., 
2004; Takeuchi and Larson, 2005; Sjostrom 
et al., 2006; Mulch et al., 2008; Mix et al., 2011; 
Chamberlain et al., 2012). In addition, elevation 
histories of large mountain ranges provide cli
mate model boundary conditions (e.g., Sewall 
et al., 2000; Bice and Marotzke, 2001; Herold 
et al., 2014; Rugenstein et al., 2014) that are 
used to simulate periods of warm temperatures 
and high CO2 such as the early Eocene (e.g., 
Huber and Caballero, 2003, 2011; Lunt et al., 
2012; Feng et al., 2013). Despite the importance 
of obtaining wellconstrained topographic and 
climatic histories, and systematic advances in 
the field, there remains significant disagreement 
in wellstudied mountain ranges such as the 
Sierra Nevada of California.

Debate surrounding the topographic evolu
tion of the Sierra Nevada has centered on two 
primary hypotheses. First, mid to late Cenozoic 
uplift is supported by westwardtilting sedi
ments in paleochannels on the westward flanks 
of the Sierra Nevada (Unruh, 1991) and stud
ies of fluvial incision and incision rates (e.g., 
Wakabayashi and Sawyer, 2001; Stock et al., 
2004), although more recent cosmogenic isotope 
work indicates high paleorelief in the Pliocene 
(Stock et al., 2005). Uplift and increased inci
sion since the Pliocene are consistent with tec
tonic models calling for the removal of dense 
(e.g., eclogitic) lower lithosphere beneath the 
southern Sierra (Ducea and Saleeby, 1998; 
Saleeby et al., 2003; Zandt et al., 2004; Levan
dowski et al., 2013). Seismic tomography indi
cates the presence of thick, highvelocity mate
rial beneath the southwestern foothills of the 
Sierra that dips to the east, suggesting that dense 
lithosphere has detached in the southern Sierra, 
whereas it has remained intact in the northern 
Sierra (e.g.,  Frassetto et al., 2011; Gilbert et al., 
2012). Second, sedimentological (Cassel and 
Graham, 2011; Ingersoll, 2012), thermochrono
logical (House et al., 1998), geomorphological 
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( Pelletier, 2007; Gabet, 2014), and stable isotope 
studies have indicated paleoelevations similar to 
modern elevations as early as the middle Mio
cene (Mulch et al., 2008) or even the Oligocene 
or Eocene (Mulch et al., 2006; Cassel et al., 
2009; Hren et al., 2010). Geologic mapping indi
cates erosion along the Sierra Nevada batholith 
axis, suggesting the late Mesozoic Sierra formed 
a paleodivide prior to the deposition of Eocene 
fluvial sediments (Van Buer et al., 2009). Fur
thermore, seismic, thermobarometric, and mag
netotelluric studies are at odds with rapid uplift 
in the late Cenozoic (e.g., Wernicke et al., 1996). 
These studies suggest Sierran surface uplift dur
ing the Late Cretaceous or early Cenozoic, pos
sibly representing the edge of a large continental 
plateau (e.g., Garside et al., 2005; Cassel et al., 
2012, 2014) and subsequent minor changes in 
relief and elevation during the Cenozoic (e.g., 
House et al., 1998; Cecil et al., 2006; Crowley 
et al., 2008; Mulch et al., 2008).

Stable isotope paleoaltimetry exploits the sys
tematic depletion of deuterium and 18O of atmo
spheric moisture during orographic rainout (cf. 
Chamberlain and Poage, 2000; Garzione et al., 
2000; Rowley et al., 2001; Blisniuk and Stern, 
2005; Rowley and Garzione, 2007). In the case 
of the western Sierra Nevada, Pacific Ocean–
derived air masses advect eastward and become 
progressively depleted in moisture as they rise 
eastward over the Sierran crest. As such, the 
dominant control on d18O and dD of modern 
precipitation (d18Oprecip and dDprecip hereafter) in 
the western Sierra Nevada is elevation (Fried
man and Smith, 1970; Smith et al., 1979; Ingra
ham and Taylor, 1991; Friedman et al., 1992).

So far, geochemical studies in the western 
Sierra Nevada have relied on hydrogen isotopes 
in authigenic kaolinite (Mulch et al., 2006), 
hydrated volcanic glass (Mulch et al., 2008; 
Cassel et al., 2009), and longchain nalkanes as 
well as soil tetraether geochemistry (Hren et al., 
2010). While these studies have offered insight 
into Sierran paleoelevation, some recent work 
has called into question the ability of materi
als such as kaolinite to preserve meteoric water 
signals without undergoing hydrogen isotope 
exchange (Wakabayashi, 2013).

Previous work in weathering environments 
has demonstrated that halloysite and other clay 
minerals such as allophane or imogolite may act 
as metastable precursors to kaolinite (O’Neil 
and Kharaka, 1976; Steefel and Van Cappel
len, 1990; Jeong, 1998; Joussein et al., 2005). 
Hydrogen has been shown to exchange with the 
hydrated halloysite10Å but not the dehydrated 
halloysite7Å or kaolinite (Savin and Hsieh, 
1998; Hsieh and Yapp, 1999; Joussein et al., 
2005; Renac and Assassi, 2009). The time to dD 
“isotopic closure” is unknown and likely varies 

with climate, soil pCO2, and water availability 
(Sieffermann and Millot, 1969; Ziegler et al., 
2003). Similar to hydrogen, oxygen is incor
porated from meteoric water during weather
ing from feldspars to clay minerals. However, 
no measurable oxygen isotope exchange has 
been observed for halloysite (7Å and 10Å) or 
kaolinite (Lawrence and Taylor, 1971; O’Neil 
and Kharaka, 1976; Sheppard and Gilg, 1996; 
Ziegler et al., 2003) under Earth surface con
ditions. Moreover, while kaolinite has been 
observed to undergo hydrogen isotope exchange 
at temperatures as low as 40 °C, the oxygen iso
tope ratios of kaolinite appear to be much more 
resistant to diagenetic alteration (Longstaffe and 
Ayalon, 1990).

Thus, to investigate potential hydrogen iso
tope exchange, we measured the oxygen isotope 
composition of kaolinite within welldescribed 
Eocene auriferous gravels (e.g., Mulch et al., 
2006; Cassel and Graham, 2011; Fig. 1). These 
samples are the same as those measured in the 
hydrogen isotope study of Mulch et al. (2006). 
These oxygen isotope data confirm the results 

of existing stable isotope studies in two ways. 
First, an eastwest oxygen isotope gradient con
firms initial hydrogen isotope studies, and asso
ciated paleoelevation estimates are in line with 
existing estimates from multiple proxy materi
als. Second, paleothermometry indicates that 
these kaolinites reflect nearsurface conditions. 
Our findings add to the robustness of existing 
constraints supporting high topography and a 
warm climate in the Sierra Nevada during the 
early Eocene.

METHODS

Kaolinite Sampling, Preparation, 
and Isotopic Analysis

We analyzed the oxygen isotope ratios of 
16 kaolinite samples from 13 localities along 
the Eocene American and Yuba Rivers in the 
northern Sierra Nevada (Fig. 1). The aurifer
ous gravels contain fossil floral assemblages 
that range from early to latest Eocene and are 
overlain by volcaniclastic strata radiometri
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cally dated as old as early Oligocene, 31.2 Ma 
(summarized in Cassel et al., 2012). Typically, 
labile granite clasts in the auriferous gravels are 
altered to kaolinite, and the unaltered character 
of the overlying volcaniclastic sequence dem
onstrates that kaolinitic weathering occurred 
during the Eocene. We distinguish between in 
situ kaolinites that formed by weathering of gra
nitic pebbles in the gravel deposits and detrital 
kaolinites. In situ kaolinite samples were sepa
rated from the individual granite clasts.  Detrital 
kaolinite samples were obtained from Yuba 
River channel sand deposits that were trans
ported downstream as part of the Eocene river 
system. All kaolinite samples analyzed in this 
study are from Mulch et al. (2006). Kaolinite 
samples were centrifuged to the 1–2 µm size 
fraction, dried, and subsequently mixed with 
LiF and pressed into pellets to prevent disper
sion during lasing. Samples were isolated in 
a Fisher Scientific Isotemp vacuum oven at 
80 °C and –100 kPa for at least 3 d before iso
topic analysis. Oxygen isotope composition was 
determined using a Thermo Finnigan MAT 252 
mass spectrometer and a laser fluorination line 
(e.g., Sharp, 1990; Sjostrom et al., 2006; Mix 
and Chamberlain, 2014). Samples were exposed 
to three 90 s preflourinations with BrF5 in order 
to liberate impurities from the samples and 
fluorination line. The O2 gas was liberated from 
the samples by reaction with BrF5 using a New 
Wave Research MIR1025 infrared laser abla
tion system. Oxygen gas was purified through 
two liquid nitrogen cold traps and a KBr trap 
before being introduced to the mass spectrom
eter. Analyses were controlled with repeated 
analyses of NBS28 quartz, which demonstrated 
the precision of this method to be <0.2‰. All 
isotopic ratios are reported with respect to 
Vienna standard mean ocean water (VSMOW). 
Depending on the quantity of sample, duplicate 
or triplicate kaolinite oxygen isotope (d18Okaol) 
measurements were made.

Midlatitude Eocene Sea-Level δ18O 
and δD Constraints

Stable isotope constraints from coastal 
regions are essential for paleoenvironmental 
reconstructions. Not only do paleoaltimetry 
models rely on the input of sealevel constraints 
(e.g., Rowley et al., 2001), but recent work has 
demonstrated the necessity of determining the 
isotopic continentality effect in order to decon
volve the roles of changing moisture source, 
vapor recycling, and orographic rainout (e.g., 
Mix et al., 2013; Chamberlain et al., 2014; 
Winnick et al., 2014). Mulch et al. (2006) pro
duced the first Eocene sealevel dDprecip (–43‰) 
estimate using a linear regression of kaolinite 

hydrogen isotope composition and distance 
from the Eocene shoreline. In order to allow the 
most direct comparison between oxygen and 
hydrogen isotope compositions, we determined 
the sealevel d18Okaol value to be 18.3‰ ± 
0.6‰ (sealevel d18Oprecip = –7.1‰) using the 
sealevel dDkaol value of –80‰ ± 5‰ (Mulch 
et al., 2006), the global meteoric water relation
ship (dD = 8 × d18O + 10; Craig, 1961), and 
the kaolinitewater equilibrium fractionation 
factors for oxygen and hydrogen (Sheppard 
and Gilg, 1996) at 20 °C. These constraints are 
in line with independent estimates of Eocene 
temperature (e.g., Wolfe, 1994; Chase et al., 
1998; Wolfe et al., 1998; Yapp, 2008; Hren 
et al., 2010) and modern meteoric water rela
tionships in the Sierra Nevada (e.g., Oster et al., 
2012). These kaolinitebased sealevel values 
are nearly identical to those derived from the 
hydrogen isotope composition of leaf nalkanes 
(Hren et al., 2010), but they are somewhat less 
depleted in 18O and D than those measured in 
an Eocene coastal Oxisol (dDprecip = –61‰, 
d18Oprecip = –8.9‰; Yapp, 2008). Cassel et al. 
(2009) determined the dD of hydrated vol
canic glass from the coastal Ione Formation to 
be –105‰ (n = 2 samples). This constraint is 
not amenable to direct comparison with these 
kaolinite and goethite values because it repre
sents the Eocene–Oligocene time interval as 
opposed to the warmer early Eocene, and glass
water fractionation is not temperature depen
dent (Friedman et al., 1993).

Calculating Paleoelevations

We used the thermodynamic model of 
 Rowley et al. (2001), which utilizes the differ
ence in mineral d18O values between a given 
study area and a sealevel value in order to infer 
the difference in precipitationweighted hypso
metric mean elevation between the two sites. 
The model simulated moisture source condi
tions off the west coast of North America in the 
Eocene Pacific Ocean along with the equilib
rium isotopic fractionation between water vapor 
and condensation during rainout. We used a sea
level d18Okaol value of 18.3‰ ± 0.6‰ using the 
same approach as Mulch et al. (2006) (see previ
ous description). Our error estimates account for 
two sources of uncertainty in calculated Eocene 
paleoelevations. First, paleoaltimetry errors due 
to uncertainty in the isotopic lapse rate were 
determined by randomly sampling 1000 pairs 
of simulated Eocene humidity and temperature 
between 31.5°N and 46.4°N and 123.8°W and 
146.3°W (Huber and Caballero, 2003). Sec
ond, the uncertainty estimates also incorporate 
uncertainty in the sealevel estimate of ±0.6‰ 
in d18O values (±5‰ in dD; Mulch et al., 2006).

Assessing Paleotemperatures

We exploited differences in the hydrogen 
and oxygen equilibrium isotope fractionation in 
order to calculate the temperature of kaolinite 
formation. The kaolinitewater oxygen isotope 
fractionation factor (1000lnakaolwater = 2.76 × 
106T –2 – 6.75) is positive, meaning that at equi
librium, the mineral is enriched in 18O relative 
to the water present during mineral growth 
(Sheppard and Gilg, 1996). In contrast, the 
hydrogen isotope fractionation factor is negative 
(1000lnakaolwater = –2.2 × 106T –2 – 7.7; Sheppard 
and Gilg, 1996). Assuming that the minerals 
formed in equilibrium with surface water and 
shallow groundwaters of meteoric origin, these 
fractionation factors of opposing slopes can be 
combined with the global meteoric water rela
tionship to calculate temperatures:

 3.0350 × 106T –2 =  

 d18Okaol – 0.1250dDkaol + 7.0375, (1)

where T is absolute temperature. This approach 
has been used in paleoclimatic, diagenetic, and 
other geothermometry applications with kaolin
ite and other phyllosilicates (e.g., Savin and 
Epstein, 1970; Delgado and Reyes, 1996; Vitali 
et al., 2002; Tabor and Montañez, 2005; Gilg 
et al., 2013; Mix and Chamberlain, 2014).

Temperatures were calculated for all samples 
with paired d18Okaol and dDkaol measurements 
(Table DR11). We did so by calculating temper
atures for all possible measurement pairs (n = 
2–6 pairs for all 16 samples) of a given sample 
using Equation 1. The d18Okaol and dDkaol mea
surement errors for each individual pair were 
combined by propagating at 1s as the square 
root of the sum of the variances.

The reported temperatures and errors for each 
sample were calculated using an errorweighted 
mean with errors propagated using a Student’s 
t multiplier (e.g., Ma et al., 2005; Berger et al., 
2006; Maher et al., 2007; Halevy et al., 2011; 
Ibarra et al., 2014). Typically, due to higher 
associated error with the precision of the d18Okaol 
measurement (±0.3‰–1.6‰), compared to the 
dDkaol measurements (±2‰), temperature errors 
are dominated by the d18Okaol error (as high as 
4.5 °C). By using an errorweighted average, we 
accounted for the variable error associated with 
the d18Okaol measurement on duplicate measure
ments of a single sample (see Table DR1 [see 
footnote 1]). To emphasize the conservative 
nature of the error propagation scheme, we 

1GSA Data Repository item 2015325, Table DR1, 
containing dDd18O sample pairs and temperature cal
culations, is available at http:// www .geosociety .org 
/pubs /ft2015 .htm or by request to editing @geosociety 
.org.
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also report the mean square weighted deviation 
(MSWD), where the MSWD is the ratio of the 
observed scatter to the scatter expected from 
the analytical error.

RESULTS

Oxygen Isotope Geochemistry 
and Paleoaltimetry

The oxygen isotope composition of in situ 
kaolinite decreases systematically upstream 
(eastward). The d18Okaol values of kaolinitized 
clasts range from 14.7‰ to 19.2‰ (n = 14) at 
32–56 km east of the Eocene shoreline, while 
samples between 84 and 86 km inland range 
from 11.4‰ to 14.4‰ (Fig. 2B). These d18Okaol 
values translate to Eocene paleoelevations that 
increase systematically upward to 2400 m at 
the easternmost localities (Table 1; Fig. 2C). 
We analyzed two detrital kaolinites separated 
from channel sands 32 km east of the Eocene 
shoreline. These samples have lower d18O val
ues of 13.3‰ and 15.7‰, both of which are 
more depleted in 18O than in situ kaolinites from 
the same location (Table 1; Fig. 2B). These d18O 
values likely reflect higherelevation conditions 
as compared to the detrital kaolinites and were 
transported from upstream following kaoliniti
zation by the Eocene river system, as previously 
suggested by Mulch et al. (2006).

Kaolinite Paleothermometry

Weathering temperatures calculated based on 
multiple dD (n = 31) and d18O (n = 32) analyses 
from the 16 kaolinite samples (14 kaolinitized 
clasts, 2 detrital samples) ranged from 13.0 °C to 
36.7 °C (Table 1; Fig. 3B). MSWD values from 
individual samples ranged from 10–30 to 20.49 
and exhibited no correlation with the number of 
d18OdD pairs used to calculate temperatures for 
each sample. A MSWD <1, exhibited for 10 of 
16 samples with temperature estimates, implies 
an overestimation of analytical errors. Six 
samples exhibited MSWD >1, typically driven 
by discrepancies in the duplicate or triplicate 
d18Okaol measurements (Table DR1 [see footnote 
1]). The mean of these samples gives an esti
mated temperature in the Eocene Sierra Nevada 
of 23.2 ± 6.4 (1s) °C.

DISCUSSION

Quantitative constraints on paleoelevation 
and climate are essential in unlocking the tec
tonic history of western North America. Here, 
we discuss our results in the context of modern 
meteoric water isotope systematics and exist
ing paleo climate records from the Cenozoic 
Sierra Nevada.

Oxygen and Hydrogen Isotope 
Gradients and Variability in the 
Western Sierra Nevada

In order to assess differences in elevation 
and hydrologic regime between the modern and 
Paleogene Sierra Nevada, we compared stable 
isotope gradients from the Eocene coastline 
(the modern eastern Central Valley) to the range 
crest. The modern d18O precipitation gradient is 

–0.06‰ ± 0.01‰/km along the western flank of 
the Sierra (1s; Fig. 2A; Ingraham and Taylor, 
1991). Elevated continental isotope gradients of 
this nature are restricted to the windward flanks 
of mountain ranges, as isotope gradients over 
flatter regions are typically an order of mag
nitude lower (Rozanski et al., 1993; Winnick 
et al., 2014). Nonetheless, these gradients are 
lower than predicted by an opensystem Ray
leigh distillation model, indicating the important 
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Figure 3. (A) δ18O-δD relationships in modern meteoric water and Eocene kaolinites. Dashed lines are 
kaolinite temperature lines parallel to global meteoric water line. Shaded region is 95% confidence in-
terval from modern meteoric waters in the Sierra Nevada. (B) Histogram of kaolinite mineral formation 
temperatures. (C) Reconstructed depositional environments of in situ kaolinites. Localities are grouped 
into upper transverse (green), longitudinal (black), and lower transverse (blue) segments of the Paleogene 
Yuba and American Rivers. Shaded region represents greenstone ridge of Figure 1. Figure is after Cassel 
and Graham (2011) and Gabet (2014). VSMOW—Vienna standard mean ocean water; GMWL—global 
meteoric water line. SLD—Saint Louis, FC—French Corral, NC—North Columbia, UB—You Bet, GR—
Gold Run, IH—Iowa Hills, YJ—Yankee Jim’s Mine.

 as doi:10.1130/B31294.1Geological Society of America Bulletin, published online on 21 October 2015



A hot and high Eocene Sierra Nevada

 Geological Society of America Bulletin, v. 1XX, no. XX/XX 7

role of evapotranspiration in recycling mois
ture (~20%) in northern and central California 
(Ingraham and Taylor, 1991).

Most stable isotope paleoaltimetry studies 
have focused on the western flank of the north
ern Sierra Nevada because multiple proxies are 
available in wellstudied and wellpreserved 
Eocene fluvial sediments. Previous isotope stud
ies from these Eocene sediments utilized three 
different proxy materials: kaolinite, hydrated 
volcanic glass, and leaf wax nalkanes. These 
three records all exhibit the same eastward 
depletion of D, though the degree of this deple
tion varies. Mulch et al. (2006) documented a 
decrease of 25‰ in dD between the western
most and easternmost sites. With a reconstructed 
Eocene sealevel dDkaol value of 76‰ derived 
from linear regression, this translates to ~30‰ 
between the Eocene shoreline (Ione Formation) 
and sites 80–100 km inland. The fossil angio
sperm nalkane record of Hren et al. (2010) 
exhibited a similar 30‰ decrease in dD val
ues, while hydrated volcanic glass indicated the 
greatest isotopic gradient (DdD = ~48‰; Cas
sel et al., 2009). The kaolinite d18O record pre
sented here shows a decrease of ~5‰ between 
the westernmost and easternmost localities, in 
agreement with prior paleoaltimetry studies. 
Furthermore, Eocene kaolinite isotope gradients 
(–0.10‰ ± 0.03‰/km in d18O) are similar to the 
modern isotope gradient (–0.06‰ ± 0.01‰/km; 
Fig. 2B; Ingraham and Taylor, 1991).

Subsequent studies have noted the persistence 
of an isotope gradient across the Sierra Nevada 
through Neogene time. Crowley et al. (2008) 
interpreted a decrease in d18O in mammalian 
tooth enamel between the windward and leeward 
sides of the Sierra as evidence of a rain shadow 
dating to at least 16 Ma. Similarly, hydrated 
volcanic glass from the Coast Ranges, Sierra 
Nevada, and Basin and Range exhibit isotopic 
evidence for a rain shadow since the middle 
Miocene (Mulch et al., 2008). Isotopic studies 
of pedogenic carbonate and smectite (e.g., Poage 
and Chamberlain, 2002; Horton and Chamber
lain, 2006) documented lowd18O moisture in the 
Neogene Basin and Range, with increasing d18O 
values since the middle Miocene. Originally 
thought to be due to the topographic lowering 
of the Basin and Range Province and increased 
influence of highd18O moisture associated with 
the North American Monsoon (e.g., Horton and 
Chamberlain, 2006), these Miocene to Pleisto
cene isotope records have since been interpreted 
as evidence of the increased role of continental 
vapor recycling since the middle Miocene (Mix 
et al., 2013; Chamberlain et al., 2014).

Relationships between oxygen and hydrogen 
isotopes in meteoric water can illuminate far 
more about the regional hydrologic cycle than is 

possible with a singleisotope system.  Globally, 
oxygen and hydrogen isotopes vary sympatheti
cally along a wellestablished meteoric water 
line (dD = 8 × d18O + 10; Craig, 1961). Multi
year monitoring of precipitation in the western 
Sierra Nevada at an elevation of 676 m falls 
on a local meteoric water line of dD = 7.9 × 
d18O + 9.3 (n = 31, r 2 = 0.98; Oster et al., 2012). 
However, due to kinetic effects associated with 
postcondensation evaporation and vapor recy
cling, d18OdD lines along spatial transects may 
deviate significantly from global and even local 
meteoric water relationships (e.g., Gat and Mat
sui, 1991). For example, the only existing mod
ern transect of precipitation in our study region 
was collected during the 1984–1985 winter by 
Ingraham and Taylor (1991) (Fig. 2A), and it 
produces a water line of 5.9 × d18O + 14.5 (n = 
20, r 2 = 0.56; Fig. 3A). A longer transect from 
the modern coast into the Great Basin indicates 
a variety of local hydrologic regimes relating 
primarily to differences in water balance. Such 
transitions from open (i.e., windward flanks of 
mountain ranges where rainout dwarfs evapo
transpiration) to closed (i.e., vapor recycling 
equal to or greater than precipitation) systems 
can produce great differences in local meteoric 
water line characteristics (Ingraham and Taylor, 
1991; Winnick et al., 2014).

The d18OdD characteristics of surface waters 
along a transect may differ from local mete
oric water relationships for a variety of reasons. 
Evaporation both enriches residual soil or surface 
water in 18O and D as well as decreases the slope 
of the d18OdD line due to differences in kinetic 
fractionation. For example, modern evapora
tion lines from surface waters in the Sacramento 
 Valley, Warner Range, and Truckee River suggest 
d18OdD slopes of 5.3–6.6 (Ingraham and Taylor, 
1989; Horita, 1990; Benson and White, 1994). 
Recycling of this evaporatively enriched water 
along a transect could serve to decrease the d18O
dD slope downwind, as observed in the modern 
Great Basin (Ingraham and Taylor, 1991).

While kaolinite does preserve the oxygen 
and hydrogen isotope ratios of parent water, in 
practice paleoclimate records may not reflect 
changes in meteoric water composition alone 
(e.g., Tabor and Montañez, 2005; Mix and 
Chamberlain, 2014; Oerter et al., 2014). Kaolin
ites from the Eocene Sierra Nevada plot on a 
d18OdD line with a slope of 2.4 ± 0.3 (1s; Fig. 
3A). This slope is significantly lower than that 
of modern precipitation (5.9 ± 1.3, 1s) in the 
study region (Ingraham and Taylor, 1991). First, 
slopes lower than ~4 are too low to be explained 
by local evaporation only; however, such slopes 
can be produced through the recycling of evapo
ritic waters as discussed already. Second, d18O
dD relationships in paleoclimate proxies can be 

affected by numerous factors, such as seasonal 
biases of mineral formation (e.g., Stern et al., 
1997) and regional differences in weathering 
temperature (e.g., Mix and Chamberlain, 2014). 
Finally, the in situ clasts studied here were pre
served adjacent to channelized sediments. As 
the weathering of granites occurred in overbank 
settings, kaolinites likely formed in equilibrium 
with evaporatively enriched waters (Figs. 3A 
and 3C). This would serve to both lower the 
slope of the d18OdD line, as observed and dis
cussed already, and decrease oxygen isotope–
based paleoelevation estimates (see follow
ing). Thus, we interpret the combined oxygen 
and hydrogen isotope geochemistry of Sierran 
kaolinites to be indicative of vapor recycling 
along the windward flank of the Sierra and pres
ervation of evaporitic water signatures.

High-Elevation, High-Relief Eocene 
Northern Sierra Nevada

Given the reproducibility of this isotope gra
dient in multiple proxy materials and now in 
both the hydrogen and oxygen isotope systems, 
we interpret the systematic depletion of D and 
18O to be the result of orographic precipitation 
in the Eocene Sierra Nevada for a number of 
reasons. First, each of these materials has been 
shown to preserve isotopic compositions in both 
experimental and field settings. Furthermore, 
both the kaolinitized granite clasts examined 
here (Mulch et al., 2006) and the leaf fossils in 
these sediments (e.g., Wolfe, 1994; Chase et al., 
1998; Wolfe et al., 1998; Hren et al., 2010) 
exhibit excellent preservation and lack physical 
evidence of deep burial diagenesis or isotopic 
exchange. Last, these records are consistent with 
the modern ~50‰ dD gradient of precipitation 
between the west and east sides of the range 
(Ingraham and Taylor, 1991). Backtrajectory 
analysis of modern air parcels in the Yuba River 
region indicate that air masses directly encoun
ter Sierran topography, as opposed to complex 
moisture trajectories that wrap around other 
parts of the range (Oster et al., 2012; Lechler and 
Galewsky, 2013). The relatively simple modern 
orographic effect in this subregion of the Sierra 
further substantiates the argument that distil
lation of Pacificderived moisture has been a 
dominant feature of the hydrologic regime since 
the Paleogene.

Here, we examine estimates of Sierran 
paleoelevation, relief, and morphology in light 
of these new stable isotope constraints. Mulch 
et al. (2006) observed elevations up to 1500 m 
in early Eocene ancestral Yuba River sediments 
and estimated the paleoelevations of the Sierra 
in excess of 2200 m. Similarly, Eocene leaf wax 
nalkanes indicate paleoelevations >2200 m, 
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while temperature lapserate estimates from 
glycerol dialkyl glycerol tetraethers (GDGTs) 
can exceed 3000 m and exhibit a greater range 
of reconstructed elevations (Hren et al., 2010). 
Oligocene hydrated volcanic glass produced 
the greatest paleoelevation estimates (~3200 m; 
Cassel et al., 2009; 2014). Our oxygen isotope–
based reconstructions yield paleoelevations up 
to 2400 m, in agreement with hydrogen isotope–
based estimates (Fig. 2C). Each of these studies 
has exploited the difference between the iso
topic composition of materials from inland and 
coastal sites and a Rayleigh distillation model 
to estimate paleoelevation. As discussed earlier 
herein, this method models the orographic rain
out of an air mass as it encounters topography 
in one dimension (Rowley et al., 2001). While 
this approach may not be adequately sophisti
cated for sites in the eastern Sierra Nevada and 
Basin and Range that receive moisture delivered 
via more complex trajectories (e.g., Galewsky, 
2009; Lechler and Galewsky, 2013), the Yuba 
River region is ideal for simplified paleoaltim
etry models. Similarly, complexities in atmo
spheric dynamics make it challenging to assess 
changes in orographic precipitation during the 
past (e.g., Molnar, 2010). For example, due to 
changes in atmospheric temperature lapse rates, 
stable isotope–based paleoelevations using 
global isotopic lapse rates can underestimate 
true relief by >14% and >40% at 2× and 4× pre
industrial pCO2, respectively (Poulsen and Jef
fery, 2011). Nonetheless, given the proximity to 
the Pacific, prevailing westerly moisture trans
port in the midlatitudes of Cenozoic western 
North America, and Pacificderived air parcel 
trajectories in the modern regime, we are confi
dent that onedimensional Rayleigh distillation 
models adequately represent westerly mois
ture transport in the Paleogene northern Sierra 
Nevada. Given that both elevated Eocene pCO2 
and evaporative effects serve to enrich kaolinites 
in 18O, the paleoelevations presented here likely 
underestimate Eocene elevation.

While stable isotope paleoaltimetry confirms 
the existence of an elevation gradient similar 
to the modern gradient as early as the Eocene, 
these constraints are compatible with a wide 
range of scenarios for the tectonic evolution of 
the Sierra Nevada. It is increasingly clear that 
the topographic histories of the northern and 
southern Sierra Nevada differ substantially (e.g., 
Ducea and Saleeby, 1998; Saleeby et al., 2003; 
Zandt et al., 2004; Frassetto et al., 2011; Lechler 
and Niemi, 2011; McPhillips and Brandon, 
2012; Gilbert et al., 2012; Levandowski et al., 
2013). The stable isotope constraints presented 
in this work are restricted to the northern Sierra 
Nevada and cannot inform about the timing of 
surface uplift in the southern Sierra Nevada.

Geomorphic observations and subsequent 
modeling (e.g., Clark et al., 2005; Pelletier, 
2007) support the existence of a highelevation, 
lowrelief relict landscape in the northern Sierra. 
Recent work revisiting geomorphic evidence 
suggests that paleovalleys in the northern Sierra 
Nevada were deeply incised by the Eocene, 
while observations in the southern Sierra are 
consistent with late Cenozoic uplift and incision 
(Gabet, 2014). Sedimentological work on the 
braided river deposits filling paleovalleys sup
ports a steepgradient, highenergy flow (e.g., 
Cassel and Graham, 2011) and the development 
of a trellised drainage network (e.g., DeGraaff
Surpless et al., 2002; Gabet, 2014) during the 
early Cenozoic. While stable isotope constraints, 
which represent the precipitationweighted 
hypso metric mean elevation of a catchment (e.g., 
Rowley et al., 2001), can neither confirm nor 
deny the amount of relief in Paleogene incised 
valleys, it is interesting to note the compatibility 
of these new findings with a trellised drainage 
network. Notably, samples from French Corral, 
located ~30 km east of the Eocene shoreline and 
to the west of a bedrock ridge, have lower d18O 
and dD (and thus higher calculated paleoeleva
tions) than expected by the trend line of samples 
farther to the east. Though there are insufficient 

data to examine the robustness of this finding, 
we speculate that these higher paleoelevations 
from the French Corral locality may represent 
runoff from the high coastal ridgeline suggested 
by geological and geomorphic observations 
(Figs. 1 and 3C). In summation, we argue that 
the stable isotope–based paleoelevation record 
presented here is consistent not only with prior 
isotopic studies, but also with observations from 
a variety of fields. This work demonstrates that 
geomorphic, sedimentologic, thermochrono
logic, and stable isotope studies have become 
increasingly compatible in their support for a 
northern Sierra Nevada that stood high during 
the Paleogene. Late Cenozoic uplift and inci
sion occurring as a result of crustal delamina
tion were certainly limited in their contribution 
to modern Sierran elevation, particularly in the 
northern part of the range.

Kaolinite-Based Paleothermometry in 
the Context of Existing Constraints

Combined d18O and dDbased kaolinite tem
peratures confirm the preservation of nearsur
face water compositions and weathering envi
ronments. Kaolinite weathering temperatures 
range from 13.0 °C to 36.7 °C, with a mean of 
23.2 ± 6.4 °C (1s, n = 16) for the Eocene north
ern Sierra Nevada (Tables 1 and 2; Table DR1 
[see footnote 1]). For all but two kaolinite sam
ples, the temperatures are at least 10 °C cooler 
than diagenetic temperatures at which hydrogen 
isotopes have been observed to begin isotopic 
exchange, and even further from undergoing 
oxygen isotope exchange (Longstaffe and Aya
lon, 1990). This constraint supports field obser
vations that kaolinite samples reflect weathering 
in situ and the conditions of the surface environ
ment, further substantiating their appropriate
ness for paleoenvironmental reconstructions.

While this technique is sufficient for produc
ing a single temperature estimate of the Eocene 
Sierra Nevada, several issues preclude the cal

TABLE 2. COMPILATION OF EOCENE TEMPERATURE ESTIMATES OF THE SIERRA NEVADA REGION

Material/method Age
Latitude

(°N)
Longitude

(°W)
Temperature* 

(°C) Reference
Observations
Kaolinite Early Eocene 39.3 120.9 23.2 ± 6.4 This study
Biomarker Early Eocene 39.3 121.0 16.6 ± 4.7 Hren et al. (2010)
Paleofloral Late Eocene 39.7 120.0 22.3 ± 1.0 Chase et al. (1998)
Paleofloral Late Eocene 39.7 120.0 23.0 ± 1.3 Wolfe et al. (1998)
Goethite Early Eocene 38.3 120.9 21.0 ± 4.0 Yapp (2008)
Paleofloral Middle Eocene 39.2 121.1 16.5 ± 1.0 Wolfe (1994)
Paleofloral Early Eocene 39.1 120.9 15.3 ± 3.2 Hren et al. (2010)
Paleofloral Early Eocene 39.2 120.9 15.2 ± 2.7 Hren et al. (2010)
Paleofloral Early Eocene 39.2 120.9 16.3 ± 2.5 Hren et al. (2010)

Models
CCSM1.4 Early Eocene, 2240 ppm ~40 ~120 23.7 Huber and Caballero (2011)
CCSM1.4 Early Eocene, 4480 ppm ~40 ~120 27.2 Huber and Caballero (2011)

*Temperature errors are all 1σ.
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culation of Eocene altitudinal or temperature 
gradients. First, individual sample temperatures 
are too scattered to produce a statistically robust 
gradient. Second, uncertainty in the kaolinite
water fractionation at low temperatures (see 
Sheppard and Gilg, 1996) is likely greater than 
the resolution necessary for temperaturebased 
paleoaltimetry reconstructions, at least across 
this modest climatic gradient. Finally, gradients 
in temperature and elevation vary greatly in the 
modern regime, both spatially and seasonally. 
For example, altitudinal lapse rates in 39 regions 
with surface topography >750 m range from 3.6 
to 8.1 °C/km on an annual basis (Meyer, 1992), 
and lapse rates in the modern Cascades are as 
low as 2.5 °C/km during the summer (Minder 
et al., 2010). Furthermore, coast to interior tem
perature gradients along the windward flanks of 
mountain ranges can differ substantially from 
lapse rates in those regions. Summer maximum 
temperatures actually increase from the coast 
to the interior in northern California’s Klamath 
Mountains (Johnstone and Dawson, 2010).

Temperature records from the Eocene Sierra 
Nevada are critical to unlocking regional climate 
heterogeneity in western North America and 
characterizing temperatures at a range of eleva
tions during a time of high atmospheric pCO2. 
Kaolinite weathering temperatures are in agree
ment with these existing observations and mod
els of the Eocene Sierra Nevada (Fig. 4). Yapp 
(2008) used the oxygen and hydrogen isotope 
geochemistry of a coastal Oxisol to determine an 
estimate of 21 ± 4 °C. These geochemical recon
structions from in situ kaolinite and pedogenic 
goethite are higher than the 16.6 ± 4.7 °C esti
mate from leaf nalkanes (Hren et al., 2010) and 
early Eocene leaf physiognomy studies (Wolfe, 
1994; Hren et al., 2010). Somewhat surprisingly, 
leaf physiognomy estimates from the globally 
cooler late Eocene (Chase et al., 1998; Wolfe 
et al., 1998) are warmer than those from the early 
Eocene. General circulation model simulations 
of the early Eocene using the National Center 
for Atmospheric Research Community Atmo
sphere Model (CAM1.4) and atmospheric CO2 
concentrations of 2240 and 4480 ppm simulate 
mean annual surface air (2 m) temperatures of 
23.7 °C and 27.2 °C, respectively, in the Sierra 
Nevada region (Huber and Caballero, 2011).

CONCLUSION

Oxygen isotope geochemistry of kaolinites 
adds robustness to existing hydrogen isotope 
studies of the Paleogene Sierra Nevada. The 
oxygen isotope gradient observed in kaolin
itized gravels is consistent with orographic rain
out of Pacificderived moisture, and easternmost 
localities indicate elevations at least as high as 

2400 m by the early Eocene. These paleo altim
etry estimates support geomorphic models call
ing for a trellised drainage network and conflict 
with tectonic models calling for significant 
uplift of the northern Sierra Nevada during 
the late Cenozoic. Kaolinite geothermometry 
indicates early Eocene weathering occurred 
between 13.0 °C and 37.2 °C, in agreement 
with existing paleofloral and geochemical con
straints of Eocene climatic temperatures. These 
temperatures further support the argument that 
authigenic kaolinites reflect nearsurface condi
tions. Both the growing number and robustness 
of stable isotope reconstructions contribute to 
the convergent view of a hot and high Eocene 
northern Sierra Nevada.
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