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ABSTRACT

The 680 of carbonate minerals that formed at Earth’s surface is widely used to investigate
paleoclimates and paleo-elevations. However, a multitude of hydrologic processes can affect
6130 values, including mixing, evaporation, distillation of parent waters, and carbonate growth
temperatures. We combined traditional carbon and oxygen isotope analyses with clumped
(A ;) and triple oxygen isotopes (A’0) analyses in oyster shells (Acutostrea idriaensis) of the
Goler Formation in southern California (USA) to obtain insights into surface temperatures
and §'%0 values of meteoric waters during the early Eocene hothouse climate. The A ,-derived
temperatures ranged from 9 °C to 20 °C. We found a correlation between the 5'*0 of growth
water (3'%0,,) (calculated using A, temperatures and §'*0 of carbonate) and the $'*C values
of shells. The A’V0 values of shell growth waters (0.006%—0.013%o relative to Vienna standard
mean ocean water—standard light Antarctic precipitation [VSMOW-SLAP]) calculated from
AMQ of carbonate (—0.087%o to —0.078%c VSMOW-SLAP) were lower than typical meteoric
waters. These isotopic compositions are consistent with oyster habitation in an estuary. We
present a new triple oxygen isotope mixing model to estimate the §'®0 value of freshwater
supplying the estuary (6'®0y,). The reconstructed 8Oy, of —11.3%0 to —14.7%0 (VSMOW) is
significantly lower than the 80, of —4.4%0 to —9.9%. that would have been calculated us-
ing “only” A, and 80 values of carbonate. This 8'*0;, estimate supports paleogeographic
reconstructions of a Paleogene river fed by high-elevation catchments of the paleo—southern
Sierra Nevada. Our study highlights the potential for paired A,, and A0 analyses to im-
prove reconstructions of meteoric water §'*0, with implications for understanding ancient

climates and elevations.

INTRODUCTION

The climate and topography of mountain-
ous western North America during the hothouse
of the early Eocene remain enigmatic because
contemporaneous changes in surface tempera-
ture, elevation, and hydrologic processes are
entangled in the geologic record (Hren et al.,
2010; Mix et al., 2016; Ibarra et al., 2021). The
8180 of authigenic carbonates is widely used as a
proxy for §'®0 of meteoric waters in reconstruct-
ing paleoclimates and paleo-elevation histories.
However, even with growth temperature con-
strained through clumped isotopes (4,,), 6'%0 of
carbonate growth water ('*O,,,) is a nonunique
recorder of terrestrial environments because it
is sensitive to topography and various hydro-
logic processes (Fig. 1). We show that pair-
ing clumped (A,;) and triple oxygen isotopes
(A"70) improves our ability to disentangle the
various factors that affect 6'*O,,. This approach

promises to improve our understanding of past
climates by offering novel constraints on the
elevation history of the Cordillera and thus the
ability to relate continental and marine climate
records to each other and to model predictions
(Naafs et al., 2018; Lunt et al., 2021).

Triple oxygen isotopes reveal nonequilibri-
um processes that cause the relationship between
8170 and 6"0 to deviate from that observed in
meteoric waters. The A’70 value is defined as
a deviation from a reference slope (\; = 0.528)
based on variation in meteoric waters primarily
driven by Rayleigh distillation (Fig. 1; Luz and
Barkan, 2010). Distillation of a water mass as it
proceeds into a continent and over topography
results in progressively lower %0 values but
little change in A’'70 values (Fig. 1B; Luz and
Barkan, 2010). Evaporation, which is common
in terrestrial settings, increases 6'*0 and decreas-
es A0 as they evolve along a slope shallower

than X\ (e.g., 6 = 0.5185 for kinetic diffusion
of water vapor; Fig. 1C; Barkan and Luz, 2007).
Mixing of isotopically heavy ocean waters and
isotopically light riverine waters in an estua-
rine environment (Fig. 1D) also obscures 80y,
leading to 8'%0 values preserved in fossil shells
that do not map directly onto either freshwater
or seawater.

We measured paired A,; and A’"70 values
of 10 early Eocene estuarine oyster shells from
exposures of the Goler Formation in the El Paso
Mountains, eastern California (USA) (from the
collections of the Raymond M. Alf Museum of
Paleontology, Claremont, California). We found
relatively mild local temperatures through A,
measurements; these temperatures provided a
sea-level datum with which to constrain conti-
nentality and inland elevations. Further, we used
A0 to unmix §%0 of freshwater (6'0y,,) sup-
plying the estuary. In doing so, we show that tra-
ditional 80 measurements of carbonate, even
combined with A, temperatures, result in an
overestimate of 6'*0y,, and an underestimate of
paleo-elevations compared to those revealed
with A0 in this setting.

MATERIALS AND ASSESSMENT OF
PRESERVATION

The Goler Formation is a thick (4 km) sec-
tion of terrestrial sediments with a thin (18 m)
capping marine siltstone (McDougall, 1987;
Squires, 2018). The terrestrial sediments re-
cord a meandering to braided river that flowed
along the east side of the Paleogene Sierra Ne-
vada and turned west to meet the Pacific Ocean
(Cox, 1982; Lechler and Niemi, 2011). Detrital
zircon provenance indicates that the Goler For-
mation was sourced from the Sierra Nevada and
the western Nevadaplano (Fig. 1; Lechler and
Niemi, 2011). The base of the marine siltstone
hosts Ypresian (early Eocene) Acutostrea idri-
aensis (Squires, 2018) oyster shell fragments
(calcitic); this age designation is consistent with
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Figure 1. (A) Geographic and landscape position of the Goler Formation (southern California, USA) in the early Eocene and select hydrologic
processes relevant to §'°0 measured in oyster shells. (B) Meteoric water from the Pacific Ocean undergoes Rayleigh distillation as it travels
inland and over the Sierra Nevada; rainout decreases 6'®0 but does not change A’70. (C) Evaporation of surface waters lowers A’'70 and
raises §'®0 relative to primary precipitation. (D) Isotopically depleted fluvial waters flowed along the east side of the Sierra Nevada and then
turned west into the Goler basin (Lechler and Niemi, 2011). Mixing of freshwater and ocean water results in estuarine water with lower A’'70
and higher §'®0 relative to freshwater. Nonlinear mixing in A’'70 is due to logarithmic notation in its definition. A’'7O values are given in per

meg, where 1 per meg = 0.001%..

magnetostratigraphy and mammalian biostra-
tigraphy (Albright et al., 2010; Lofgren et al.,
2014).

The available evidence suggests good preser-
vation of the primary calcite of the oyster shells.
Scanning electron microscope (SEM) images
show well-preserved textures, minimal dissolu-
tion, and no evidence of secondary growth or re-
crystallization (see the Supplemental Material').
Solid-state reordering of C-O bonds (thus alter-
ing A,;) is unlikely because the total overbur-
den for the calcitic oyster shells is <2 km (Cox,
1982), implying burial temperatures (<80 °C)
that are too low for measurable reordering over
time scales corresponding to the age of the sam-
ples (56-50 Ma; Hemingway and Henkes, 2021).

STABLE ISOTOPE METHODS
Each one of the 10 oyster shells was ana-
lyzed for %0 and 6'*C in one or two spots to

!Supplemental Material. Additional details on the
sample preparation, analytical methods, screening for
diagenesis and vital effects, carbonate-water triple
oxygen isotope fractionation, and the mixing model
and code that is used to calculate §'*Ofw. Please visit
https://doi.org/10.1130/GEOL.S.19386212 to access
the supplemental material, and contact editing@
geosociety.org with any questions. Supporting
clumped isotope data can be found in the EarthChem
database: https://doi.org/10.26022/IEDA/112214.

characterize variability. The A,, was measured
in six shells that spanned the observed range
in 60 and 83C values, at the University of
Michigan (Ann Arbor, Michigan, USA) (us-
ing the methods of Petersen et al. [2016]). Car-
bonate A’'?O measurements were performed
on three shells at the University of Michigan
using the reduction-fluorination method of
Passey et al. [2014]. Growth water isotope val-
ues (80, and A’70,,) were calculated from
measured carbonate values (clumped isotope
temperature [TA,;], "0, and A"'70,,) us-
ing relevant fractionation factors (Table 1; see
the Supplemental Material; Kim and O’Neil,
1997). Given that the triple oxygen isotope frac-
tionation between carbonate and water is key for
reconstructing A’70,,,, we confirmed the triple
isotope fractionation exponent in our laboratory
(0.5250 £ 0.00007 [1 standard error, SE]) with
measurements of modern mollusks and growth
waters collected in coastal California and south-
ern Michigan (see the Supplemental Material)
and synthetic calcites from Huth et al. (2022).

RESULTS AND INTERPRETATION
Cold Oyster Growth Temperatures from
Clumped Isotopes

Measured A,; values of fossil oyster car-
bonate ranged from 0.704%0 to 0.739%o0
(SE of 0.005%0—0.012%o0), corresponding to

temperatures of 9-20 °C (SE of 24 °C; Table 1).
The range in temperatures likely reflects seasonal
variation; A,; measurements were from bands
that likely each record <1 yr of shell growth (i.e.,
Surge et al., 2001). These A, temperatures are
among the coldest temperatures reported for the
latest Paleocene—early Eocene amongst near-
sea-level terrestrial records from western North
America, marine records, and climate model
predictions (e.g., Yapp, 2008; Mix et al., 2016;
Hollis et al., 2019; Zhu et al., 2019). While most
modern mollusks preferentially grow during the
warm season, hot Eocene summers could have
limited oyster productivity at that time (Surge
et al., 2001), leading to an overall cool bias in
the measured TA ,,. We also might expect estua-
rine waters to be colder than zonal means as a
result of embayment depth and upwelling (Ma-
carewich et al., 2021), coastal fog (Mix et al.,
2016), or contributions of high-elevation runoff.
Water temperatures can be as low as ~5 °C in
free-flowing rivers once they reach sea level in
modern California (e.g., the Mad River; see the
Supplemental Material). Regardless of the cause,
our data show that cool temperatures persisted
locally or seasonally in coastal regions at mid-
latitudes (~36°N) during the early Eocene, even
as tropical ocean temperatures were elevated.
These temperatures can be used to assess conti-
nentality and to benchmark temperature-based
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TABLE 1. A0, A®C, A,;, AND A’70O VALUES OF THE GOLER FORMATION CARBONATES AND GROWTH WATERS

Measured values

Calculated values

Sample n §13C o 6180 0" Ay n §180,,," 81801 A0t Temp$ 8180, A0y, 5180, fiu
ID CO; (%o, VPDB) (%o, VPDB) (%o, ARFacid) Oz (%o, VSMOW) (%o, (%0, et = (°C) (%o, (%o, (%o) (£1 (£18D
(CO./ (CO,/ (+1 SE) (0,/CaCO,)  VSMOW) 0.528) (£1SE) vsSMOW) VSMOW-  SD from from
CaCO,;)  CaCO,) (+1 SD) (X (+1 SE) (£1SE)  SLAP) n=10,000) n=
(£18D)  (+1SD) CaCO,) Crow = 10,000)
0.5250)

Goler1 4 —12+£01 -69+01 0707 £0.011 N.A. N.A. N.A. N.A. 19+4 -58+08  NA N.A. N.A.

Goler2 4 -13+01 -—72+0.1 0.70840.013 N.A. N.A. N.A. N.A. 19+4 -61+£08 NA N.A. N.A.

Goler3 3 -55+02 -89+0.1 0739+0005 3 2219041674 21948 _0087+0002 9+2 -99+£02 0008 -147+16 0.63+0.10

Golerds 3 —06+01 -51402 071240006 4 24.004+0337 23721 _0083+0006 17+2 —44+04 0006 -11.4+28 052+0.15

Golerea 3 -3.1+0.1 -8.340.1 0.705+0.010 N.A. N.A. N.A. N.A. 20+3 -70+06  NA. N.A. N.A.

Goler8b 5 —49+04 -92+02 0720+£0.011 3 21427 +1471 21201 -0.078+0.007 15+4 -9.0+09 0013 -129+25 0.69+0.14

Note: VSMOW—Vienna standard mean ocean water; VPDB—Vienna Peedee belemnite; SLAP—standard light Antarctic precipitation.

*Measured in CO, evolved from digestion of CaCO; in phosphoric acid held at 75 °C. Acid fractionation correction (ARFacid) of 0.072 was applied to A,; values
(Petersen et al., 2019). §'®0,,,, versus Vienna Peedee belemnite (VPDB) was calculated from §'®0O versus working gas using an empirically derived acid fractionation
factor of 1.008122 (established via §'®0 values measured in standards for Carrera Marble and Ooids, which have established true values relative to NBS 18 and NBS 19

reference materials).

TReported as mineral values via the International Atomic Energy Agency (IAEA) standard IAEA-603 (Wostbrock et al., 2020; Huth et al., 2022). Measured in O, evolved
from CaCO; via acid digestion, reduction, and fluorination (Passey et al., 2014). Error is identical for §'®0O and &"'®Q,,,. N.A.—not analyzed.

STemperature calculated using Petersen et al’s equation 1 (2019), where A,; = (0.0383 x 10°)/T? + 0.258.

#Calculated with the 80 of carbonate analyzed as CO,, clumped isotope temperature (TA,;), and the carbonate-water fractionation of Kim and O’'Neil (1997). §®Q,,,
was calculated versus Vienna standard mean ocean water (VSMOW). Error was propagated from the temperature error (1 SE).

paleo-elevation estimates made in the continental
interior (e.g., Lechler et al., 2013; Snell et al.,
2014; Ibarra et al., 2021).

Determining Growth Environment and
Looking Upstream with Triple Oxygen
Isotopes

Our favored explanation for the stable isoto-
pic composition of the oyster shells is that the
oysters lived in an estuary, but we also consid-
ered the effect of evaporation. The 10 oyster
shells had 6'3C values of —0.5%0 to —6.0%0 (Vi-
enna Peedee belemnite [VPDB]), 6'*0_,,,, values
of —4.6%o to —9.5%0 (VPDB), and §'*0,,, values
of —4.4%0 to —9.9%0 (VSMOW; Table 1). We

calculated A0, values of 0.006%c—0.013%o
(Vienna standard mean ocean water—standard
light Antarctic precipitation [VSMOW-SLAP];
SE of carbonate analyses of 0.002%0—0.007%o;
Table 1). These A’770O,,, values are lower than
the mean A’'70 of meteoric waters in the west-
ern United States (0.027%o0) and suggest that
the oysters were growing in either evaporated
freshwater (fw) or a mix of freshwater and ocean
water (Fig. 1). From isotopes alone, evapora-
tion could explain the range in $'®0 and the low
A0y, values derived from the oyster shells
(Fig. 1C). If we assume that the shells formed in
a semiclosed, evaporative body of water, we can
estimate §'30y, with the approach of Passey and

Ji(2019). Using A0, = 0.027%0 £ 0.005%,
we calculated 6"*Oy,, values of —12.4%0 + 2.4%o
(Goler 4), —15.6%0 = 2.3%0 (Goler 3), and
—14.5%0 + 3.0%0 (Goler 8); these values are
significantly lower than the §'*O,,, values.
While we cannot rule out the possibility that
evaporation affected the oyster growth water,
the sedimentologic context supports the idea
that the isotopic composition recorded by the
shells was dominated by mixing of waters in an
estuary. The correlation between 6"°C and 6'%0,,,
(? = 0.95; Fig. 2) and the low A"70,, values
(relative to precipitation) are consistent with
habitation in an estuary where isotopically light
freshwater mixed with ocean water (Surge et al.,

5 =
A [ shells with §°°C/5°0 data oL B
@ shells with A,; data s
possible Eocene freshwater-values (5'%0,)
== mixing line: 570 =-4.3" 5"°C + 0.98 Eocene ocean sk 20 % 16.% 15% % 49
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%]
= 20.0 o
ey >
X 17.5 =S 10
> .
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125 5 0 f = 0.6 o
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10.0 R o 5 fw=04 H Tt
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-15+-end member Of’ 1 typical freshwater gfzgtclary ozcean Western US meteoric waters Eocene oceand*®0 = -0.9 %o
w = 5'3C: ~-5 t0 -11 %o 8C: ~+2 %o 20 end member: A''70 = -8 per meg
1 _ 1 :l 1 € > 1 1
-15 -10 0 5 25 5

5
3'3C (%o, VPDB)

-15 -5
3""%0 (%o, VSMOW-SLAP)

Figure 2. Stable isotope values of Goler Formation (southern California, USA) oysters and mixing models, where f;, is fraction of freshwater.
(A) Linear mixing between 5*C and 5'°0 of ocean water and freshwater, where §'°0,, was calculated using the clumped isotope temperature
(TA,;) or using the mean TA,, (16.5 °C) for shells without A, data. Regression was made through shells with A,; data and extended to end
members of the ice-free Eocene ocean (§'®0 = —0.9%.) and 6'®0;,, derived from A’'70O mixing. (B) Triple oxygen isotope mixing between Eocene
ocean water and freshwater (fixed A’'7O;,; varying §'®0;,). Error shown on samples is + 1 SE (standard error) of replicate analyses of carbonate.
Modern waters are shown for illustration (Aron et al., 2021). VSMOW—Vienna standard mean ocean water; VPDB—Vienna Peedee belemnite;
SLAP—standard light Antarctic precipitation.
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2001; Petersen et al., 2016). We modeled mixing
between freshwater and ocean water in triple
oxygen isotopes (670 and §'*0) to estimate the
8180, that fed the Eocene estuary (Fig. 2) using
the following equation for 17O and '*O:

65w :6()w><(17,ffw)+6fw><ﬁw’ (1)

where fj, is the fraction of freshwater (from 0 to
1), &, is the incoming freshwater, §,, is ocean
water, and &, is estuarine water as recorded by
the oyster shells (i.e., 8'®Oy,). This equation was
combined with the definition of A’70O and nu-
merically solved for a unique solution of 6Oy,
and f;,, for each shell (using ratio [R] and 6 nota-
tion; see the R script in the Supplemental Ma-
terial). We constrained the parameters through
measurements of shell compositions (6'°0, A'70,
TA,;) from which we derived estuarine water val-
ues, estimates for an ice-free ocean (6'*0O,, and
A0, see the Supplemental Material), and the
assumption of A0y, = 0.027%0 + 0.005%0 (Ta-
ble S1; Aron et al., 2021). Precise constraints on
the A"V0y,, in the Eocene do not exist, but the rel-
atively small variability on a global scale suggests
that it is reasonable to use the modern western
United States value as a baseline (see the Sup-
plemental Material; Passey and Ji, 2019; Ibarra
etal., 2021). A Monte-Carlo approach was used
to propagate uncertainty in the assumed and mea-
sured isotope values and the carbonate-water frac-

tionation factors. We estimated 0'%0;,, (£1 SD)
values of —14.7%o0 + 1.6%0, —11.4%0 £ 2.8%o,
and —12.9%o0 % 2.5%o, corresponding to f;, val-
ues of 0.63, 0.52, and 0.69 (Table 1). Mixing in
813C-8'%0,,, confirms the plausibility of our esti-
mated §'80y,,: when the linear regression through
d13C-8"0,,, was extended to the predicted end
members for 60y, and 8'%0,,,, we predicted 6°C
values within those expected (Fig. 2; Sackett and
Moore, 1966; Veizer et al., 1999).

Low 6'30 Values of Freshwaters Feeding
the Estuary Imply High Elevations
Upstream

Both the evaporation and estuarine mixing
scenarios provide evidence for isotopically light
freshwaters feeding the Goler basin. The low
8180y, values (minimum of ~—14.7%o + 1.6%0
from estuarine mixing) suggest that elevated
topography existed upstream. A compila-
tion of published 6'®0 data from modern riv-
ers and springs in North America suggest
that low-elevation surface waters with §'*0 of
~—14.7%0 £ 1.6%o exist and likely integrate iso-
topically lighter water from elevations >1 km
(Fig. 3). Because the 6'®0 value of lowland
rivers records a precipitation-weighted hypso-
metric mean, precise upstream elevations are
impossible to discern (Rowley, 2007). Using the
approach of Fan and Dettman (2009), we esti-
mated that rivers that drained exclusively low

elevations at the latitudes of the Goler Forma-
tion (~36.5°N) in the Eocene would have had
a 880 of ~—3%o £ 3%o—a value that is ~10%o
higher than the Goler §'*0O, value. Calculating
upstream elevations with this A§'*0 and a typi-
cal modern precipitation lapse rate (~3%o/km;
Rowley, 2007) would yield an estimate on the
order of ~3—4 km elevation. This estimate is
consistent with previous estimates of elevations
of >2 km in the central and western Nevada-
plano (Snell et al., 2014; Ibarra et al., 2021) and
a high-elevation central Sierra Nevada (House
etal., 1998). Despite wholesale crustal collapse
to sea level at the southernmost tip of the pres-
ent-day Sierra Nevada (Chapman et al., 2012),
our data suggest that modest elevations, similar
to those proposed in the northern Sierra Nevada
(Hren et al., 2010; Mix et al., 2016), extended
relatively far south in the early Eocene.

CONCLUSIONS

We found evidence for cool water tem-
peratures and isotopically light freshwater in
the early Eocene of southern California using
clumped and triple oxygen isotopes in oyster
shells. Cool A,; temperatures measured in the
sea-level oyster shells (9-20 °C) challenge the
idea of invariably high temperatures during
hothouse climates. We found low A’"7O values
in oyster shells that indicate highly evaporated
freshwater and/or mixing between freshwater

B Rivers or streams: 380 of -14.7 + 1.6 %o
10 - A Water Type
o ® river or stream 400
spring = 300+
R = snow é 200
¢ 07
= 100+
5
E 0 y T T T
g 0 1000 2000 3000
o} Elevation (m)
§-1 0 A
C Springs: 5'®0 of -14.7 + 1.6 %o
2 50 .
10
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-20 ‘% 301
" O 20+
1 0 - r-l—l'rn-l_
T T T T 0 y = T T T
0 1000 2000 3000 0 1000 2000 3000

Elevation (m)
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Figure 3. Modern water isotope data from latitudes within 5° of the Goler Formation (between 31°N and 41°N) in North America (published
values are reported in the Waterlsotopes Database [https://wateriso.utah.edu/waterisotopes/]; see the Supplemental Material [see footnote
1]). (A) Elevation-5'®0 relationship for modern rivers, springs, and snow. (B,C) Elevation distributions for rivers/streams and springs with §'*0
between -16.3%. and —13.1%. (i.€., —14.7%o + 1.6%o, minimum §'0;, value from Goler Formation shells).
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and ocean water in an estuary. In the favored
estuarine explanation, we estimated a minimum
8180y, value of —14.7%0 + 1.6%o. Taking our
minimum estimate of §'80y,, the Goler estuary
was likely fed by waters sourced from moderate
elevations (>1 km), consistent with previous es-
timates of a Nevadaplano at ~2-3 km in eleva-
tion at that time. Without A’'70, we would have
estimated a freshwater 6'30 value of —9%o, lead-
ing to an underestimate of upstream elevations.
To our knowledge, this is the first method that
allows for independent estimation of $'*Oy, in an
estuary. Our findings highlight the potential for
clumped and triple oxygen isotope analyses to
enhance reconstructions of 6'®0 values of mete-
oric waters, which are critical for understanding
hydroclimate and elevations in geologic time.
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