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ABSTRACT

The Cenozoic Era was a time period where dynamic shifts in climate created for
both warm-wet greenhouse environments of the mid-Miocene Climatic Optimum
(MMCO), and cool-dry, glacial periods of the late Pleistocene. The Cenozoic is close to
our own time period, and although past climate reconstructions cannot be used as direct
analogs for future climate change, understanding previous environmental responses can
help inform policy surrounding future climate change. Presented here are climate
reconstructions of the interior western United States, from two different geologic time
periods. Each had a different climate, that differed greatly from modern day
environments. The use of hydrogen isotopes in tooth enamel is also evaluated as a
potential new approach for understanding climate. Expanding our isotopic toolbox for
climate reconstructions allows for more certain interpretations, and the use of tooth
enamel stable hydrogen (8D), oxygen (5!0), and carbon (53C) compositions allow for
more reliable climate reconstructions.

The MMCO, between ~17 and 14 Ma, represents the warmest period on Earth in
the last 35 Ma, and is thought to reflect a high partial pressure of atmospheric CO>
(pCO2). Using tooth enamel §!3C values from the interior Pacific Northwest, mean annual
precipitation (MAP) was estimated before, during, and following the MMCO, to test
whether MAP tracks pCOz levels. This work speculates high pCO> contributed to higher
MAP at ~ 28 and 15.1 Ma, and lower pCO- contributed to lower MAP for other time

periods. Terrestrial climates during the MMCO were likely more dynamic than originally

Vi



considered, with wet-warm and cool-dry cycles reflecting 20-, 40-, and 100-ka
Milankovitch cycles. Modern climate models predict that the Pacific Northwest will
become wetter and warmer with increased CO: levels, and this climate projection is
consistent with MMCO climates associated with high pCO: levels.

Tooth enamel and tufa (low-temperature CaCOs precipitate) $'20 and 513C values
from well-dated late Pleistocene deposits in the Las Vegas Wash (LVW), Nevada, were
used to reconstruct past precipitation seasonality, where enhanced net precipitation aided
in the expansion of desert wetlands. Low late Pleistocene water §'80 values, inferred
from tufa and tooth enamel, indicate that paleowetland expansion likely resulted from
increased winter precipitation derived from high latitudes in the Pacific Ocean. Low tooth
enamel 83C and inferred %C, grass values are again consistent with an increase in
proportion of winter precipitation. Increased winter precipitation diverges from late
Pleistocene climate reconstructions at lower latitudes in the American Southwest and
modern-day climes that receive nearly equal proportions of winter and summer moisture.

Stable hydrogen and oxygen isotope compositions correlate between organic
tissues and meteoric water. This correlation was tested for the first time in modern
herbivore tooth enamel by measuring oxygen and hydrogen isotope compositions from
localities where water compositions are well known. Against expectations, D and 580
values of modern tooth enamel do not align with the Global Meteoric Water Line
(GMWL) and hydrogen isotope compositions display little isotopic variation (~35%.)
between vastly different geographic locations. However, a strong correlation (R?= 0.84)
indicates a coupling between stable oxygen and hydrogen isotopes in tooth enamel. Tooth

enamel 6D values were compared to local water compositions, which generally correlate
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(R?=0.71), suggesting tooth enamel 5D values at least partially reflect biogenic water
compositions. However, when hydrogen amounts (H mg/sample mg) are compared to
sample weights (mg), it is clear that additional, labile hydrogen is adsorbed onto
bioapatite crystallites, and constitutes ~80% of measured hydrogen. The rate of exchange
between adsorbed water and water vapor was determined by equilibrating powdered
samples with enriched- and depleted-water for 48 hours, and then exposing samples to
laboratory conditions for times ranging from a few minutes up to 8 hours. In both
experiments, adsorbed water and laboratory water vapor equilibrate within 1 to 2 hours.
Because adsorbed water (onto tooth enamel) and ambient water vapor equilibrate so
quickly, it would be almost impossible to reconcile tooth enamel 3D values for a single
specimen across different laboratories, because of differences in local water
compositions. Enamel heated at 70 °C in air for 48 hours shows lower 6D values than
samples equilibrated at room temperature, which likely reflects a different, temperature-

dependent partition coefficient between adsorbed water (onto apatite) and water vapor.
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CHAPTER ONE: STABLE ISOTOPES IN LARGE HERBIVORE TOOTH ENAMEL
CAPTURE A MID-MIOCENE PRECIPITATION SPIKE IN THE INTERIOR PACIFIC

NORTHWEST

Introduction

The mid-Miocene Climatic Optimum (MMCO; 13.75-16.9 Ma; Holbourn et al.,
2014, 2015) , represents the warmest period on Earth in the last 35 Ma, and is distinguished
by low ice volume, high ocean water temperatures, and numerous distinct temperature
maxima between 14.6 and 16.3 Ma (Fig 1; e.g., Flower and Kennett, 1993; Zachos et al.,
2001; Shevenell et al., 2001; Pekar and DeConto, 2006; Holbourn et al., 2007; 2015; Lear
et al., 2010; Cramer et al., 2011). In parallel with marine systems, warm and wet terrestrial
ecosystems expanded to higher latitudes during the mid-Miocene (e.g., Wolfe, 1994;
Bohme, 2003; Mosbrugger et al., 2005; Hinojasa and Villagran, 2005; Barreda and
Palazzesi, 2007; Herold et al., 2008; Bruch et al., 2011; Pound et al., 2012). Carbon dioxide
plays a major role in explaining the MMCO greenhouse. Paleosols and stomatal indices
indicate a higher partial pressure of atmospheric CO2 (pCO.) during the MMCO than at
any other time since 35 Ma, with typical atmospheric CO; estimates of 500-600 ppmv, and
up to 850 ppmv (see summary of Beerling and Royer, 2011; ppmv = parts per million by
volume, or patm). Past marine pCO; estimates have been much lower - as low as ~300

ppmv based on boron isotopes or even as low as 180-290 ppmv
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Figure 1. Comparison of climate records for the last 30 Ma: benthic marine §'3C
and 880 (Zachos et al., 2001, for 30 to ¢. 20 Ma and c. 3 to 0 Ma; Holbourn et al.,
2013, for c. 13 to c. 8 Ma; Drury et al., 2016, for c. 8 to 3 Ma), and pCO; as determined
from boron isotopes (Bartoli et al., 2011; Foster et al., 2012; Greenop et al., 2014),
alkenone carbon isotopes (Zhang et al., 2013), and leaf stomata (Beerling and Royer,
2011). Arrows between 8°C and 880 records show times of brief warming events,
and events at 15.6 and 15.1 Ma are highlighted. The age of each fossil tooth locality is
indicated. UJD = upper John Day, LM = lower Mascall, MM = middle Mascall, SC =
Sucker Creek, QB = Quartz Basin, Rat. = Rattlesnake, BC = Birch Creek, and TR =
Tyson Ranch. The dashed line at pCO; = 125 ppmv is the lower limit of C3 plant
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photosynthesis. The range between 550 and 900 ppmv labeled AD 2100 is the range
of possible pCO: levels expected by year 2100.

based on carbon isotopes (Pagani et al., 1999; 2005; Pearson and Palmer, 2000). More
recent work on marine sediments, however, suggests pCO- levels were higher and varied
during the Miocene in tandem with perturbations in temperature (Bartoli et al., 2011; Foster
et al., 2012; Zhang et al., 2013; Holbourn et al., 2013; 2014; 2015; Greenop et al., 2014).
These studies suggest MMCO values of ~400+100 ppmv (Zhang et al., 2013), with spikes
as high as 850 ppmv (Greenop et al., 2014). The pCO- spikes correspond with temperature
spikes and perturbations in the C-cycle with a potential ~100 ka cyclicity (Holbourn et al.,
2013; 2015).

Overall, climate proxies show that the MMCO represents an unusually warm and
wet period in the Earth’s history, likely driven in part by higher pCO2 with some pulses of
unusually high temperatures and pCO (Holbourn et al., 2014). The high pCO: of the
MMCO (400-850 ppmv) almost completely overlaps levels anticipated by A.D. 2100 (550-
900 ppmv; (Meehl et al., 2005; 2007). Past climates cannot represent direct analogues for
modern environments, but general circulation models (GCM’s) for the MMCO provide
insights into future climate forcing (You et al., 2009). Because boundary constraints are
better known and more similar to modern conditions, the MMCO provides more reliable
data-model intercomparisons than older high pCO. greenhouse worlds (e.g., the Eocene
and Mesozoic). Such GCM’s support pCO2 > 500 to 800 ppmv during the MMCO to
explain temperature, precipitation, and ice volume records (Langebroek et al., 2009; Herold
et al., 2008; 2011; Henrot et al., 2010; Goldner et al., 2014). These conditions contrast with

pCO- reconstructions for the cooler Late Miocene (7-11 Ma; Herbert et al., 2016), which
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can be modelled with pre-industrial levels of pCO. (Knorr et al., 2011; LaRiviere et al.,
2012).

The Pacific Northwest provides an excellent setting to study past climate, both
temporally and spatially, due to the abundance of preserved herbivore fossils from
Oligocene through Pliocene deposits (Fig 2). In this study, stable carbon and oxygen
isotope compositions were measured from fossil tooth enamel to illuminate the
relationships among changing climate, precipitation patterns, and ecology over the last 30
Myr in the interior Pacific Northwest, with an emphasis on the MMCO. These data help
identify possible correspondence among thermal perturbations, pCO2, and mean annual
precipitation (MAP). Here, this work hypothesizes that MAP tracks pCO.: MAP was high
during the late Oligocene and the MMCO when pCO. was high, and low at other times
when pCO2 was low. That is, the warm and wet greenhouse conditions of the MMCO
suggested by terrestrial records reflect high pCO,. Stable carbon and oxygen isotope data
were used from mammalian teeth from before, during, and after the MMCO to test whether

regional climate and ecosystems correlate with previously known atmospheric CO; levels.

Stable Isotopes in Teeth
Mineralogically, teeth consist of hydroxylapatite with major substitution of CO3 for
PO4 and OH groups. Stable carbon and oxygen isotope data from tooth enamel are
commonly used for paleoecological and paleoenvironmental reconstructions (Koch, 1998;
2007; MacFadden, 2000; Kohn and Cerling, 2002; Kohn and Dettman, 2007; Clementz,
2012). Oxygen isotope compositions (50 values) in herbivores correlate with local water
compositions, which reflect moisture sources and regional climate, including temperature.

Carbon isotopes (53C values) in herbivores correlate with §!3C values of
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Figure 2.

JODA=John Day Fossil Beds National Monument, UOMHN=University of Oregon Museum of Natural History.

Specimen locations through geologic time. Map of interior Pacific Northwest shows locations of tooth
specimens that were analyzed in this study. Different symbols represent different localities and different colors represent
different time periods. IMNH=Idaho Museum of National History, HAFO=Hagerman Fossil Beds National Monument,
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their diet. Although modern ecosystems contain both Cz and Cs4 plants, which exhibit a
major difference in §*3C values, C4 plants were not abundant prior to c. 7 Ma, and constitute
only a small portion of plant biomass in the Pacific Northwest today. Thus, once corrected
for the fractionation between diet and tooth enamel (Cerling and Harris, 1999; Passey et
al., 2005) and for changes in 5'3C values of atmospheric CO2 (Tipple et al., 2010), isotopic
compositions of the herbivores studied reflect Cs plant §*3C values.

In principle, tooth enamel 5!3C values allow us to constrain MAP (Kohn, 2010).
Carbon isotope values in enamel depend on the §**C values of plants consumed, and the
513C values of plants that use the C3 photosynthetic pathway depend quantitatively on MAP
(Diefendorf et al., 2010; Kohn, 2010). The nonlinear negative correlation between modern
plant 5'3C values and MAP implies that low plant §*3C values correspond with high MAP
and denser forests, while high plant §**C values correspond with environments with low
MAP (500 mm/yr; Appendix Fig 2; Kohn, 2010). By measuring the §*3C values of
herbivore tooth enamel a correction for the known fractionation between diet and tooth
enamel (Cerling and Harris, 1999; Passey et al., 2005) is used to recover §*3C values of
diet (vegetation). The offset between vegetation and atmospheric 5!3C values (Tipple et al.,
2010) then allows us to calculate MAP.

Methods

Specimens and Research Area

Eighty-three fossil herbivore teeth were analyzed from ten stratigraphic units in
central/eastern Oregon and southern Idaho, spanning the Oligocene, Miocene, and
Pliocene (Fig 2; see also (Shotwell et al., 1963; 1968; Fremd et al., 1997; Sankey, 2002;

Carrasco et al., 2009; Kohn and Fremd, 2007). These included: sixteen teeth (Miohippus
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sp., and unidentified equids) from the Turtle Cove member of the middle Oligocene John
Day Formation (c.27 Ma); thirteen teeth (Merychippus sp., and equid) from the middle
Miocene Mascall Formation at or just above the Mascall tuff (15.112+0.017 Ma; Maguire
et al., 2018); eleven teeth (Merychippus sp., equid, rhino, and artiodactyl) from the
middle Miocene Sucker Creek Formation (14.92+0.10 Ma); three teeth (Merychippus sp.,
and equid) from the middle Miocene Quartz Basin locality, Deer Butte Formation (14.3-
14.8 Ma); nine teeth (single species of Dromomeryx sp.) from the Red Basin locality,
Butte Creek Volcanic Sandstone (12.5-14.8 Ma); ten teeth (Pliohippus sp., Megatylopus
sp., gomphothere, equid, rhino) from the late Miocene Drewsey Formation (c.9.8 Ma; age
corrected for revisions in standard ages in “°Ar/*®Ar analysis subsequent to data
collection; Kuiper et al., 2008); four equid teeth from the Rattlesnake Formation (7.1
Ma); fifteen teeth (Mammut sp., Camelops sp., Castor sp., Camelidae, Proboscidea, and
Equus sp.) from the Hagerman locality, Glenns Ferry Formation (c.3.2 Ma); one Equus
sp. tooth from Birch Creek (2.4 Ma); and one Equus sp. tooth from Tyson Ranch (1.9
Ma). We also consider 3*3C values for equids from the Mascall Formation published by
Maguire (2015), who focused on paleoecology during the MMCO in central Oregon and
did not directly estimate MAP.

Note that Maguire (2015) refers some “Merychippus” teeth from the Mascall
Formation to “aff. Acritohippus”. These taxa differ in size, such that the unworn tooth
crown height for Acritohippus sp. is 30-38 mm (Kelly, 1998), whereas that of
Merychippus sp. is less. The maximum “Merychippus” crown height that we analyzed
was 20 mm. So, although some Acritohippus sp. teeth may well be present (because of

tooth wear), we retain the assignment of Merychippus to these specimens.



Ages for John Day, Drewsey, Hagerman, Birch Creek, and Tyson Ranch
specimens are constrained using precise “°Ar/*°Ar dating of single-crystals extracted from
interbedded tuffs, with associated errors of 0.1 Ma, and from magnetostratigraphic
correlations (Fields, 1996; Fremd et al., 1997; Sankey, 2002; Jefferson et al., 2002;
Jordan et al., 2004; Kohn and Fremd, 2008), although sampling is so dispersed through
the John Day Formation that we simply lump average all data at an average age of ~27
Ma. All our samples from Sucker Creek are from within 10 m above and below a tuff
with a “°Ar/*Ar date of 14.92+0.10 Ma (Fields, 1996). An overall sedimentation rate
derived from several ash bed ages (*°Ar/*Ar of plagioclase grains) from the Sucker
Creek Formation (Downing, 1992) imply that £10 m uncertainty in location of our fossils
would contribute an age uncertainty of only £0.03Ma. At Quartz Basin, an upper age
limit of 14.30+0.12 Ma is derived from an overlying basalt (Fremd et al., 1997). The
lower age limit for Quartz Basin is ¢.14.8 Ma, based on biostratigraphy (Miomap;
Carrasco et al., 2009). Ages for Red Basin are based solely on biostratigraphy (12.5-14.8
Ma; Miomap; Carrasco et al., 2009). All specimens from the Rattlesnake Formation were
collected proximal to the Rattlesnake ash flow tuff, which has a “°Ar/*Ar age of
7.14+0.03 (Jordan et al., 2004; corrected for recalibration of the Fish Canyon sanidine
standard: Kuiper et al., 2008).

Because data from the Mascall Formation figure heavily in our interpretations,
age control among specimens from our study vs. Maguire (2015) is especially important.
Our samples were collected from the Mascall tuff bed and strata immediately overlying
it, at the base of the middle member of the Mascall Formation (Bestland et al., 2008). An

unpublished U-Pb zircon age for the Mascall tuff is 15.112+0.017 Ma (Maguire et al.,



2018), which is younger than has been previously assumed from “°Ar/*°Ar data (c.15.8
Ma; Swisher, 1992). Although Maguire (2015) does not report detailed stratigraphy,
some of the “middle Mascall” sample localities derive directly from the Mascall tuff
(Downs, 1956), and appear to be denoted “middle” in her Table 1. Thus, we correlate
isotopic data for the “middle Mascall” of Maguire (2015) with our new data. Precise
stratigraphic positions for many of Maguire’s other samples are not published or
derivable from locality information of Downs (1956). In general, however, we assign an
age of ¢.16 Ma to a series of samples that Maguire (2015) denotes “lower” and that
appear to fall at or above the boundary between the John Day and Mascall Formations.
This assumption is justified, because the underlying Dayville Basalt is dated between
16.5 - 16.3 Ma in this area (Long and Duncan, 1982; Hooper and Swanson, 1990).
Specimens from Hawk Rim, lowermost Mascall Formation, were also assigned to the
.16 Ma group because their age is constrained between 16.26+0.01 and 16.43+£0.04 Ma
(McLaughlin et al., 2016). We assign an age of ¢.18 Ma to sample localities JDNM-49,
JDNM-160, RV7608, RV7711 and RV7713) that fall within the upper John Day
Formation (Hunt and Stepleton, 2004; Albright et al., 2008).

We emphasize equids in our interpretations both because of both their fossil
abundance and their relatively conservative physiology, which confers greater accuracy
and consistency when interpreting isotope compositions (Kohn and Fremd, 2008). Most
equids from our composite dataset occupied open environments (Maguire, 2015), which
can be drier with higher 3C values than more shaded, closed environments. If equids
occupied drier ecosystems, or were disproportionately represented in drier periods, our

data could be biased towards higher §'3C values leading to lower calculated MAP values.
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However, comparison of $*3C values of equids vs. other fauna (grazers and browsers)
shows no systematic offset (see supplementary materials), and equids from presumed
forested environments (Archaeohippus) do not show lower §!3C values than sympatric
equids from more open environments (Parahippus, Desmatippus, and affin. Acritohippus;
Maguire, 2015). Thus, we consider data in this study as representative, even though they
are weighted towards equids.

Analvytical Methods

Enamel was selected for analysis because of its resistance to diagenetic alteration,
thus preserving biogenic isotope compositions (Kohn and Cerling, 2002). Enamel slices
were cut along the length of each tooth, typically with a length of 1-2 cm, and
subsampled every 1-2 mm using a slow-speed microsaw, as recommended for retrieving
sub-annual isotope variations (Kohn, 2004) and preserving tooth mineralization geometry
(Trayler and Kohn, 2017). Enamel was removed from dentine and was ground to a fine
powder using a mortar and pestle. Samples were then pretreated as per Koch et al. (1997),
first with H20- to remove remaining organic matter, then with an acetic acid-Ca acetate
buffer to remove diagenetic or labile carbonates. 1.5-2 mg of powdered enamel were
dissolved in supersaturated HsPOs in a GasBench 11, in-line with a Thermo Delta V Plus
Mass Spectrometer, housed in the Stable Isotope Laboratory at Boise State University.
Five to six NIST-120c (5180 = +28.5 %o, VSMOW, §*C =—-6.55 %o, VPDB; Kohn et al.,
2015) aliquots were prepared using the same cleaning and pretreatment methods and
analyzed with each sample set. Eight to nine NBS-18 (§3C = -5.014 %o VPDB and §'80
= -23.2 %o VPDB) and NBS-19 (§33C = +1.95 %o VPDB and 680 = -2.2 %, VPDB)

calcite standards were also analyzed with each sample set to verify mass spectrometer
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operation and calibrate reference gas. Analytical reproducibility for oxygen isotopes was:
NIST-120c = +£0.86 %o (20); NBS-18 =£0.60 %o; and NBS-19 = +0.67 %.. For carbon
isotopes, reproducibility was: NIST-120c = £0.53 %o (26); NBS-18 = £0.48 %, and
NBS-19 = +0.49 %o. Table 1 provides summary data, while the Supplemental file
provides tooth enamel isotope measurements from this study and Maguire (2015). All
tooth §!3C and 80 values are reported relative to VPDB and VSMOW respectively.

Estimating MAP

MAP was estimated using the approach of Kohn (2010), which requires estimates
of plant 8*3C values, atmospheric 53C values, altitude (in meters), and latitude (in
absolute °). Because carbon isotope compositions were measured for herbivore tooth
enamel, we corrected for fractionation between diet and tooth enamel and for changes in
atmospheric 53C values (Tipple et al., 2010). Because different localities have different
age resolution, we assumed different atmospheric 8*3C values corresponding with
different smoothing functions (Tipple et al., 2010): high-resolution (typically <0.1 Ma)
for Hagerman, Drewsey, Sucker Creek, Tyson Ranch, Birch Creek, and middle Mascall,
0.5 Ma for Quartz Basin, and 3 Ma for Red Basin, lower Mascall, upper John Day, and
John Day. Reported atmospheric CO, §*3C values are temporally sparse through the
Rattlesnake Formation (~7.15 Ma), therefore CO, §!3C values were calculated using
benthic foraminifera data from Drury et al. (2016) following methods of Tipple et al.
(2010). A higher correction value (A) was used for foraminifera 5'3C values to account

for greater surface-bottom water disequilibrium, biologic pumps, and remineralization



Table 1. Identification number, taxa, mean, error, minimum, and maximum tooth enamel 5'3C and 380 values.
John Day Formation (~28 Ma)
Mean Mean Min Max
813C 813C Mean 613C 613C Min 6180 Max 6180
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VPB)E;) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
JODA | \erycoidodont | ~10.7 | 252 | 03| 204 |08 | -108 | 105 | 20.1 20.7
2802(B) Vi : : : : : : : : :
JODA Merycoidodont | -12.1 -26.6 | 0.3 20.2 0.6 | -12.2 -12 20 20.4
1940(A) Vi . . : : : : :
JODA .
7003(B) Merycoidodont | -14.6 -29.1 215
JODA Merycoidodont 11.9 26.4 | 0.8 19.9 3.1 12.3 115 18.9 21.7
400A+B Y s s ' ' ' T s ' '
JODA Merycoidodont | -13.1 -27.6 | 0.4 21.6 03| -134 -13 21.4 21.7
7003(D) Y ' ' ' ' ' ' ' '
J8(21|?2A Merycoidodont | -9.5 24 1.2 21.1 1.4 | -103 | -89 20.5 22
JODA .
1296-G Merycoidodont | -9.3 -23.8 18.7
JODA .
5795/1 Parahippus -10.4 244 | 3.3 22.8 1.2 | -129 | 94 21.9 23.2
JODA .
5795/1 Parahippus -10.5 -24.5 25.1
JODA
5685(B) Eporeodon -11.6 —-26.1 26.1
JODA
5685(A) Eporeodon -12.3 -26.8 23.4

et



Mean

Mean

sC | st Mean g{';g g’l'g?‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
53324[1)(AA) Eporedon | -127 | —27.2 | 07| 231 |06 | 129 | 125 | 228 233
J&%@ Diceratherium | -11.4 | —25.4 | 04 | 208 | 05 111 | 205 21
J%EZ)BA Diceratherium | -11 | -25 |04 | 212 | 14| -11.3 | -106 | 20.2 22.4
szgGA Diceratherium | -104 | —24.4 | 06| 193 | 1 | -109 | -102 | 187 19.9
J;g? Rhino ~10.8 | 248 | 0 232 | 04| -108 | -10.7 23.1 23.4
Mascall Formation (~15.1 Ma)
Mean Mean Min Max
sBCc | sBcC Mean sic | sise | Mindf0 | Max 80
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%0 (%o (%o; (%o
%o; %o; VSMOW) VPB”B) VP([);I’B) VSMOW) | VSMOW)
VPDB) | VPDB)
J%[gf Merychippus | -12.4 | —26.4 | 1 21.4 2 | -135 | -11.8 19.7 23.1

€T



Mean Mean .
sBC | sC Mean e | MR Mins®0 | Max %0
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%o: (%o: (%o; (%o;
%o; %o; VSMOW) VPB)E;) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
Jfggé Acritohippus | -10.4 | —244 | 17 | 228 | 18| -126 | -94 | 213 243
JZ%IZS?,)A Acritohippus -10.8 -24.8 | 0.9 22.5 1 -11.5 -10 22 23.8
JZ%EZ)GA Merychippus -10 —24 1 22.4 2.1 | -10.7 -9.1 20.8 24
JZ%EZ)QA Merychippus -11.4 -25.4 1 21.3 2 -12.4 | -10.8 19.6 23.3
F-23851 Acritohippus -9.9 -239 | 0.6 19.1 1 -10.3 -9.5 18.3 19.8
F-23852 Acritohippus -10.6 246 | 0.9 19.9 16 | -115 | -10.1 18.7 20.9
Jz%[gg\ Acritohippus -11.3 -253 | 0.5 21.1 16 | -11.7 | -10.8 19.7 22.1
JZC?)[])_SA Merychippus -12 —26 0.8 20.4 1 =125 | -11.2 19.5 21.3

14}



Mean

Mean

sc | st Mean g{';g g’l'g?‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
J%SE;A Merychippus | -11.2 | —252 |05 | 206 |17 | -11.7 | -108 | 194 21.9
Sucker Creek (~14.73 Ma)
Mean Mean .
sBC | sC Mean M| MR Ming®0 | Max %0
Identifier Taxa (enamel; | (plant; | 26 | 880 (%o; | 20 (%o: (%o (%o; (%o;
%o; %o; VSMOW) VPB”B) vpgé) VSMOW) | VSMOW)
VPDB) | VPDB)
J&[gﬁ Merychippus | -103 | -243 | 06| 201 |03 | -106 | -9.9 19.9 20.3
J&gf Merychippus | -89 | —229 | 06| 172 |13 | -93 | -85 16.1 17.9
J&[gf Merychippus | -9.2 | -232 | 09| 192 |07 | -95 | -85 18.8 19.6
J8C21[é4A Merychippus | -9.2 | -232 | 09| 192 |07| -95 | -85 18.8 19.6
J&g? Equid 99 | 239 | 0 183 |64 | -99 | -99 16.1 20.6

qT



Mean

Mean

sc | st Mean g{';g g’l'g?‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
JODA .
ol Equid 91 | 231 01| 18 |o07]| 92 | 91 | 176 18.2
J&gf Equid 107 | 247 | 11| 188 |07 | -113 | -101 | 184 19.1
J831[5)7A Equid 103 | 243 | 03| 171 |17 | 105 | -102 | 163 18
JODA Rhino 99 | 239 | 09| 173 | 15| -103 | -91 | 168 18.6
8458
J&[gSA Artiodactyl | -84 | —229 | 06| 157 |67 | 86 | 82 | 133 18.1
J&%GA Artiodactyl | -92 | -237 | 23| 153 |08 | -10 | -84 15 15.6
Quartz Basin (~14.8-14.12 Ma)
J&g? Merychippus | -96 | -236 |04 | 193 |15| —99 | 93 | 183 20.3
JSCZ[;ZA Merychippus | -92 | —232 |02 | 207 |o05| —93 | —91 | 205 21

o1



Mean

Mean

sC | st Mean g{';g g’l'g?‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
J;E;SA Equid 94 | 234 |06| 189 | 2 | —96 | —92 | 182 19.6
Red Basin (~14.8-12.5 Ma)
Mean Mean Min Max
dt3C dt3C Mean S13C si3c | Min 580 | Max 880
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%o: (%o (%o; (%o;
%o; %o; VSMOW) VPB”B) vpgé) VSMOW) | VSMOW)
VPDB) | VPDB)
23236-M1 | Dromomeryx | -10.1 | —24.6 | 2 275 | 22| 113 | 95 26.2 28.2
“”'?\Ab'led‘ Dromomeryx | -105 | -25 | 15 27 16 | -114 | 101 | 261 275
20740-M2 | Dromomeryx | 102 | —247 | 1 274 | 11| -108 | 958 26.7 27.9
“”'f‘vlb'zed‘ Dromomeryx | -102 | —247 | 06| 274 |07 | -105 | -9.9 27 27.7
23235-M3 | Dromomeryx | -10.3 | 248 | 1 273 | 11| 11 | 99 26.6 27.7
21255-M3 | Dromomeryx | -10.6 | 251 | 08| 269 |o09]| 109 | -10 26.7 27.6
22127-P2 | Dromomeryx | 9.6 | 241 | 1.4 28 15| 105 | -9 27.1 28.7
“”'apbz'e‘j‘ Dromomeryx | -98 | —243 | 02| 278 |02| -98 | -97 27.8 27.9
23239-P4 | Dromomeryx | -10.1 | 246 | 04| 275 |04 | -104 | 9.9 27.2 27.7

Drewsey Formation (~9.7 Ma)

LT



Mean

Mean

sC | st Mean g{';g g’l'ﬁf‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)

JODA —

8479 Hipparion -85 -225 | 4.8 20.4 1.3 | -10.7 -8.2 18.9 21.9
JggSA Pliohippus | -88 | —228 | 05| 181 |13 | —93 | -84 | 172 19.1
JgglA Pliohippus | -89 | —229 | 03| 196 |13| -91 | -88 | 189 20.1
JODA 1 briohippus | -7.3 | 213 | 05| 139 | 1 | 75 | -7 13.4 14.6
8494

33258@ Megatylopus | -10 | —245 | 04| 233 |07 | -101 | -97 | 229 235
JODA

taon. | Megatylopus | 93 | 238 | 01| 222 |35| 93 | 92 | 203 23.7
JODA

baon. | Gomphothere | 112 | 2545 | 03 | 209 |02 | -113 | 111 | 208 21
JODA .

Saom, Equid 99 | 239 | 19| 182 | 2 | -106 | 93 | 174 18.9
JODA .

Saoun Equid 10 | 24 |03| 196 | 1 | -102| -98 19 20.4
JODA Rhino 99 | 239 | 04| 182 |05| -101 | -97 18 185
8490¢

Rattlesnake Formation (~7.2 Ma)
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Mean Mean .
sC | stC Mean g{';g gﬁ'ﬁé Min 50 | Max 50
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%o: (%o: (%o; (%o;
%o; %o; VSMOW) VPB)E;) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)

JODA .

4389¢ Equid -10.31 | -24.31 | 0.57 2297 |053|-11.83 | -8.84 21.85 23.93

JODA .

43894 Equid -11.20 | -25.20 | 0.17 20.37 121 | -11.34 | -11.04 19.69 21.57

JODA .

20674 Equid -11.98 | -25.98 | 0.33 23.84 | 1.62| -12.04 | -11.66 22.48 25.97

JODA .

2067b Equid -12.12 | -26.12 | 0.43 23.67 1.01 | -12.56 | -11.38 22.93 25.5
Glenns Ferry Formation (Hagerman; ~3.2 Ma)

Mean Mean Min Max
d13C d13C Mean s13C s13C Min 380 | Max 5180
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%0 (%o (%o; (%o
%o; %o; VSMOW) VPB”B) VP([);I’S) VSMOW) | VSMOW)
VVPDB) | VPDB)

HAFO

2126 Castor -9.3 1.1 18.3 1 -10 -8.4 17.2 19.4

HAFO .

10021 Castoridae -7.8 0.2 17.8 0.8 -8 1.7 17.2 18.2
HAFO 389 Mammut 9.8 -24.05 | 0.3 21.4 09| -99 -9.4 20.8 22
HAFO 986 Mammut -10.2 | -24.45 | 0.3 18.9 04 | -10.4 -10 18.6 19.2

';'B'g"?:g) Mammut -9.7 -23.95 | 0.4 18 03| -10.1 | 94 17.8 18.2

67T



Mean

Mean

sC | st Mean g{';g g’l'g?‘é Min 580 | Max 510
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 %o, %o, (%o; (%o;
%o; %o; VSMOW) VP‘[’;“B) VPE;E) VSMOW) | VSMOW)
VPDB) | VPDB)
oy Mammut | -100 | -2425|07| 19 |04 | -103 | -9 18.7 19.5
e | Proboscidea | 93 | -2355| 12| 197 |28 | 97 | 82 | 172 20.6
HAFO 203 Camelidae -10.6 -25.1 | 04 21.8 2 -10.8 | -10.2 19.4 22.8
T&Z&) Camelops -10 -245 | 1.1 19.6 3 -10.6 -95 18.3 21.1
Birch Creek (~2.4 Ma)
Mean Mean Min Max
dt3C d13C Mean 5130 sisc | Min 5180 | Max 880
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%0 (%o (%o; (%o;
%o; %o; VSMOW) VPB”B) VPB)E) VSMOW) | VSMOW)
VPDB) | VPDB)
IMNH 315 Equus -10.77 | —24.77 | 0.28 19.4 03 | -134 -9.2 17.2 22.1
Tyson Ranch (~1.9 Ma)
Mean Mean Min Max
613(: 813(: Mean 813(: 8130 Mln 8180 Max 6180
Identifier Taxa (enamel; | (plant; | 26 | 80 (%o; | 20 (%o (%o: (%o; (%o;
%o; %o; VSMOW) VPB”B) VP([);I’S) VSMOW) | VSMOW)
VPDB) | VPDB)
IMNH 231 Equus -8.08 | —22.08 | 0.23 22.9 0.5 | -11.0 —6.9 16.6 26

0¢
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(Tipple et al., 2010; Drury et al., 2016). Enamel-diet §'*C value offsets of 14.5 %o for
artiodactyls (Passey et al., 2005), and 14 %o for perissodactyls (Cerling and Harris, 1999)
were applied. For elephantids, an intermediate offset of 14.25 %o was assumed. We did
not attempt to calculate leaf compositions or MAP from castorid data. All Oligocene to
Pliocene herbivore §*3C values measured in this study are within the Cs consumption

range, and may be used to calculate MAP according to the equation:

[A( %o,VPDB)—2.01+0.000198Xelev—0.0129><Abs(lat)]
MAP (mm) = 10 5.88 — 300 (Eq.

1)
where A is given by:

513Catfm_513 Cleaf

513Cleaf
1+ /1000

A'3C( %o, VPDB) = (Eq. 2)

and 6**Camand 6'3Ciear are the average carbon isotope compositions of
atmospheric CO2 and plants, respectively (Table 2). Equation 1 shows how MAP
increases with increasing A¥*C (decreasing §*°C of enamel and plants). Elevations and
latitudes are not thought to have changed significantly for sample sites (Kohn et al., 2002;
Orr and Orr, 2012; Retallack et al., 2016), so modern-day elevation and latitudes were
used (Table 2).

Uncertainties in MAP may be calculated using numerical error propagation (Kohn
and McKay, 2012). A simplified form of this approach, propagating uncertainties in

mean A®C alone, uses the following equations:

10(813C—+204-2.01+0.000198 xelev—0.0129x1at) _z00_ AP

20(H)map = (Eq. 3a)

5.88

10(813C-20-2.01+0.000198xelev—0.0129x1at) _300_pAp

20(H)map = (Eq. 3b)

5.88




Table 2. Times for localities along with estimate MAP (mm/yr) and associated errors. Enamel, plant, and
atmospheric 3°C values, errors, corrected A*C values, latitude, and altitude are also reported. J. Day = John Day, S.
Creek = Sucker Creek, Q. Basin = Quartz Basin, R. Basin = Red Basin, Ratt. = Rattlesnake, B. = Birch Creek, T. Ranch

13
L ocation Mean 8°C | Mean s3c | sC g trﬁ_ ARG MAP
Time or Source (enamel; dt3C 2 | (atm; | (atm; o )’ (atm- | Lat. | Alt. v | o
(Ma) | £ ation %o; (plant; %o | s.e. | %o) 3 | %o) 0.5 h;’°h plant; | (°) | (m) )
VPDB) | ; VPDB) Ma | Ma rgs %o) y
~27 J. Day SI:&? 1139 | -2571 |074| —6.30 | -6.18 | -6.30 | 19.92 | 44 | 750 | 644 | 317
~18* “pgz;l '\z'z""gfg)e 977 | 2377 |104| 577 | 586 | 591 | 1844 | 44 | 700 | 226 | 264
~16* ,le‘;‘g” '\é';gfgge 21049 | -24.49 |046| 531 | -5.09 | -5.20 | 19.66 | 44 | 700 | 549 | 168
15.1 ,\';I]gg;fl SIS&; 21109 | -25.09 |053| 527 | -5.29 | 532 | 2042 | 44 | 700 | 784 | 249
~151 ,\'}I];gg:;’l “(”2""8;’56 21047 | -24.47 |033| 527 | -5.29 | 532 | 19.77 | 44 | 700 | 541 | 116
149 | S.Creek SIS(;Sy 9,55 2364 |038| 531 | 552 | 557 | 1851 | 43 | 950 | 254 | 89
11‘2‘:’3‘ Q. Basin SIS(;Sy -9.40 2340 |023| -5.44 | 552 | -5.03 | 18.31 | 42 | 1150 | 223 | 49
125 . This
lap | ReBasin | g | 1006 | 2466 |021| 582 | 554 | 576 1932 | 43 |1300| 481 | 66
9.8 | Drewsey SIS(;Sy 9.38 2351 |073| -5.99 | -5.95 | -6.02 | 17.91 | 43 | 1150 | 145 | 147
~71 Ratt. SIS(;; 1136 | -2536 |054| —6.56 | —6.54 | -6.60 | 19.25 | 44 | 750 | 425 | 171

= Tyson Ranch.

(44



813C

. Mean 8%C Mean dC dtC | ABC

Time Loc:rtlon Source (enamel; dt3C 2 | (atm; | (atm; (ﬁ/tr;]’ (atm- | Lat. | Alt. I(\:In'?‘nF; s

Ma) | o ion %o; (plant; %o | s.e. | %o)3 | %o) 0.5 h?oh plant; | (©) | (m) )
VPDB) | :VPDB) Ma | Ma rgs %o) y

3.2 | Hagerman SI:&? -9.37 2381 |045| —6.38 | —6.21 | —6.03 | 1821 | 42 | 940 | 196 | 96

This
24 | B.Creek | i | 1077 |,y |028| oo | gy | 44| 1886 | 45 1060 | 348 | 60
19 | T.Ranch Sm; —9.92 2392 |0.14| —656 | —6.44 | —6.89 | 17.79 | 44 | 1158 | 123 | 24

4
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where the 20 uncertainty in mean AC (=20) is added (eq 3a) and subtracted (eq 3b)
from A'3C. The absolute value of each 2o mar is then averaged. Such error propagation
represents the uncertainty in MAP due to the reproducibility of the mean AC. Similar
kinds of calculations cannot be made so easily for the original regression parameters
because of correlation coefficients, but in general, 2c. Similar kinds of calculations
cannot be made so easily for the original regression parameters because of correlation
value above c. 500 mm/yr and are never lower than ~120 mm/yr. It is important that
propagated errors in the regression parameters are systematic, i.e. if the true MAP value
for one-time interval is higher than calculated from Equation 1, all MAP values for all
time intervals are also higher.

Statistical Comparison

We cannot apply simple statistical tests (e.g. t-tests) to raw 5'3C values because
atmospheric 3C values vary throughout geological time, shifting §'C values of plants
and their consumers. For example, fossil fuel burning has lowered biosphere 53C values
by c. 1.5 %o (Trudinger et al., 1999), so mean §*3C values for modern vs. pre-industrial
animals consuming the same diet in the same environment now differ by c. 1.5 %eo.
Because we were interested in comparing environments among different time periods, not
atmospheric 5!3C values, calculations and comparisons (e.g. t-tests) to A*C values were
made. We assign significance at p<0.05, after applying the Bonferroni correction for

multiple comparisons.
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Results

Herbivore Carbon and Oxygen Isotope Compositions

Specimens from the John Day (~27 Ma), Mascall (~15.1 Ma), and Rattlesnake
(~7.15 Ma) Formations, have relatively low mean §!3C values, respectively of —11.4+0.7
%o, (2s.e.; VPDB), —11.1+0.5 %o, and —11.4 %0x0.5 (Fig 3; Table 2). However, during
these time periods, atmospheric CO2 §*3C values differed (John Day = —6.2 %o, Mascall =
—5.3 %o, Rattlesnake = —6.6 %o; Tipple et al., 2010; Drury et al., 2016). Consequently,
although §*3C values are higher for Mascall specimens (implying small AC), ABC
values are actually largest for this time (Mascall A¥3C = +20.4 %o vs. John Day A*C =
+19.9 %o and Rattlesnake = +19.25 %o). Data from Maguire (2015) imply somewhat
smaller AC values of ~+19.7 %o for the middle and lower Mascall Formation. §*3C
values from other stratigraphic units are higher compared to the John Day, Mascall, and
Rattlesnake Formations, ranging from —9.4 %o to —10.8 %o (Tables 1-2; Fig 3), and A*C
values are consistently smaller, typically between +18.0 and +18.5 %o0. Red Basin
Dromomeryx sp. data imply A3C ~+19.3 %o, but this single species has anomalous §'0
values, and we do not interpret its 5'3C values in terms of MAP. John Day and Mascall
Formation specimens have comparable 520 values of +21.8+1.0 %o and +21.4+0.8 %o
respectively (VSMOW; Fig 3; Table 1). Excluding John Day and Mascall Formations,
younger stratigraphic units generally have lower 580 values (+17.7 %o to +20.6 %o), with
the exception of Dromomeryx sp. specimens from Red Basin (+27.4£0.2 %o).

Because of secular changes to atmospheric §'C, and because of large systematic

calibration errors associated with MAP estimates using Eq. 1, t-tests were applied to A*C
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Figure 3. 8180 values (VSMOW) vs. 8°C values (VPDB) of herbivore tooth
enamel. Different colors represent different localities. The blue bars on each graph
indicate the °C of atmospheric CO, for each time period (Tipple et al., 2010; Drury
et al., 2016). 5'3C values for the Mascall, John Day, and Rattlesnake Formations are
lower relative to the '3C of atmospheric CO; than other formations. 520 values for
the John Day and Mascall Formations are higher than younger formations, excepting
Dromomeryx data from Red Basin.
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values to evaluate whether significant differences occur among the middle Mascall, John
Day, Rattlesnake and other localities. A significant difference would imply that MAP was
indeed different, even if formal propagation of all errors, especially systematic calibration
errors, shows overlap. A*C values for the lower and middle Mascall Formation (A*C =
+20.4 %o) and John Day Formation (+19.9 %o) are not significantly different, implying that
differences in MAP are not significant (Table 2). However, because the A*C values for the
Mascall and John Day Formations far exceed those of any other site (Table 3), MAP must
have been significantly higher (Fig 4).

MAP Estimates

Calculated 3'3C values for plant material consumed by herbivores and A*C
values relative to atmospheric 5!3C imply that MAP was highest during deposition of the
lower John Day and Mascall Formations (c. 550 to 850 mm/yr) and lowest during
deposition of all other units (c. 150-400 mm/yr), including the upper John Day
Formation, but excluding anomalous Dromomeryx sp. data from Red Basin (Fig 4). The
highest MAP estimates derive from our data from the middle Mascall Formation and are
precisely dated at 15.1 Ma. Other data from the lower and middle Mascall Formation
(Maguire, 2015) imply moderate MAP (550-600 mm/yr), and arguably MAP at 15.1 Ma
represents a spike. In general, periods with the highest and lowest pCO2 show the highest

and lowest MAP.



Table 3. t-test for A3C values (%o) for all localities compared to Mascall
specimens.

Formations p values when comp_ared to Mascall
Formation
John Day 3.60E—03
Quartz Basin 9.30E-018
Sucker Creek 1.50E-17
Red Basin 6.50E—10
Drewsey 1.50E-17
Rattlesnake 3.20E—05
Glenns Ferry 8.90E-13
Birch Creek 8.50E—-05
Tyson Ranch 2.20E-17
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Figure 4. Changes in MAP (symbols) and atmospheric CO: levels vs. time. Grey-
outline data are basin on published §'3C values for perissodactyls (Maguire, 2015).
MAP inferred from Maguire (2015) is c. 200 mm/yr lower than estimates from this
data. However, MAP estimates are much higher than modern day precipitation rates
in the Pacific Northwest. 3'3C and 880 values for benthic foraminifera are also
displayed (Zachos et al., 2001; Holbourn et al., 2013; Drury et al., 2016). Red bars
show a major warming event at 15.6 Ma (Holbourn et al., 2015) and an inferred
warm/wet cycle from this data at 15.1 Ma. Data show a distinct spike in MAP at c.
15.1 Ma that corresponds precisely with a brief warming event associated with
increased pCO,. The dashed line represent the atmospheric CO; concentration
threshold needed for plant photosynthesis (Dippery et al., 1995; Campbell et al.,
2005).
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Discussion

Stable Carbon Isotopes, MAP and pCO»

Several climate and ecological drivers might influence 5!3C and §'80 values of
herbivore tooth enamel, and each must be considered in interpreting our data. A global
increase in C4 biomass occurred between 8 and 6 Ma, which could in principle affect
interpretation of 813C data (Cerling et al., 1994; Cerling and Harris, 1999). However, the
worldwide expansion of C4 plants postdates most localities analyzed in this study, with
the exception of the Hagerman, Tyson Ranch, and Birch Creek localities. Modern
southern and southwestern Idaho contains no native C4 grasses, and 8**C values from
localities <4 Ma are similar to those of Sucker Creek, Quartz Basin, Red Basin, and
Drewsey. Thus, we do not think C4 consumption biases any of our data, including at
Hagerman, Tyson Ranch, and Birch Creek.

Tectonic uplift of the Cascade Range upwind of our sample localities is not likely
to have caused a decrease in MAP and a corresponding increase in plant *3C for
specimens from the John Day through Rattlesnake Formations. Although volcanism has
been active in the Cascades since the Eocene, the modern high Cascades are relatively
recent, and increases in upwind elevation are thought to have commenced no earlier than
ca. 7 Ma (Kohn et al., 2002; Kohn and Fremd, 2007). Thus, excepting the Hagerman,
Tyson Ranch, and Birch Creek localities, all our other data should reflect global
influences rather than regional tectonic influences.

Several studies attribute warmer temperatures and higher precipitation rates in the
middle Miocene to high pCOz (Royer et al., 2001; Kirschner et al., 2008; Retallack,

2009). A link between pCO2 and MAP does explain our data most simply — some of our
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highest MAP values correspond with the middle Oligocene John Day and the MMCO
Mascall intervals, when pCO> values were plausibly highest. During times when pCO-
was lowest, MAP was markedly lower.

A pCO2-MAP link makes sense from an oceanographic perspective. Mid-Miocene
marine records (Fig 1) show distinct correspondence between perturbations to the C-
cycle (as manifested in *3C values) and warming and cooling events (as manifested in
580 values; Holbourn et al., 2007). For example, a large warming event at 15.6 Ma
shows an abrupt shift in benthic foraminiferal 5!3C and §'80 values, corresponding with
deep-water warming of ~5°C (Holbourn et al., 2013; 2014; 2015). Boron isotopes
indicate an increase in pCO; at the same time (Greenop et al., 2014). These &'20, §'3C
and 8B records further reveal a strong 100 ka eccentricity signal between 14.7 and 17
Ma, suggesting insolation helped catalyze evenly spaced simultaneous warming and
increased pCO- (Holbourn et al., 2013; 2014; 2015; Greenop et al., 2014). Increased
temperature and pCOz at 15.1 Ma conforms with the 100 kyr pattern, and plausibly
warmer and wetter conditions in central Oregon can be explained by warmer ocean water
temperatures along the Pacific coast in the context of higher pCO2. Although sea surface
temperatures are not well quantified at this latitude during these events, essentially all
general circulation models predict that higher pCO. during the mid-Miocene causes an
increase in temperature and precipitation in the Pacific Northwest (e.g. Krapp and
Jungclaus, 2011; Hamon et al., 2012; Goldner et al., 2014; Henrot et al., 2017). Previous
work on Mascall Formation paleosols has also proposed cycles of warmer-wetter vs.

cooler-drier climates with a 100-kyr periodicity (Bestland et al., 2008). The levels
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immediately above the Mascall tuff bed, which are an important source for the specimens
analyzed, were interpreted to reflect warmer-wetter conditions (Bestland et al., 2008).

A possible problem with the pCO2-MAP interpretation is that several intervals
from the MMCO, especially Sucker Creek and Quartz Basin show low MAP. Part of the
discrepancy may simply reflect poor age constraints for many intervals. With
uncertainties of several hundreds of thousands of years, the upper John Day, lower
Mascall, Quartz Basin, and Red Basin intervals cannot be pinned accurately to the marine
record. In the case of Red Basin, it is even unknown whether the interval corresponds
with the late MMCO or post-MMCO cooling. And, while the lowermost Mascall
horizons are bracketed precisely between 16.26+0.02 and 16.44+0.05 Ma (McLaughlin et
al., 2016), that age range encompasses two warm and three cool events in the marine
record (Holbourn et al., 2015). An apparent exception to our hypothesis is the Sucker
Creek locality, which ostensibly falls on a warming spike at ~14.95 Ma (Fig 1), but has
relatively low calculated MAP of ¢. 250 mm/yr. Such low MAP is consistent with
previous work on floral assemblages, which also suggest cool-dry conditions (e.g.
Taggart and Cross, 1980). Besides the fact that the £100 kyr precision of the age of this
interval could allow the Sucker Creek data to fall instead on a cool interval, we note that
“OAr/Ar ages may be subject to significant systematic errors. For example, the original
published “°Ar/*°Ar age for the Mascall tuff was precise (15.98+0.04 Ma; Swisher, 1992);
corrected for recalibration of the Fish Canyon sanidine standard: Kuiper et al., 2008), but
new U-Pb zircon data place the age about 800 ka later. In general, U-Pb ages are viewed
as more accurate than “°Ar/3Ar ages. Both ages (~16.0 and ~15.1) happen to correlate

with warming spikes, but clearly if accuracy is poorer than 100 ka for “°Ar/**Ar ages,
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such correspondence cannot be assured. Until the Sucker Creek strata are re-dated using
more accurate methods, we do not feel confident in ascribing our isotope data from that
locality to either a warming or cooling interval.

Regardless of absolute age uncertainties, a link between oscillations in pCO-
MAP is illustrated in the pollen record at Sucker Creek. Frequencies of broad-leaved
dicots and montane conifers were analyzed in the Whiskey Creek section of the Sucker
Creek Formation (Taggart and Cross, 1980; Cross and Taggart, 1982). Cyclical
successions between the two tree-types show 4 distinct frequency peaks for both montane
conifers and broad-leaved dicots (Cross and Taggart, 1982). Cross and Taggart (1982)
suggested that vegetation oscillations might reflect increases in pCO- resulting from
Milankovitch cycles, but without firm chronologic control. Cross and Taggart (1982)
later suggested that fires resulting from volcanic activity may have driven cyclical
changes in vegetation. Using the precise (but not necessarily accurate) ages of Fields
(1996), estimated sedimentation rates for the Sucker Creek Formation vary from ~250 to
~500 m Myr? (Cross and Taggart, 1982; Fields, 1996). The Whiskey Creek section is
approximately 100 m thick, so the cycles illustrated in the pollen record would occur
either every ~40 kyr or 100 kyr. Consequently, the initial interpretation of Cross and
Taggart (1982) that floral assemblages responded to Milankovitch cyclicity may have
been valid, and may well have been driven by changes in precipitation.

Climate cycles may also be captured in specimens from the late Oligocene and
Miocene. Scatter in data from ~27 Ma exceeds scatter at other time periods and suggests
both high and low MAP. In contrast, continuous paleosol records from the John Day

Formation (~28 to ~19 Ma) show a rhythmic pattern in paleosol physical character, depth
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to calcic horizon, inferred MAP (~600 to ~400 mm/yr), and C- and O-isotopes
(Retallack, 2004; Retallack et al., 2004). Although our data taken alone are not definitive,
taken together with paleosols these observations suggest precipitation cyclicity
(Retallack, 2004; Retallack et al., 2004). These characteristics in turn may reflect cyclical
variations in pCO2, much as has been proposed for the mid-Miocene (Holbourn et al.,
2013; Greenop et al., 2014; Kochhann et al., 2016). In this instance, our poorly time-
constrained specimens may again prove problematic when attempting to correlate MAP
with cyclical events. However, this problem may be circumvented in future studies by
ensuring that specimens are collected in the context of paleosol character, so that C-
isotopes can be linked to warm-wet vs. cool-dry conditions, even if the absolute age is
not known accurately.

Stable Oxygen Isotopes

Oxygen isotope values from herbivore teeth have been used to infer uplift of the
Cascade Range commencing c¢. 7 Ma (Kohn et al., 2002; Kohn and Fremd, 2007). Within
that context, high 580 values measured from John Day and Mascall Formation
specimens in this study likely result both from a topographically low volcanic arc to the
west and from their proximity to the Pacific coast relative to other localities. Teeth from
Sucker Creek, Quartz Basin, and Drewsey were collected from further east than the John
Day and Mascall localities, and have consistently lower §'80 values. As air masses move
inland from oceanic reservoirs (e.g., the Pacific Ocean), 80 is preferentially removed,
decreasing precipitation §'80 values. Of Miocene localities, Sucker Creek is the furthest
from the Pacific Ocean, and has the lowest 6180 values, suggesting that geography may

have contributed to different §'80 values among sites. Low 580 values for Hagerman
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teeth likely reflect the combined effects of topographic rise of the Cascade Range and
greatest distance from Pacific Ocean moisture sources.

Red Basin 580 values are much higher than any other locality, which may result
from the measurement of only Dromomeryx teeth. Dromomeryx may have been water
independent, causing higher §'80 values than expected for water dependent ungulates
such as equids. Alternatively, high aridity at Red Basin might have caused evaporative
enrichment of water 180, generating higher §'80 values during whatever specific time is
represented.

Comparisons to Other MMCO Paleoclimate Studies

Globally, evidence for high MMCO temperatures and precipitation is well-
established through studies of paleosols and paleoflora. We restrict comparisons to mid-
latitudinal studies because specimens from our study were collected at paleolatitudes
ranging from 42°-44°. For reference, modern conditions in central Oregon are roughly
MAP = 250-300 mm/yr, and mean annual temperature (MAT) = 9-10°C. Leaf
morphology of plant fossils found in the Mascall Formation indicate growing season
precipitation of ~620 mm/yr (Yang et al., 2011), or twice the entire yearly precipitation
for central and eastern Oregon today. Formation of alfisols in the middle member of the
Mascall Formation also indicates high MAP of ca. 1000 mm/yr and MAT of ca. 11 °C
(Bestland and Krull, 1997; Sheldon et al., 2002; Bestland et al., 2008). Carbonate-free
paleosols from the Columbia River Basalts, ca. 16 Ma (Barry et al., 2010), imply MAP >
500 mm/yr (Sheldon, 2003). On a more global basis, European fossil floras indicative of
warm and wet environments expanded to higher latitudes during the MMCO

(Mosbrugger et al., 2005b; Bruch et al., 2011). Lateritic weathering of rocks generally
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occurs in equatorial regions, but 17-15 Ma laterites and bauxites are found at a
paleolatitude of 45° in Germany and are attributed to higher atmospheric CO; levels and
increased precipitation (Schwarz, 1997). Herpetological assemblages and floral
observations in western Europe suggest higher MAP and MAT at 14-16 Ma than before
or after (Mosbrugger et al., 2005a; Bohme et al., 2011; Bruch et al., 2011; Pound et al.,
2012). As with many of our sites, age resolution is generally too coarse to allow proxy
records to be correlated precisely to the marine record. Thus, although the MMCO
represents a generally warmer and wetter interval, these other datasets do not allow us to
evaluate how terrestrial climates might have responded to 100 ka climate cycles.

Implications for Stratigraphic and Paleontological Successions

The climate cyclicity evident in marine records should be reflected in sedimentary
sequences. For example, Retallack et al. (2004) argued that paleosols in Oligocene
sediments of the John Day Formation, central Oregon, developed cyclically in response
to obliquity (ca. 41 ka) cycles, likely abetted by changes to greenhouse gas levels.
Considering the clear evidence from mid-Miocene marine records for 100- kyr climate
cycles, one might expect 100-kyr cycles in floras and sediment transport, which should
drive cyclic changes in the record of paleosols and fossil floras. Fossil floras and
paleosols are rarely so well dated or so continuous over a long temporal interval to test
this hypothesis directly. However, the Mascall and Sucker Creek Formations do span a
significant period of the middle Miocene, and contain numerous dateable ash beds. Both
also reportedly contain cycles of coarse-grained sediment (Bestland et al., 2008) and

floral successions (Taggart and Cross, 1980). These strata represent excellent sections in



37

the Pacific Northwest to test our cyclic climate change model hypothesis for the MMCO.
Finding the 15.6 Ma warm spike would be an obvious target for future research.
Although marked changes in the physical morphology of faunas is evident
through the middle Miocene (e.g. Webb, 1977; Damuth and Janis, 2011), it seems
unlikely that these records would encode climate cycles. Certainly, if MAP changed
cyclically, so too should 5*3C values of plants and teeth, and we believe this is
responsible for the unusual isotope compositions of middle Mascall faunas. But besides
the fact that faunas are rarely found continuously through a section, physical attributes of
faunas such as cursoriality and hypsodonty are not expected to be so plastic as to oscillate
with changing ecological conditions. Rather, a Ratchet effect (West-Eberhard, 2003;
Kohn et al., 2015) might be expected, in which oscillations to cool-dry conditions
generate open, dustier habitats that drive ever increasing cursoriality and hypsodonty. As
long as these characteristics do not confer an evolutionary disadvantage during
oscillations to warm-wet conditions, cursoriality and hypsodonty should increase through
time, although with periods of stasis during warm-wet periods. This model explains the
increases in hypsodonty observed during the MMCO for the merychippine and equine
horse lineages of North America (e.g. Damuth and Janis, 2011) despite evidence for
warm and wet conditions. While numerous warm-wet (high pCOz) periods during the
MMCO could well have stalled increases in hypsodonty, intervening cool-dry (low
pCO-) periods could have steadily promoted increases in hypsodonty. The resulting
record would show increasing hypsodonty (as observed), not hypsodonty oscillations.

Implications for Future Climate Change
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If pCO2 was a catalyst for increased MAP in the Pacific Northwest, our data may
help inform future climate predictions. By the year 2100, global atmospheric CO: is
predicted to be 550-900 ppmv (Meehl et al., 2005; Meehl et al., 2007; Jones et al., 2013).
Insofar as several pCO> proxies suggest levels of 600-850 ppmv during the MMCO, this
time in Earth’s history may provide a useful analogue for evaluating future high pCO>
climates. Most GCM’s suggest that rising atmospheric CO2 to 800 ppmv over the next
century will increase temperature and precipitation in the Pacific Northwest by c. 2 °C
and 5 % respectively (Mote and Salathe, 2010). Studies from the mid-Miocene suggest
that increasing pCO: levels indeed corresponded with higher precipitation and
temperature (e.g. Schwarz, 1997; Retallack, 2010; Yang et al., 2011). However, although
MAT estimates for the MMCO are within ~2°C of modern MAT, MMCO MAP
estimates are typically 2-3 times either modern levels or low-MAP intervals of the
Miocene. Overall most GCM’s do not reproduce precipitation records for the interior
Northwest well during the MMCO, even when high pCO. is assumed (e.g. Henrot et al.,
2010; Herold et al., 2011; although see Krapp and Jungclaus, 2011). Thus, model
refinements may be necessary to match past MMCO precipitation and predict future
precipitation better for western North America.

Conclusion

Herbivore tooth enamel §**C and §'80 values spanning the late Oligocene through
the Pliocene provide insights into past environments and climates of the Pacific
Northwest. Isotopic fractionation as a result of air masses migrating inland and
topographic rise of the Cascade Range was recorded in high §'80 values in John Day and

Mascall teeth, and lower &80 values recorded in younger tooth enamel. At ~15.1 Ma a
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dramatic spike in MAP occurred during the MMCO (supporting some previous work),
with precipitation rates immediately decreasing and remaining low to the present. Some
of our data from the MMCO suggest comparable MAP as today. A climate oscillation
model best explains data, such that warm-wet conditions during high pCO. events
alternated with cool-dry conditions during low pCO> events on timescales of 100-kyr.
Because of poor age constraints for many of the specimens, we are able to speculate only
that high pCO- contributed to higher MAP for Mascall Formation strata at 15.1 Ma, and
lower pCO> contributed to lower MAP for other localities. Terrestrial climates during the
MMCO were likely more dynamic than typically considered, with wet-warm and cool-
dry cycles reflecting Milankovitch cycles. Climate models predict that as global
atmospheric CO- levels continue to increase, the Pacific Northwest will become wetter
and warmer. Data collected in this study are from time periods geologically close to our
own, and may aid in better understanding how we will transition into the greenhouse

climate of the next century.
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CHAPTER TWO: SEASONAL PRECIPITATION PATTERNS IN THE AMERICAN
SOUTHWEST DURING THE LATE PLEISTOCENE INFERRED FROM STABLE

ISOTOPES IN TOOTH ENAMEL AND TUFA

Introduction

At times, during the late Pleistocene, the American Southwest was much wetter
than modern-day conditions (e.g. Eardley and Gvosdetsky, 1960; Galloway, 1970;
Woodcock, 1986; Quade et al., 1998; Betancourt et al., 2001; Oviatt et al., 2003;
Springer et al., 2015; 2017). The largest and most well-known examples of increased net
precipitation are the massive late Pleistocene lakes, such as Lake Bonneville, which
dwarfed its modern vestige, the Great Salt Lake (Gilbert, 1890). Increased precipitation
and lower evaporation rates and temperatures in the American Southwest have been
inferred from diverse climate proxies such as lake levels and sediment cores (Allen and
Anderson, 1993; Benson et al., 1990; Menking et al., 2004), speleothems (Asmerom et
al., 2010; Wagner et al., 2010), packrat middens (Swetnam et al., 1999; Betancourt et al.,
2000; Holmgren et al., 2009), and groundwater discharge (GWD) deposits (Quade et al.,
1998; Pigati et al., 2009; Springer et al., 2015; 2017).

Strata at Tule Springs Fossil Beds National Monument, located in the upper Las
Vegas Wash (LVW), Nevada, are extraordinarily well-dated and contain well preserved
GWD deposits (Springer et al., 2015, 2017), fossils, and tufas (low temperature calcium

carbonate precipitate). Thus, these deposits provide an exceptional setting for
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understanding paleoclimate in the southwest United States through the late Pleistocene.
GWD deposits form in arid regions and result from increases in net precipitation (total
precipitation minus evapotranspiration), which is discharged along valley edges and
floors as springs. Resulting deposits preserve the timing and magnitude of past changes in
hydrologic and climate fluctuations. The paleohydrologic record of the upper LVW
shows that Pleistocene wetlands were sensitive to past episodes of rapid climate change
(Pigati et al., 2009; 2014; Springer et al., 2015; 2017). The records of expansion and
contraction of the LVW paleowetlands are well preserved for the last c. 100 ka, and
especially well for the last c. 35 ka (Fig 5), when abrupt climate oscillations are evident
in ice core and marine records (Alley et al., 1993; Bond et al., 1993). Paleowetland
deposits in the upper LVW are of particular interest because they generally correlate with
Greenland ice core and North Atlantic climate proxy data (Fig 5; Springer et al., 2015;
2017). Generally, during cool intervals or Heinrich cycles, LVW paleowetlands increased
due to increased GWD resulting from increased net precipitation. In contrast, during
warm Dansgaard-Oeschger (D-O) events, paleowetland ecosystems almost completely
collapsed because of reduced regional discharge (Pigati et al., 2009; 2014; Springer et al.,
2015; 2017).

Although the overall mechanics for the formation of GWD deposits are well
understood, we do not know the seasonality of the precipitation during the late
Pleistocene, which created for an expansion in paleowetlands. Many general circulation
models (GCM’s) attribute the wetter conditions of the late Pleistocene Southwest deserts
to a southward shift of the westerlies (SOW model), which increased seasonal

proportions of winter precipitation sourced from the eastern Pacific (e.g. COHMAP
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Figure 5. Chronologic record of GWD deposits in the upper LVW (Springer
et al. 2015, 2017) compared to Greenland ice core records using CICCO05
chronology from 0 to 40 ka (Svensson et al., 2008) and GISP2 chronology from 40
to 80 ka (Grootes and Stuiver, 1997). Filled circles are where calibrated
radiocarbon ages were measured, and correspond with GWD deposits. Deposits >
35 ka were dated using OSL dating. Wetland discharge is noted in graduated
shades of green. Bi (Bison), Eq (Equus), Ma (Mammuthus), Ca (Camelops), and tu
(tufa) specimens and samples were collected.
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members, 1988; Toggweiler et al., 2006; Fig. 6 ). These models predict Cordilleran-
Laurentide ice sheets spilt the jet stream into a weak northward (sub)stream and a much
stronger southward (sub)stream. The southern jet stream would deliver winter (but not
summer) storms inland more efficiently to the Great Basin and American Southwest,
aiding in the expansions of late Pleistocene lakes and wetlands (Fig 6). In contrast, Lyle
et al. (2012) proposed that increases in late Pleistocene precipitation in the American
Southwest resulted from enhanced summer (but not winter) precipitation sourced out of
the tropics of the Pacific Ocean or Gulf of Mexico (OOT model; Fig 6).

Past climates are not direct analogs for future climate change, but understanding
previous climatic responses, such as changes to seasonal precipitation, can help better
inform policy on modern ecosystems and water management. While previous studies of
GWD deposits in the desert Southwest have attributed late Pleistocene paleowetland
expansion to an increase in net precipitation (Pigati et al., 2011), they do not definitively
address the two main SOW vs. OOT hypothesis.

In this study, we collected stable isotope compositions of carbon (8*3C values)
and oxygen (5180 values) from fossil herbivore tooth enamel, and §*20 values from fossil
and modern tufa to illuminate the source of increased precipitation, which triggered
paleowetland expansion in the upper LVW during the late Pleistocene. Specifically, the
consideration of the implications of how either winter or summer precipitation would
vary types of vegetation and their §*C values and associated water §'80 values. Data are
interpreted to indicate that enhanced winter precipitation increased GWD and stabilized

paleowetlands in southern Nevada during the late Pleistocene. These precipitation
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precipitation from the northern Pacific Ocean to the American Southwest (blue
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enamel 320 and §'3C values are indicate of a SOW, while higher values suggest the
OOT model. High browser tooth enamel C values suggest increased winter
precipitation. High or low tufa 880 values could either indicate enhanced winter or
summer precipitation. An increase in %Cs grass abundance would result from
increased summer precipitation, while lower predicted water $'%0 values indicate
enhanced winter precipitation.
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patterns deviate from modern-day conditions in southern Nevada, which receives almost
equal proportion of winter and summer precipitation (“WRCC,” 2018).

Upper Las Vegas Wash Deposits

The upper LVW GWD deposits are assigned to distinct temporal units that

correlate with widespread deposits throughout the southern Great Basin and American
Southwest (Haynes et al., 1967; Quade, 1986; Quade and Pratt, 1989). Primary divisions
are denoted A-E, with some strata further subdivided (e.g. E1, E», etc; Haynes et al.,
1967; see Fig 5 for some of these units, but not units A). Correlation of strata and
sequences with GWD depositional environments is based on Springer and Stevens
(2008). The oldest fossil-bearing units, By (c. 100 to c. 55 ka) and B2 (c. 55 to c. 45 ka) in
the upper LVW, reflect spring-fed ponds (limnocrene discharge; Fig 5; all ages from
Springer et al., 2015, 2017; Tables 4-7). Units D1 (36.07 - 34.18 ka) and D> (31.68 -
24.45 ka), reflect the wettest conditions and were formed from expansive marshes and
black mats (helocrene discharge; Fig 5). The youngest units Eq (23.04 - 18.16 ka), E1
(14.59 - 13.37 ka), and E> (12.35 - 10.63 ka) reflect tufa-bearing streams (rheocrene
discharge; Fig 5).

Stable Isotopes in Teeth and Tufa

Isotope Geochemistry of Tooth Enamel

Mineralogically, teeth consist of hydroxylapatite with major substitutions of CO3
for PO4 and OH groups. Enamel is commonly selected for stable isotope analysis because
of its resistance to diagenetic alteration, thus preserving biogenic isotope compositions
(Kohn and Cerling, 2002). The following discussion of tooth enamel isotope composition

is derived from reviews of Koch (1998); 2007; MacFadden (2000); Kohn and Cerling
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(2002); Kohn and Dettman (2007); Clementz (2012). Tooth enamel stable carbon and
oxygen isotope compositions capture a timestamp of ecological and climatic conditions,
and are commonly used for paleoclimatology, paleoecology, and paleoenvironmental
reconstructions. Because teeth grow progressively, tooth enamel can also encode sub-
annual isotopic variations that in turn reflect sub-annual variation in, among other things,
climate and diet.

Oxygen isotopes in water-dependent herbivores strongly correlate with ambient
water compositions, and are modulated by differences in physiology. Drought-tolerant
herbivores show a much poorer correlation or even no correlation at all (Kohn and
Cerling, 2002). Isotope compositions in an environment and in an animal vary on both
inter-annual and longer timescales. Water 580 values reflect precipitation sources and
regional climate, as well as changes in temperature and evaporation. In general, low 520
values reflect cooler-wetter conditions, whereas higher 830 values reflect warmer-drier
conditions.

Carbon isotope compositions of herbivore tooth enamel depend on the isotope
compositions of the plant material they consume (DeNiro and Epstein, 1978). Different
plants use different photosynthetic pathways - primarily Cs or C4 - with relatively high
813C values for C4 plants (between —13 and —11%o for modern plants, VPDB) and low
513C values for C3 plants (mostly between —31 and —26%o for global C3 biomass, but
more typically —24 to —26%. for dry ecosystems; see Kohn, 2010). C4 plants are
dominated by warm climate grasses and sedges that require high temperatures, significant
warm-season precipitation, and high light levels (Kohn and Cerling, 2002).

Consequently, high 3C values in C4 plants are abundance in open environments that
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experience warm and wet summers. Cs plants are represented by trees, shrubs, herbs, and
cool-climate grasses. Consequently, low §'3C values found in Cs grasses are abundant in
environments with cool or dry summers (Kohn and Cerling, 2002). Of relevance to this
study, the shrub saltbush (Atriplex sp.) figures as a nearly unique exception to these rules.
Unlike other shrubs, many species of saltbush use C4 photosynthesis and flourish in
regions with alkaline soils and dry summers. However, the genus has high salt content
(hence the common name) and is unpalatable for most herbivores, but is preferentially
consumed by modern camels. Modern ecosystems in the desert Southwest contain trees,
shrubs, and herbs as well as Csand C4 grasses, and the proportion of Cs vs. C4 vegetation
depends primarily on the amount of summer precipitation.

Tooth enamel is enriched in §*3C compared to consumed vegetation by 14.0%o
(for hind-gut fermenters, e.g. equids/horses; Cerling and Harris, 1999) to 14.5%. (for
fore-gut fermenters, e.g. bovids/bison; Passey et al., 2005). Elephants have an
intermediate digestive physiology and are expected to have an intermediate isotopic
offset between diet and tooth enamel §3C values (i.e., 14.25%o; Kohn and McKay, 2010).
Higher §*3C values in the teeth of grazers (grass consumers) indicates a larger proportion
of C4 grasses in their diets, while lower §*3C values indicate a greater consumption of Cs
grasses. Normally, browsers (consumers of herbs and woody plants) have low §*3C
values in all environments. However, camels exhibit a singular predilection for Atriplex,

which can affect their §*3C values differently from other browsers.
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Isotope Geochemistry of Tufa

Tufa is a cold freshwater precipitation of calcium carbonate that provides another
avenue for investigating water compositions and environmental conditions, both annually
and seasonally (Chaftez, Henry et al., 1991; Ford and Pedley, 1996; Andrews et al., 1997;
Ihlenfeld et al., 2003). Tufas are porous and consist of microgranular calcite, which
encrusts filamentous microbes (Pazdur et al., 1988; Andrews et al., 1994; 1997).
Microbial tufa generally forms laminations whose morphology is controlled by seasonal
differences in biotic activity (Andrews and Brasier, 2005), with dense tufa generally
forming during spring and early summer and porous tufa forming in late summer and
autumn (Pentecost, 1988; Andrews et al., 1997; Kano and Fujii, 2000; Andrews and
Brasier, 2005; Brasier et al., 2010). Consequently, summer- vs. winter-precipitated tufas
may be distinguished texturally and analyzed preferentially.

Tufa 580 values are generally controlled by water composition and by stream
temperature variations, usually driven by solar insolation. For a fixed water composition,
summer-season tufas have lower 580 values by 1-2%o than winter-seasoned tufas
(Chaftez et al., 1991; Andrews et al., 1994; 1997; Matsuoka et al., 2001). This behavior
follows the temperature-dependence of carbonate-water isotope fractionation (Kim and O
"Neil, 1997), whereby carbonate §'80 values decrease with increasing temperature at
constant water compositions. However, in arid climates, seasonal evaporation enriches
waters in 80, such that summer tufa could have higher 580 values than winter tufa.

Tufa 513C values generally do not relate to regional climatic trends, but more-so

environmental conditions. 5!3C values close to zero reflect limestone dissolution, while
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lower tufa 513C values are suggestive of the presence of soil organic materials (Pedley,
1990).
Tooth Enamel and Tufa Geochemistry and Changes in Precipitation Seasonality

A greater proportion of winter precipitation (SOW model) would impart lower
580 values for water and herbivore tooth enamel, whereas a greater proportion of
summer precipitation (OOT model) would impart higher values compared to modern-day
conditions (Fig 6). For carbon isotopes, increased summer precipitation (OOT) would
increase the proportion of C4 grasses, and consequently increase §*°C values captured
within grazer tooth enamel (bison, mammoth, horse). In contrast, increased winter
precipitation (SOW) would increase the abundance of Cs grasses. If enhanced winter
precipitation stabilized paleowetlands there would be a higher abundance of C3 grasses,
and thus a decrease in 8*3C values preserved within grazer tooth enamel (Fig 6). Increases
in 33C values within Camelops likely results from the consumption of Atriplex, which
would indicate diminished proportions of summer precipitation (SOW).

For tufas, a greater proportion of winter precipitation (lower water §'®0 values)
would be offset by a larger fractionation at lower temperature (higher carbonate 520
values). Similarly, higher water 520 in the summer would be offset by a smaller
fractionation. Recognizing these potential ambiguities in interpretation, we simply
averaged laminae to make a bulk comparison between modern and fossil tufas (Lojen et
al., 2008). Both source-dependent compositions and temperature-dependent
fractionations govern 580 values in tufas, which complicate interpretations. Ignoring
evaporative effects, lower 80 values in tufa could indicate a smaller fractionation

between water and carbonate (OOT; temperature-dependent fractionation), decreased
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5180 values in precipitation (SOW; source-dependent composition), or a combination of
both (Fig 6).

All comparisons between modern and fossil isotope compositions require
corrections for modern conditions relative to the late Pleistocene. For carbon isotopes, an
upward correction of modern §'3C values of c. 1.5%o is needed to offset the effects of
fossil fuel burning (Freyer and Belacy, 1983). For oxygen isotopes, an upward correction
to modern 880 values of c. 1%. is needed to offset the isotopic effect of ice volume
(Edwards et al., 2014).

Methods

Specimens and Research Area

Strata from the upper LVW represent an extraordinary, quasi-continuous
sequence of late Pleistocene paleowetland deposits whose precise age control allows for
direct comparison to long-term climate records, such as the Greenland ice core. See
Springer et al. (2015, 2017) for details on stratigraphy, sedimentology, age constraints,
and temporal correlation of strata with global climate records. Of special relevance to this
study, analyzed specimens all derive from well-characterized levels, with typical
calibrated age uncertainties of ~1% (100-300 yrs) from strata <35 ka dated by**C dating.
Strata that are >50 ka were dated using luminescence and have uncertainties of >10%
(Springer et al., 2015).

Thirty-six fossil teeth were analyzed from the upper LVW, with most effort
focused on the younger, more precisely dated levels Eq to E1q (22 teeth), but also
emphasizing older levels, B1, B2, D2, and D1 (12 teeth). Specifically, we analyzed a single

Bison tooth from By; 6 teeth of Bison and Equus from B»; 2 teeth of Mammuthus from
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D1; 6 teeth of Mammuthus columbi, Bison, and Equus from D2; 11 teeth of Camelops,
Mammuthus, and Bison from unit Eo; 4 teeth of Mammuthus from Ea; 4 teeth from
Mammuthus and Camelops from Eup; 1 Equus tooth from Ejc; and 2 teeth of Equus and
Camelops from unit E1q (Fig 5; Table 4). Because we desired to evaluate changes
between summer vs. winter precipitation based on changes to C4 grass abundances, we
focused most analyses on grazers (Mammuthus, Equus, and Bison). These taxa are also
obligate-drinkers - all members of the Bovinae, Equidae, and Elephantidae are water-
dependent - potentially allowing us to assess changes in winter (low 520 values) vs.
summer (high 880 values) precipitation. Camelops, a drought-tolerant browser, was also
analyzed, but primarily to evaluate changes in abundance of the C4 shrub, Atriplex
(Vetter et al., 2007; Semprebon and Rivals, 2010). However, the water-dependence of
Camelops is unclear. Modern camelids vary in their water-dependence. Larger camel and
dromedary are very drought-tolerant, whereas the smaller vicufia is quite water-
dependent. Some Camelops 580 values overlap with Bison, Equus, and Mammuthus
compositions, suggesting substantial consumption of free- standing waters, but
commonly, slightly higher Camelops tooth enamel §*30 values suggest a greater drought-
tolerance (see data from Connin et al., 1998; Higgins and MacFadden, 2009; Kohn and
McKay, 2012; Perez-Crespo et al., 2012; Kita et al., 2014; Trayler et al., 2015; Bravo-

Cuevas et al., 2017).



Table 4. Mean 8'3C and 880 values for all browsers and grazers. Identification number, unit, taxa, error, tooth,
dating technique, and ages are also included. * are data from Crowley et al (2008) from Reno, NV. P = premolar, M =
molar, | = incisor, Frag. = fragment.

mean §3C mean 580 Datin Age (cal
ID Number | Unit Taxa (%o, 2 s.e. (%o, Tooth h ng kg +
VPDB) VSMOW) Technique a BP)
Equus* 24.7 0
Equus* 23.3 0
Equus* 24 0
03KS9-23.1a | Eig | Camelops -8.60 0.27 31.79 I 14C 13.69 | 0.143
03KS-23.1b | Eug Equus —7.05 0.24 23.28 Frag. 14C 13.69 | 0.143
OngR ; 10- Eic Equus —6.85 0.37 24.70 M/X 14c 14,118 | 0.213
10CM3-18.1a | Ew | Mammuthus | —11.99 0.96 16.71 M/X 14c 14.59 0.5
10CM6-17.1 | Ew | Camelops —9.47 1.27 22.99 M/X 14c 14.5615 | 0.3755
10CM6-17.2 | Ew | Camelops —1.46 0.53 23.56 M3 14c 14.5615 | 0.3755
03MJS 10-1.2 | E1p | Camelops —6.64 1.01 23.12 M/X 14c 14.5615 | 0.3755
03(13? i\/l 110' Eia | Mammuthus —-7.30 0.30 19.77 M/X 14c 16.0965 | 0.2065
03(13? 1\/' 210_ Eia | Mammuthus —7.20 1.38 19.78 M/X 4c 16.0965 | 0.2065
03(13? 1\/' 310_ Eia | Mammuthus —8.52 0.95 20.47 M/X 4c 16.0965 | 0.2065
03(13? 1\/I 41 0- Eia | Mammuthus —7.75 0.29 19.65 M/X 14c 16.0965 | 0.2065

¢S



_ mean §°C mean 680 Dating Age (cal
ID Number | Unit Taxa (%o, 2 s.e. (%o, Tooth Technique ka BP) +
VPDB) VSMOW)
L3160-207.1 Eo Equus —5.46 0.44 23.06 M/X 14¢c 19.803 0.22
L3160-207.2 Eo Equus —5.60 0.56 22.21 M/X 14¢c 19.803 0.22
L.3088-390a Eo Bison —7.87 0.78 20.71 M3 14c 19.803 0.22
L.3088-459 Eo Camelops —6.06 0.45 22.31 P4 14c 19.803 0.22
.3160-953 Eo Camelops -10.41 0.53 25.67 M2 14C 19.803 | 0.22
L3160-773.1 Eo Camelops —7.62 0.46 22.71 11 14c 19.803 0.22
L3160-773.2 Eo Camelops —7.20 0.06 20.88 12 14¢c 19.803 0.22
.3160-773.3 | Eo Camelops —7.77 1.23 20.95 Incisor 14C 19.803 | 0.22
L.3088-391 Eo Camelops —6.79 0.28 23.04 M2 14¢c 19.803 0.22
L.3088-520 Eo Camelops —5.89 0.40 24.18 I/X 14¢c 19.803 0.22
L3160-875 Eo | Mammuthus —8.00 20.74 Frag. 14¢c 21.04 0.5
L3160-39a D2 | Mammuthus —4.14 0.48 20.24 Frag 14¢c 29.63 0.52
L3160-6 D2 | Mammuthus —4.34 0.18 20.84 P1 14¢c 29.63 0.52
L3160-654.1 D1 Equus —8.90 0.01 32.51 M/X 14¢c 35.0435 0.5
L3160-654.2 D1 Equus —2.88 0.34 22.58 M/X 14¢c 35.0435 | 0.4985
L3160-779 D1 Equus —5.96 0.41 22.59 M/X 14¢c 35.0435 | 0.4985
L3160-917 D1 Bison -2.31 0.30 21.88 PX/MX 14¢c 35.0435 | 0.4985
L3160-781 D1 Bison =2.77 0.47 20.93 Frag. 4¢c 35.0435 | 0.4985

€S



mean 813C mean 8180 Datin Age (cal
ID Number | Unit Taxa (%o, 2 s.e. (%o, Tooth Technigue kga BP) +
VPDB) VSMOW) g
13160-647 | D, | Mammuthus | g o | o094 | 1944 M3 140 35.0435 | 0.4985
columbi
oSL
13160-748 | B, Equus 407 | 027 | 1974 Frag. . 475 | 25
luminescence
13160-751 | B, Bison 773 | 049 | 2376 M2 OsSL 475 | 25
luminescence
13160-946 | B, Bison 489 | 061 | 1985 M/X OsL 475 | 25
luminescence
L3160-230.2 | B, | Equus 473 | 048 | 2073 | MIX | OSL 475 | 25
uminescence
13160-230.4 | B, Bison 510 | 018 | 2284 M/X OsL 475 | 25
luminescence
13160-818.2 | B, Bison 382 | 034 | 21.29 MIX || OSL 475 | 25
uminescence
04MRR1-28.1 | By Bison 252 | 024 | 2375 M/X OSL 75 5

luminescence

12°]
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Fourteen tufa samples were analyzed, including, 2 modern tufas from the adjacent
Cold Creek locality, Nevada, and 12 fossil tufas from units D1, Eo, E1b, and Ez (Table 5).

Analytical Methods

Enamel slices were cut along the length of each tooth, with a typical length of 10-
40 mm, and subsampled every 1-2mm, using a slow-speed microsaw. This approach
retrieves sub-annual isotope variations (Kohn, 2004), while preserving tooth
mineralization geometry (Trayler and Kohn, 2017). Enamel was purified and chemically
cleaned following the procedures of Koch et al. (1997), which involved removing enamel
from dentine, grinding enamel to a fine powder, and pre-treating samples with H20 and
an acetic acid-Ca acetate buffer to remove organics and diagenetic carbonates. Seasonal
laminations within tufas were average for each year of growth. Tufas were subsamples
every ~0.5 cm (depending on yearly growth width) using Dremel™ rotary tool and 0.5
mm drill bit. Samples were then pre-treated with H.O, to remove any organic materials.

Powdered enamel (1.5-2.0 mg) and tufa (0.2 mg) were dissolved in supersaturated
H3PO4 in a GasBench 1, in-line with a Thermo Delta V Plus Mass Spectrometer, housed
in the Stable Isotope Laboratory at Boise State University. Five to six NIST-120c (580 =
+28.5%0, VSMOW, 83C = —6.55%0, VPDB; Kohn et al., 2015) aliquots were prepared
using the same cleaning techniques, pre-treatment methods, and were analyzed with each
sample set. Eight to nine NBS-18 (8*3C = —5.014%0 VPDB and §80 =-23.2%0 VPDB)
and NBS-19 (8°C = +1.95%. VPDB and 580 = —2.2%, VPDB) calcite standards were
also analyzed with each sample set to verify mass spectrometer operation and to calibrate

the reference gas. Analytical reproducibility (2 s.e.) for oxygen isotopes was: NIST-120c



Table 5. Mean $80 and 6'°C values from tufa samples. Identification number, unit, error, dating technique, and
ages are included. Modern tufa samples were collected just west of the upper LVW.

_ mean 620 mean 8C Dating Age (cal
ID Number Unit (%o, 2s.e. (%o, 2s.e. Technique | ka BP) *
VSMOW) VPBD)

CC-004 Mo%er:a”efo'd 20.66 0.16 —5.84 0.48 0 21.56
CC-005 Mo‘éer:a”efo'd 2112 | 029 | 546 | 035 0 22.02
10CM8-25.1 E, 18.36 0.10 —5.68 0.76 14c 10.63 0.12
TS-E2-1 E, 19.36 0.10 —4.99 0.91 1uc 12.35 0.23
10CM3-11.1 E, 21.55 0.07 —0.84 0.65 14c 12.35 0.23
10CM3-11.1b E, 20.62 0.09 —2.23 0.59 14c 12.35 0.23
10CM4-22.1 Eb 18.57 0.22 —5.22 1.20 4 15.35 0.22
10CM4-22.1b Eib 18.68 0.09 —5.73 0.28 4c 15.35 0.22
10CM3-18.1a Eib 18.16 0.09 —4.81 0.33 4c 16.10 0.21
09CM9-2.1¢ Eo 17.50 0.03 —5.35 0.24 4c 20.28 0.22
03CM11-13.1 Eo 18.66 0.15 —4.23 0.40 4c 20.96 0.24
10CM7-20.1 Eo 23.06 0.17 ~0.36 0.88 4c 20.96 0.24
09KS2-12-1 D 18.26 0.20 —5.19 0.95 4c 35.04 0.50

99



57

= £0.86%0; NBS-18 = +0.60%0; and NBS-19 = +0.67%o.. For carbon isotopes,
reproducibility (26) was: NIST-120c = £0.53%o0; NBS-18 = £0.48%o, and NBS-19 =
+0.49%o. All further tooth and tufa §*3C and 580 values are reported to VPDB and
VSMOW, respectively.

Inferred Water 80 Values

Stable oxygen isotope compositions of tooth enamel and tufa were converted to
apparent 520 values of water (5'8Owater) to compare with modern water compositions and
to evaluate any secular changes to water 5180 values. For reference, recent interpolations
of isotope compositions from late Glacial precipitation imply §*80 values were ~2%o
lower for Las Vegas compared to modern §'80 values (Jasechko, 2016). For tooth
enamel, we restricted consideration to water-dependent genera (Equus, Bison, and
Mammuthus), and did not attempt to calculate water compositions for Camelops, because
we are unsure whether they were water-dependent or drought-tolerant.

While 5'80water Values may be estimated in principle from global trends of equine
and bovine tooth and bone &80 values vs local §80uwater Values (Kohn and Dettman,
2007; Kohn and Fremd, 2007;Hoppe et al., 2004) showed that large errors attend such
estimates for horses in the interior Western US. Ideally, we would base calculations on
modern equine or bovine compositions from the LVW area where local '3Owater is known
(mean and median are —12.9%o; Friedman et al., 1992; Friedman et al., 2002). From
measured Pleistocene equine and bovine compositions, we would then use modern
correlations to infer Pleistocene §30uwater Values. However, we know of no measured 580
values for modern horses or cattle from the LVW region. Consequently, we instead base

calculations on modern horse tooth enamel compositions from the Reno, Nevada area
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(~24%o; Crowley et al., 2008), where the spring and well §'30water value is also known
(—14.7%o; Friedman et al., 2002). Because modern equines, bovines, and elephants have
virtually indistinguishable 380 values, we regress all modern data together to form a
composite calibration applicable to all three groups, but then shift the intercept to anchor
the equation to the Reno area:

580 ater (Y00, VSMOW) = 1.12 - 580,001 enamer (Yoo, VSMOW) — 39.9

(Eq. 4)

We caution that this calibration has no validity outside the interior Western US,
and possibly not outside western Nevada. It should also be mentioned that previous work
has found that reconstructed §*3Ouwater values from modern Equus tooth enamel were 2-
3%o higher than predicted from corresponding mean precipitation 520 values (Hoppe et
al., 2004). The more positive inferred 5'80water Values likely result from modern Equus
consuming evaporatively enriched waters. Although, increased GWD in the LVW is
thought to have occurred during periods of increased precipitation and decreased
evapotranspiration, herbivore tooth enamel may overestimate precipitation 5180 values in
interior basins such as in Nevada.

Water 580 values derived from tufa were determined by calculating the oxygen
isotope fractionation factor for calcite-water using the following equation for calcite

precipitation at Devil’s Hole, Nevada (Coplen, 2007):

1000

100010 Ceyta-water = 174 (27) — 28.6 (Eq. 5)

where aiuf-water IS the oxygen fractionation factor for tufa (calcite)-water, and T is
the temperature in Kelvins. In general, faster (disequilibrium) precipitation of calcite

produces higher 580 values (Kim and O *Neil, 1997). Calcite precipitation rates at
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Devil’s Hole range from <1 pm/a to 30 um/a (Coplen, 2007). Because tufa precipitation
rates in the LVW area are over an order of magnitude faster (100 to ~1000 pm/a), we
anticipate that 5180 values in calcite are higher than estimated from existing calibrations,
and that 5'8Owater Will be similarly overestimated using Eq. 5.

Modern tufas were collected at Cold Creek, which is ca. 60 km west-northwest of
Las Vegas at an elevation of 6300 m. For tufa formation to occur, macrophytes,
cyanobacteria, heterotrophic bacteria, and algae are required, and therefore, temperatures
<20 °C are ideal for tufa precipitation (Pentecost, 2005). Previous work has measured a
spring water temperature of 10 °C on March 31, 1987 (Thomas et al., 1991). Peak
snowmelt discharge at Cold Creek occurs during spring months (Winograd et al., 1998;
Winograd and Friedman, 1972), and therefore, we assume this measurement represents
winter spring-water temperatures. Well logs from the Las Vegas area, taken during the
summer months at elevations >5000 m and <7000 m, have an average temperature of
1446 °C (20). Though summer spring water may be as high as 20 °C, it would be
unlikely that summer temperatures would be lower than 10 °C. Assuming 10 °C
represents winter temperatures and 14+6 °C represent summer temperatures, we assign a
modern Cold Creek Spring averaged water temperature of 12+6 °C. Modern well water
from Tule Springs taken during summer months is 21 °C (Friedman et al., 2002).
However, tufas generally precipitate in waters <20 °C and general circulation models
(GCM’s) suggest that the late Pleistocene was much cooler than modern-day conditions
Braconnot et al., 2007, 2012). We therefore, assign a late Pleistocene spring water

temperature of 15+5 °C for LVW waters. For modern tufas we use an 0Xygen diufa-water
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value of 1.033+0.001 and for fossil tufas we use an oxygen @ufa-water value of

1.032+0.001. Water 520 values are then derived using Eq. 6:

B8O, ppep = L0008 0wm) _ 4900 (Eq. 6)

Xtufa—water

where 880wt and §*8Owater are, respectively, the stable oxygen isotopic compositions of
tufa and water in which tufa precipitates.

Estimated C4 Grass Abundance

We estimated C4 vegetation abundance using §*3C values from tooth enamel,
which were converted to vegetation 53C values using known isotopic offsets between
diet and tooth enamel: 14%o for Equus (Cerling and Harris, 1999) and 14.5%. for Bison
(Passey et al., 2005). Considering digestive physiologies, an offset of 14.5%o was
assumed for Camelops and 14.25%. for Mammuthus. The proportions of C4 vegetation in
herbivore diets was then estimated using the following expression:

_ (8"3Cqjet—6"3Cc,) «100

Xey = (813Cc,-8%3Cc,) (Eq. 7)

For comparison to Pleistocene carbon isotope compositions, we first assumed
typical AD2000 §*3C values of-25+1%o for C3 vegetation in dry ecosystems (Kohn,
2010) and —12+1%o for C4 vegetation (Cerling et al., 1997), then corrected modern
compositions upward by 1.25%o for 12-16 ka, and 1.5%. for 17-75 ka. These corrections
reflect a typical §*3C value of —6.75%. for late Pleistocene CO; recovered from ice cores
(Lourantou et al., 2010) vs. a reference values of —8.0%. at AD2000 (e.g. McCarroll and
Loader, 2004). These assumptions yield Pleistocene mean §'3C values of —23.75+1%o for

Cs vegetation and —10.75£1%. for C4 vegetation.
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Because grazers do not generally discriminate among the grasses they consume,
Eq. 7 is applied to Mammuthus, Equus, and Bison and provides an estimate of the fraction
of C4 grass to total grass. In principle, an estimate of the fraction of C4 Atriplex to total
browse might be possible for Camelops, but because camels preferentially feed on
Atriplex, we instead use the 5'3C values in Camelops as a measure of Atriplex
presence/absence during the late Pleistocene. Propagated uncertainties in %C, are
approximately +10%, assuming typical uncertainties in the §*C values of mean tooth
enamel, endmember Cs, and endmember C4 vegetation. Variabilities in the compositions
of mean tooth enamel and endmember Cs vegetation contribute to the largest sources of
error.

Results

Oxygen and Carbon Isotopes in Tooth Enamel

Mean grazer tooth enamel $*80 values from unit Eoand E; were +21.68+1.15%o (2
s.e.) and +20.62+1.99%o., respectively, and do not differ considerably from grazer tooth
enamel from unit B and D (with mean B =+21.714+1.31%0 and mean D = +21.21+0.90%o,
omitting one outlier at +32.51%o; Fig 7; Table 4). Camelops tooth enamel §'80 values
from Eoand E1 had mean values of +22.8241.29%o and + 23.22+0.34%o, respectively
(omitting one outlier at +31.79%o), and generally exceed grazer values by ~2%o (Fig 7;
Table 4).

Mean tooth enamel 6*3C values from grazers from unit Eo and E; were —
6.73£1.39%0 and —8.10+1.36%o, respectively, and were generally lower than mean grazer

513C values from unit B and D (mean B = —4.69+1.21%o and mean D = —4.93+1.77%o).
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Camelops from Eo and E1 had mean §'3C values of —7.39+1.14%o and —6.54+3.59%o,
respectively.

Oxyqgen and Carbon Isotopes in Tufas

The mean §*80 value for modern tufas was +20.89+0.46%o (2 s.e.) and was higher
than mean 520 values from fossil tufas (D = +18.26, Eo = +19.74+3.39%o, E1p =

+18.47+0.32%0 and E, = +19.97+1.40%o; Fig 8; Table 5). Mean &*3C values from fossil
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Figure 7. Tooth enamel *3C and 620 values for grazers (Bison = diamonds,

Mammuthus = squares, and Equus = circles) and browsers (Camelops = crosses).
Modern tooth enamel 820 values are from Crowley et al. (2008) and originate from
Reno, Nevada, which has a lower water 520 values of —14.7%0 when compared to the
modern LVW (-12.9%o; Friedman et al., 2002). A modern tooth enamel 6'°C value of
C. —3%o was inferred from modern %C4 grass abundances (55 to 60% C4 grass) for
the LVW (“National Park Service - Mojave Desert Network,” 2018). Differing
symbols represent different taxa, and differing colors represent distinct LVW

deposits.
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tufas were typically lower or comparable (D = —5.19, Eo = —-3.32+3.02%o, E1n = —
5.2520.53%o, E2 = —3.44%2.28%0) to modern tufas (—5.65£0.79%o).

C3/C4 Grass Abundance

Grazer tooth enamel compositions from younger unit Eo and E1 (~21 to 13 ka),
suggest C4 grass proportions of 16£6% (2 s.e.; range = 0 to 31%) in the total grass
biomass. Grazer tooth enamel from older unit B and D (~80 to 29 ka) have higher Ca4
grass proportions of 26£8% (2 s.e.; range = 0 to 44%; Fig 9a Table 6). Camelops were
consuming 17+10% (range = 0 to 60%) C, vegetation (Fig 9c; Table 6).

Inferred Oxygen Water Compositions

Present-day spring water §'80 values predicted from modern tufa (mean = —
11.68+0.45%o0 2 s.e.) from the Cold Creek locality are ~2%o higher than direct
measurements (—13.8%o; Thomas et al., 1991). This disparity likely reflects greater
disequilibrium for fast-precipitated tufa compared to the more slowly precipitated calcite
(Kim and O ’Neil, 1997). Late Pleistocene §'®Owater values predicted from fossil tufa
average —12.74+0.89%o (Fig 9b; Table 7), or about ~1%o lower than §3Oyater Values

predicted from modern tufa and ~0.2%o higher than measured 3*®Owater Values from



65

35 '
A tufa

W
o
I

-l [y

soil organic limestone dissolution
matter

low temperature _|
or tropical constant local

5130 (%o, VSMOW)
o
[

" =
20 igh temperature —
or high latitude %
E2 Ewn
'
15 [ | | | | |
-14 -12 -10 -8 -6 -4 -2 0
§%°C (%o, VPDB)

Figure 8. Modern and fossil tufa 8'°C values and 80 values from the upper

LVW. Triangles outlined in black represent tufa isotope compositions and differing
colors represent different GWD deposits in the LVW. High §'°C values result from
limestone dissolution, while low §'°C values result from the presence of soil organic
matter. Modern tufas, from Cold Creek (8'Owater = —13.8%o), have higher 50 values
than fossil tufa.



Estimated %C, grasses (from grazers) and shrubs (from browsers) from the late Pleistocene LVW.
Identification number, unit, 3'*C vegetation values, %C4 grass, high and low estimates, ages, and errors.

mean
ID Number Unit Taxa 613(%’1“ %Cs | low % | high % 'T(%eB(g?l *
VPDB)
03KS9-23.1 E1d Camelops —23.10 5 0 13 13.69 0.14
03KS9-23.1b E1d Equus —21.05 21 13 28 13.69 0.14
03MRR 10-1.2 Eic Equus —20.85 22 15 30 14.12 0.21
10CM3-18.1a Ew | Mammuthus | —26.24 0 0 0 14.59 0.50
10CM6—-17.1 E1b Camelops —23.97 0 0 6 14.59 0.50
10CM6-17.2 Ein Camelops —15.96 60 52 68 14.59 0.50
03MJS 10-1.2 E1b Camelops —21.14 20 12 28 14.59 0.50
03GAM10-10.5.1.1 | Eia | Mammuthus | —21.55 17 9 25 16.10 0.21
03GAM10-15.1.2 Eia | Mammuthus | —21.45 18 10 25 16.10 0.21
03GAM10-15.1.3 Eia | Mammuthus | —22.77 8 0 15 16.10 0.21
03GAM10-15.1.4 Eia | Mammuthus | —22.00 13 6 21 16.10 0.21
L3160-207.1 Eo Equus —19.46 31 23 39 19.80 0.22
L3160-207.2 Eo Equus —19.60 30 22 38 19.80 0.22
L3088-390a Eo Bison —22.37 9 1 16 19.80 0.22
13088459 Eo Camelops —20.56 23 15 30 19.80 0.22
L3160-953 Eo Camelops —24.90 0 0 0 19.80 0.22
L3160-773.1 Eo Camelops —22.13 11 3 18 19.80 0.22
L3160-773.2 Eo Camelops —21.70 14 6 22 19.80 0.22

99



mean

ID Number Unit Taxa 613(%’1“ %Cs | low % | high % ,T(%eB(g?l *
VPDB)

L3160—773.3 Eo Camelops —21.67 14 22 19.80 0.22
L3088—391 Eo Camelops —21.29 17 25 19.80 0.22
L3088—520 Eo Camelops —-20.39 24 16 32 19.80 0.22
L3160—875 Eo | Mammuthus | —22.25 10 2 17 21.04 0.52
L3160—39a D, | Mammuthus | —18.39 39 32 47 29.63 2.05

L3160—6 D, | Mammuthus | —18.60 38 30 45 29.63 2.05

L3160—654.1 D1 Equus —22.90 5 0 12 35.04 0.50

L3160—654.2 D1 Equus —16.88 51 43 59 35.04 0.50
L3160—-779 D1 Equus —19.96 27 20 35 35.04 0.50
L3160-917 D1 Bison -16.81 51 44 59 35.04 0.50
L3160—781 D1 Bison -17.27 48 40 56 35.04 0.50
L3160—647 D: | Mammuthus | —22.42 8 1 16 35.04 0.50
L3160—748 B2 Equus -18 42 34 49 47.50 2.50
L3160-751 B2 Bison —22 10 2 17 47.50 2.50
L3160—946 B2 Bison -19 32 24 39 47.50 2.50

L3160-230.2 B2 Bison -19 37 29 44 47.50 2.50

L3160-230.4 B2 Bison —20 30 22 38 47.50 2.50

L3160-818.2 B2 Bison -18 40 32 48 47.50 2.50

41
04MRR1-28.1 B: Bison -17 49 57 75.00 5.00

L9
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Figure 9. Inferred water 820 values (Bison = diamonds, Mammuthus = squares, Equus = squares, tufa = triangles),
Camelops 880 values (crosses), tufa 8:3C values (triangles), and inferred %C, biomass. a) Water 830 values from water-
dependent herbivores vs. %C4 grass. The blue bar represents modern water compositions (Friedman et al., 2000), while
the green bar represent modern proportions of C4 grass in the LVW (“National Park Service - Mojave Desert Network,”
2018). b) Water 820 values from tufas and tufa $!3C values. Modern tufas (purple) were collected from Cold Creek, and
the blue bar reflects modern water $'80 values from the LVW (Friedman et al., 2000). ¢) %C, biomass inferred from
Camelops as well as Camelops tooth enamel $'%0 values. Modern LVW consists of c. 26 % Atriplex (Shanahan et al.,
2008).
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Table 7.

number, unit, type of specimen (tooth enamel) or samples (tufa), 2 s.e., age, dating technique, and error.

Inferred water compositions of tufa and tooth enamel for the late Pleistocene LVW. Identification

18 :
ID Number Unit Type Taxa o ?Wate' 88 Owater Dating (calka | *
(%o, % Technique BP)
VSMOW) >
VSMOW)
Modern
CC-004 Cold Creek tufa -11.90 -13.90 0
Modern
CC-005 Cold Creek tufa -11.45 —-13.45 0
10CM8-25.1 E, tufa —-13.50 —-15.50 0
TS-E2-1 E, tufa —-12.54 —-14 .54 4c 12.35 | 0.23
10CM3-11.1 E, tufa -11.31 —-13.31 4c 12.35 | 0.23
10CM3-11.1b = tufa -13.29 -15.29 4c 12.35 | 0.23
03KS9-23.1b E1d enamel Equus -13.82 4c 13.69 | 0.14
03MRR10-1.2 Eic enamel Equus -12.11 4c 14.12 | 0.21
10CM3-18.1a E1b enamel | Mammuthus | —21.19 4c 1459 | 0.50
10CM4-22.1 E1b tufa -13.19 -15.19 14c 15.35 | 0.22
10CM4-22.1b E1b tufa -13.70 -15.70 14c 15.35 | 0.22
10CM3-18.1b Eib tufa -14.33 -16.33 4c 16.10 | 0.21
03(1366‘ EI_)\/I 110_ E1a enamel | Mammuthus | —17.76 4c 16.10 | 0.21
— 14C
03(1366‘ é\/l 210' E1a enamel | Mammuthus -17.75 16.10 | 0.21

69



Corrected

SIQSan mean Datin Age
ID Number Unit Type Taxa (%Zater 618§/)W51ter Techni c?u . (c;llaka +
VSMOW) VS|(\/|08W) :

03(1366_‘2_/'310' Eia enamel | Mammuthus | —16.97 14c 16.10 | 0.21
OB Exa | enamel | Mammuthus | —17.89 140 16.10 | 0.21
.3160-207.1 Eo enamel Equus —-14.08 14C 19.80 | 0.22
.3160-207.2 Eo enamel Equus -15.02 14C 19.80 | 0.22
L.3088-390a Eo enamel Bison -16.71 14C 19.80 | 0.22
09CM9-2.1C Eo tufa -13.21 -15.21 14c 20.28 | 0.22
03CM11-13.1 Eo tufa —8.94 -10.94 14¢c 20.96 | 0.24
10CM7-20.1 Eo tufa -13.59 —15.59 14¢c 20.96 | 0.24
L.3160-875 Eo enamel | Mammuthus | —16.67 14c 21.04 | 05
L.3160-39a D2 enamel | Mammuthus | —17.23 14c 29.63 | 0.52
L.3160-6 D> enamel | Mammuthus | —16.55 14c 29.63 | 0.52
1.3160-654.2 D: enamel Equus -14.62 4c 35.04 | 0.50
1.3160-779 D: enamel Equus -14.60 4c 35.04 | 0.50
L3160-917 D1 enamel Bison —15.40 14¢c 35.04 | 0.50
L3160-781 D1 enamel Bison —16.46 14¢c 35.04 | 0.50
L.3160-647 D enamel Mi‘m‘;g‘lus -18.13 14¢ 35.04 | 0.50
09KS2-12-1 D1 tufa —12.55 —14.55 14¢c 35.04 | 0.50

0.



Corrected

fean mean Age
18 H
ID Number Unit Type Taxa o (E/Dwater 88 Owater - e[c);?]tr:ingu o | (calka| =
VSMOSW) (%o, | BP)
VSMOW)
L.3160-748 B enamel |  Equus ~17.79 Iumigeitence 4750 | 2.50
L 3160-751 B, enamel | Bison ~13.28 Iumigeitence 47.50 | 2.50
L 3160-946 B, enamel |  Bison 17,66 Iumigeitence 47.50 | 2.50
1.3160-230.2 B enamel | Equus ~16.69 Iumigeitence 4750 | 2.50
1 3160-230.4 B, enamel | Bison 1432 Iumigeitence 47.50 | 2.50
1 3160-818.2 B, enamel | Bison 16.05 Iumigesslgence 47.50 | 2.50
04MRR1-28.1 B: enamel | Bison ~13.30 OSL 75.00 | 5.00

luminescence

TL
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regional springs and wells (—12.9%o; Friedman et al., 2002). If the same tufa-water offset
observed in modern tufas is applied to fossil tufas, late Pleistocene water compositions
would have been approximately c. —15%o (Fig 9a and b; Table 7). Excluding anomalous
Equus, a mean 88 0uwater Value of —16.08+0.81%o was inferred from water-dependent
herbivore tooth enamel (Fig 9a; Table 7).

Discussion

Carbon Isotopes, C3/C4 Grass Abundances, and Seasonal Precipitation

Based on modern species counts, present-day southern Nevada consists of 55-60% C4
grass and 40-45% Cz (“National Park Service - Mojave Desert Network,” 2018). These
proportions reflect a dry climate that receives almost equal amounts of winter and
summer precipitation (“WRCC,” 2018). In contrast, low tooth enamel *3C values from
grazers throughout the LVVW sections indicate that C4 grass abundances must have
increased markedly from the late Pleistocene to today (Fig 7 and 9a; Table 4 and 6).
Relative abundances of Cz vs. C4 vegetation generally correlate with several physical
parameters, such that C4 grass competitiveness increases with higher mean annual
temperature (MAT), increased proportion of summer precipitation, and low pCO: levels
(Paruelo and Lauenroth, 1996; Collatz et al., 1998). Decreasing pCO- is especially
important because it lowers the crossover temperature, which is the temperature at which
Cs and C4 plants have equivalent light use efficiencies. For example, relative to a
reference of 350 ppmv, a pCO- of 200 ppmv at 18 ka would lower the crossover
temperature by 10 °C (Collatz et al., 1998). Thus, at the LVW, where temperatures at 18
ka (Pedro et al., 2012) were only ~3 °C lower than modern—day (Braconnot et al., 2007),

the pCO: effect would outweigh MAT (Koch et al., 2004; Kohn and McKay, 2012). If we
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consider changes only to temperature and pCO>, lower pCO. during the late Pleistocene
should result in higher C4 grass abundances. Considering how low precipitation is today
in the Las Vegas area, and that the late Pleistocene was a time of increased precipitation,
the most likely mechanism for increasing Cz grass abundances is through increased
winter precipitation (SOW).

It is unclear why older units B and D have higher %C4 grass abundance (26+£8%)
than younger E units (16+6%; p~6x107). The youngest fossil-bearing strata (E1) were
deposited during periods with somewhat higher pCO- levels (230-240 ppmv) compared
to other times during the late Pleistocene, for example Eo (195 ppmv; Pedro et al., 2012)
and during the deposition of unit B and D (200-220 ppmv; Indermiihle et al., 2010;
Bereiter et al., 2012). Although these differences alone might suggest that higher pCO>
induces greater precipitation seasonality, the greatest expansion of glacial lakes and
increased GWD occurred during time periods of reduced pCOs..

To further evaluate the fraction of C4grasses (Xcs) in southern Nevada during the
late Pleistocene, we used the approach of Kohn and McKay (2012) (see Paruelo and
Lauenroth, 1996; Connin et al., 1998; Koch et al., 2004), which is based on changes in
pCO., MAT, precipitation (MAP), the ratio of June-July-August precipitation to MAP
(JJA/MAP), and the change in photosynthetic cross-over temperature (ATx) associated

with changes to pCOz:

Xc, = —0.9837 + 0.000594(MAP, MM /y;) + 13528 (”A/MAP) +

0.2710 In(MAT — AT,) (Eq. 8)
Changes to pCO- heavily influence the cross-over temperature and consequently

the %C4 grass, because Cs plants generally outcompete Cs plants with decreased pCO..
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Equation 5 is not intended to be fully quantitative, but rather to indicate direction of C4
grass abundance, i.e. increasing vs. decreasing. In modern southern Nevada, MAT =19.5
°C, MAP =105 mm/yr, and JJA/MAP = 0.23 (“WRCC,” 2018). During the Last Glacial
Maximum (LGM) in southern Nevada, the PMIP2 model predicts higher MAP (~265
mm/yr), a decrease of 3 °C in MAT (16.5 °C), and no change for JJA/MAP (0.23;
Braconnot et al., 2007; 2012; Niu et al., 2017). Relative to a modern reference pCO. was
lower at ~185 ppmv, which decreases the Cs-C4 crossover temperature by 11-12 °C. The
resulting MAT-ATy is ~28 °C (=19.5°C — 3 °C + 11.5 °C). Using Equation 8 we
calculated a value of 36% C4 vegetation, which is similar to the %C, grass inferred from
herbivore tooth enamel from unit B and D. However, modeled C4 grass abundances for
modern southern Nevada (21%) dramatically underestimate known values (55-60%;
Table 6). Calculations are most sensitive to the fraction of summer precipitation. To
increase calculate %C4to modern observations, JJA/MAP would have to approximately
doubled, i.e. plant distributions are more sensitive to summer precipitation in southern
Nevada by a factor of ~2. If a similar overrepresentation of summer precipitation applies
to Pleistocene %C4 calculations, accurate JJA/MAP must have been ~0.1, meaning that
JJA precipitation in the late Pleistocene was similar to today (~20-25 mmyr™).

Some Camelops have high §*3C values, which reflect consumption of the C4 plant
Atriplex (saltbush). Atriplex constitutes ~26% of land cover in the modern-day LVW
(Shanahan et al., 2008). Saltbush typically thrives in environments with high low summer
rains, and therefore high §!3C values suggest that increased precipitation in southern
Nevada during the late Pleistocene occurred primarily through increases to winter

precipitation. However, some Atriplex species germinate during summer months if MAP
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increases (Osmond et al., 1980), and the Late Pleistocene LVW was notably wetter than
modern-day climes. Some Camelops have low §!3C values that predict a %Ca4 biomass
lower than modern saltbush species counts (<26%), which may be interpreted as
increased summer precipitation. Previous work has found taxa consuming a pure Atriplex
diet must offset the increased salt intake by consuming more water (Gihad, 1993).
Although the late Pleistocene LVW was wetter than modern conditions, it was still an
arid environment that hosted wetland formation. Therefore, it is unlikely Camelops diets
consisted of purely saltbush, and lower 5'3C most likely reflect a more balanced diet of
Csshrubs and Atriplex.

Oxyagen Isotopes and Water Compositions

From our measured tooth enamel compositions, and using our calibration for
large, water-dependent herbivores in western Nevada, we estimate a mean 3'8Ouater Of —
16.1%o for the late Pleistocene LVW (Fig 9a; Table 7). This low value makes
computational sense in that late Pleistocene tooth enamel from the LVW has a 630 value
~2%o lower than modern enamel near Reno, where local water is —14.7%o (Friedman et
al., 2002). Consequently, 30uwater values should be ~2%o lower than modern Reno, or c. —
16 to —17%o. The low value also makes sense in the context of lower temperatures during
the late Pleistocene (the temperature effect of Dansgaard, 1964; see also Rozanski et al.,
1992).

Using Equation 6, predicted 6*Owater Values during the late Pleistocene would
have been —12.7%o or ~3.5%o higher than inferred fossil tooth enamel. However, there is a
~2%o inconsistency between modern §*®QOwater Values for modern tufas collected from

Cold Creek as determined by direct measurements (—13.8% from Thomas et al. (1991) vs.
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estimated from modern tufas of —11.6%o; Fig 9b; Table 7). That is, calculations based on
published equations for calcite-water as applied to tufas may overestimate §*®Owater values
by as much as ~3%o, probably as a result of increased disequilibrium for rapid calcite
precipitation (Kim and O ’Neil, 1997). If a 2%, downward correction is made to account
for a modern disequilibrium offset, 5¥Owaer values estimated using tooth enamel and tufa
are more similar at c. —16.1%o and —14.7%o, respectively.

In comparison with modern §*8Ouater values from the LVW (—12.9%o; Friedman et
al., 1992; Friedman et al., 2002), fossil tooth enamel and (corrected) tufa suggest that
5'80water Values were significantly lower in the late Pleistocene by ~3%.. This difference
is broadly compatible and even more pronounced then previous regional complications of
5'80water Values for the late Pleistocene (~2%o lower; Jasechko, 2016), although our data
are much more defined in age than most other datasets. Low latitude moisture and
summer precipitation have higher '80water values than high latitude moisture of winter
precipitation. Consequently, the decrease in 58Owater Values is inconsistent with increased
summer precipitation sourced from low latitudes, so does not support the OOT
hypothesis. Instead, lower §'®Owater Values are consistent with an increase in winter
precipitation or a decrease in temperature (or both). These observations support the SOW
hypothesis, in which increased winter precipitation was sourced from higher latitudes
(colder conditions) and falls across a generally colder landscape.

Comparison to Other American Southwest Studies

Some GCM’s and paleoproxy studies have attributed increased late Pleistocene
precipitation in the Great Basin and American Southwest to a SOW (COHMAP

members, 1988; Toggweiler et al., 2006; Asmerom et al., 2010; Wagner et al., 2010).
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However, many observational studies that reconstructed precipitation seasonality in the
late Pleistocene American Southwest found that wetter conditions were accompanied by
both increased summer (OOT) and winter (SOW) precipitation (Connin et al., 1998;
Holmgren et al., 2007; 2009). Both our carbon and oxygen isotope data instead point to
enhanced winter precipitation (SOW), which increased GWD and established late
Pleistocene wetlands in southern Nevada.

Connin et al. (1998) reported §*3C and 880 values from Mammuthus, Bison,
Equus, and Camelops (~50 to ~10 ka), from the southeastern Mojave Desert (Nevada,
California), northern Sonoran (Arizona) and Chihuahaun (New Mexico) deserts, and
Southern High Plains (New Mexico. Their study, as well as Crowley et al. (2008) are of
special interest, because stable isotope compositions are reported for fossil from Tule
Springs (upper LVW). These older data broadly commensurate with ours, for example
grazer 880 values from their studies mostly range between 21 and 25%o, while ours
mostly range between 20 and 25%. Similarly, Connin et al. (1998) report grazer §*3C
values for level E of c. —8%o, whereas our average —7 to —8%o. Despite these similarities,
Connin et al. (1998) proposed that the late Pleistocene isotope record supports enhanced
summer and winter moisture, whereas we propose a decrease in summer precipitation.
This difference in interpretation reflects the assumed abundance of modern C4 grasses in
the region. We based modern C4 abundances (c. 50%) on modern species counts. Connin
et al. (1998) instead estimated modern C4 abundances (c. 25%) using an equation from
Paruelo and Lauenroth (1996), which in the same as our Equation 5 excluding the
crossover temperature correlation. We both estimate a C4 abundance during the late

Pleistocene of ¢. 35%, but our assumption implies a decrease relative to today, whereas
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their assumption implies an increase. In our view, direct species counts are preferable to
continental-scale extrapolations, and for the late Pleistocene indicate a decrease in Cs4
vegetation and in the proportion of summer rainfall to mean annual precipitation.
Although some summer precipitation source from mid-Pacific or Gulf of Mexico may
have reached southern Nevada, low Pleistocene tooth enamel §*3C and 520 values from
Tule Springs do not favor an increase in more tropical precipitation. Low isotope trends
seen in Connin et al. (1998) are also captured within herbivore tooth enamel are
established in other Mojave Desert localities (Nevada and California). These low tooth
enamel 83C and 8§80 values suggest increased moisture sourced into the Mojave Desert
during the late Pleistocene resulted from an increased proportion of winter precipitation.
Contrasting published tooth enamel §!3C and 520 values from lower latitudinal
American Southwest deserts (i.e. Sonoran and Chihuahuan Deserts) illustrate regional
complexities when interpreting late Pleistocene precipitation seasonality. To the south
and southeast of the LVW, tooth enamel §*3C values from the late Pleistocene Sonoran
and Chihuahuan Deserts of Arizona and New Mexico range from c¢. —7 to 2%, and —12 to
—2%o, respectively (Connin et al., 1998). These areas may record a strengthened
Pleistocene summer monsoon, diverging from increased winter precipitation in the
Mojave Desert. Though it is likely the Pleistocene Chihuahuan Desert received a
significant proportion of summer rains, high and low §!3C values may reflect lateral
seasonality variations in the American Southwest, further complicating Pleistocene storm
track reconstructions.

Other paleoproxies from the American Southwest, such as paleosols, pollen

record, and speleothems, also support increased winter precipitation at higher latitudes
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and more disparate and possibly dynamic moisture sources at lower latitudes (Monger et
al., 1998; Brook et al., 2006; Holmgren et al., 2007; 2009; Asmerom et al., 2010; Wagner
et al., 2010). During the Pleistocene-Holocene transitions, paleosol carbonate §*3C values
and pollen assemblages indicate a transition to more Cs-dominated ecosystems that likely
received a greater proportion of winter precipitation (Monger et al., 1998). Conversely,
speleothem 580 values from the Cave of the Bells, Arizona, and Fort Stanton Cave, New
Mexico indicate a greater proportion of winter precipitation (Asmerom et al., 2010;
Wagpner et al., 2010). Although resolving Pleistocene atmospheric circulation for the
American Southwest deserts has proved difficult, in part because of conflicting
paleoproxy interpretations, mid-latitude effects likely impeded the transport of summer
precipitation to higher latitude deserts, north of 35° N (Holmgren et al., 2007). This is
evident at Tule Springs (36° N), where low §*3C and 520 values in fossil tooth enamel
(Connin et al., 1998; Crowley et al., 2008; this study) likely reflect enhanced winter
precipitation, which was transported to the late Pleistocene LVW through southward
shift of the westerly winds.

As we advance into the next century’s greenhouse climate, climate change models
should inform policy surrounding the preservation of modern desert wetlands. Both
enhanced summer and winter precipitation may have contributed precipitation to
differing regions in the late Pleistocene American Southwest. Dynamic storm tracks are
illustrated by conflicting yet regionally compatible climate records, such that, the Mojave
Desert likely received increased winter moisture and the Chihuahuan Desert received a
summer/winter combination. GCM’s for the late Pleistocene Great Basin and American

Southwest generalize regional climate trends, specifically seasonality of precipitation,
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which is captured within herbivore tooth enamel. As GCM’s improve spatial resolution,
comparison to temporally precise records should promote more accurate projects for past
and future climate changes.
Conclusion

At times, in the late Pleistocene American Southwest, there was an increase in net
precipitation that stabilized paleo-lakes and -wetlands. The driver of this increased net
precipitation and the seasonality (winter vs. summer) of precipitation transported to the
American Southwest are both still debated. A southward shift of the westerlies (SOW)
would increase winter precipitation derived from higher latitudes. Alternatively, if
precipitation was sourced out of the tropics (OOT), either from the southern Pacific
Ocean of Gulf of Mexico, increased summer rains would have stabilized paleo-lakes and
-wetlands. Low tooth enamel §'3C and 520 values, as well as low tufa §*80 values,
indicate that paleowetland expansion in the L\VW most likely occurred because of an
increased proportion of winter precipitation (supporting the SOW hypothesis), coupled
with commensurate increases in Cz grass abundances. Geographical differences in the
seasonality of precipitation in the American Southwest during the late Pleistocene (high
winter precipitation at >36 °N latitude; high summer precipitation at <35 °N latitude)

provide a useful benchmark for testing GCM accuracy.
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CHAPTER THREE: THE INTERPRETABILITY OF STABLE HYDROGEN

ISOTOPES IN MODERN HERBIVORE TOOTH ENAMEL

Introduction

Stable hydrogen isotopes (6D values) from animal organic tissues (e.g. keratin,
chitin, and collagen) have been used to track migratory patterns, diet type, trophic level,
and climate (Estep and Dabrowski, 1980a; Cormie et al., 1994; Hobson et al., 1999;
Bearhop et al., 2003; Cryan et al., 2004; Bowen et al., 2005b; Leyden et al., 2006;
Ehleringer et al., 2008; Reynard and Hedges, 2008; Hobson and Wassenaar, 2018).
Although stable hydrogen isotope compositions of organic materials are desirable for
ecological and environmental studies, readily exchangeable, labile hydrogen can
complicate interpretations. Ambient hydrogen (H) from water vapor can either exchange
with structural H or adsorb onto surfaces, diluting biogenic 6D values. Of the total H in
modern hair (keratin), approximately 31% is derived from ingested drinking water, and at
ambient temperatures, up to 9% is derived from exchangeable water vapor (Sharp et al.,
2003). Non-exchangeable hydrogen in bone collagen accounts for 80% of the total H, but
20% of H within collagen is exchangeable with atmospheric water vapor (Cormie et al.,
1994; Leyden et al., 2006). For substrates such as chitin, exchangeable structural
hydrogen is removed using nitration, but these chemical techniques are applicable only
for certain organic tissues (Epstein et al., 1976; Miller et al., 1988; Schimmelmann,

1991).
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The compositions of stable hydrogen and oxygen isotopes (680 values) in
meteoric waters strongly correlate, depend primarily on precipitation source and
temperature, and define the Global Meteoric Water Line (GMWL; 8D = §80x8 + 10%o;
e.g. Craig, 1961; Dansgaard, 1964; Rozanski et al., 1992). In vertebrates, measured D
and 580 values frequently correlate with meteoric and plant leaf waters, but can be
affected by relative humidity and (for carnivores) prey compositions (Ayliffe and Chivas,
19904a; Luz et al., 1990; Cormie et al., 1994; Koch, 1998; Kohn and Cerling, 2002; Sharp
et al., 2003; Cryan et al., 2004; Leyden et al., 2006; Kohn and Dettman, 2007; O ’Brien
and Wooller, 2007; Ehleringer et al., 2008; Pietsch et al., 2011; Clementz, 2012).
Because 3D and 580 values correlate in both meteoric waters and biological materials,
reconstructions of climate and ecology might in principle employ enamel 8D values.
However, it is unclear whether stable hydrogen isotopes preserved within inorganic
substrates reflect biogenic ambient waters and/or vegetation signals.

A preliminary study of 3 archeological and 2 modern human teeth showed a weak
correlation between tooth enamel D and §*80 values (Holobinko et al., 2011). In their
study, Holobinko et al (2011), tested whether 6D values could be exchanged or otherwise
altered by equilibrating sample aliquots for a single tooth with evaporatively enriched-
and depleted-waters over a 4-day timespan. Tooth enamel compositions from enriched-
and depleted-water equilibrations were similar, which was interpreted to mean that tooth
enamel H isotopes are essentially immune to re-equilibration.

Initially, we aimed to characterize and better understand any correlations among
herbivore tooth enamel 8D, 520, and §'°C values. There is virtually no correlation

between 5D or 5180 with respect to §'3C (which might have reflected an effect of Cs vs.



83

C4 grass consumption; Appendix Fig 3), so the scope of this study was narrowed to focus
on the correlations between 5D and 520 and between 3D values of enamel and source
water. Because oxygen and hydrogen in animals are derived almost solely from local
water, including plant water (see Kohn, 1996), we would expect to find a correlation
similar in slope to the meteoric water line, but with an offset and difference in slope that
depends on physiology, climate, plant fractionations, and equilibration fractionation
between enamel and body water. For example, §'80 values derived from the phosphate
(PO4) and carbonate (CO3) components of tooth enamel show systematic offsets with
respect to body water compositions, which in turn show systematic offsets relative to
meteoric water compositions (see review of Kohn and Cerling, 2002). Holobinko et al.
(2011) found a resolvable correlation between human teeth §D and 520 values, but the
slope of the correlation is quite different from the GMWL. Therefore, in this study we
addressed the following questions:

1) Does an expanded tooth enamel dataset over a larger isotopic range for local
water compositions and for different herbivore taxa show a different correlation
than observed for human tooth enamel?

2) Does labile water contribute a significant amount of H to tooth enamel analyses?

3) What are the timescales of any labile water uptake?

4) Can heating remove any labile water and resolve original biogenic tooth enamel
compositions?

To answer these questions, we 1) measured 6D values from purified tooth enamel.
Such values represent the combined contributions of hydrogen-phosphate (HPO4) and

hydroxyl (OH) components of tooth enamel, plus any labile (likely adsorbed) water; 2)
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compared measured H contents of tooth enamel (calibrated against H contents of
geological biotite and H; signal intensities) with expected H contents for tooth enamel
(based on published chemical compositions of tooth enamel; Driessen and Verbeeck,
1990); 3) conducted time-series experiments of enamel that had been equilibrated with
anomalously high and low 8D values to determine time-scales of labile water
equilibration; and 4) conducted heating experiments to determine whether we could
remove labile hydrogen from tooth enamel.
Oxygen and Hydrogen Isotopes in Consumed Water and Plants

Water consumption contributes the largest amount of oxygen (O) and H in an
animal, both through direct ingestion (drinking) of local water, and consumption of plants
or animal, which have high water contents. Because animal O derives so closely from
local water (both directly through drinking and indirectly through consumption of plant
water and tissues), a strong correlation is observed between 580 values of bioapatite and
local water (see summary of Kohn, 1996). Likewise, because animals derive most of their
H from local water both through ingestion of water and direct consumption through
plants, we expect a strong correlation between local water 6D and tooth enamel 6D
values. Such a correlation has been demonstrated for dentine collagen (Kirsanow et al.,
2008). Although, for a small number of samples a very weak correlation has been
observed between 8D values of tooth enamel vs. local water, it is as yet uncertain whether
a correlation might occur for a larger dataset.

Tooth Enamel Formation and Isotopes
Tooth enamel is composed of ~98% bioapatite

(Cass[(PO4)2.7(HPO4)0.2(CO3)0.3](OH)os5); (Driessens and Verbeeck, 1990). Teeth
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progressively mineralize from the occlusal surface towards the root (Passey and Cerling,
2002). Because enamel is not remodeled after its formation, and because the temperature
of precipitation is constant in mammals, enamel and other bioaptites preserve an isotopic
record of an animal’s body water compositions over its period of growth. Differences in
mineralization rate and overall tooth size between taxa result in wide variations in the
amount of time recorded within a single tooth (Passey and Cerling, 2002; Kohn, 2004;
Trayler and Kohn, 2017), typically ranging from a few months to 1-2 years. Enamel 80
values correlate with local water compositions (Koch, 1998; MacFadden, 2000; Kohn
and Cerling, 2002; Kohn and Dettman, 2007; Clementz, 2012), which are controlled by
precipitation sources and temperature (Dansgaard, 1964; Rozanski et al., 1992). Because
local water compositions vary seasonally (generally low 580 in winter and high 820
values in summer), O isotopic zoning within enamel provides a possible avenue for
recovering a measure of climate seasonality. In principle, climate and ecology
reconstructions might employ enamel 0D values, but it is unclear whether stable
hydrogen isotopes correlate with local ambient waters and/or vegetation signals.
Methods

Analytical Methods

We selected 12 modern herbivore teeth for analysis (Tables 8 and 9) to avoid
possible alteration that occurs in fossils as F exchanges for structural OH in the hydroxyl
site in bioapatite (e.g. see Trueman and Tuross, 2002). We collected sub-samples along
the growth axis of each tooth, typically every 1-2 mm using a Dremel™ rotary tool and a

0.5 mm dental drill bit. Samples were then pretreated as per Koch et al. (1997), with
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H>0; to remove organic matter, and then with an acetic acid-Ca acetate buffer to remove

any labile carbonates.

Stable oxygen isotopic compositions were measured by dissolving 1.5-2.0 mg of

powdered enamel with supersaturated HsPO4. The subsequent CO> was measured using a



Identification number, taxa, tooth, and location for intra-tooth and

Table 8.
bulk specimens.
Intra-tooth specimens
ID Number | Taxa/Tooth/Sample type Location
BTM Castor canadensis/I Canyon City, CO
6212 Oryx sp./M2 Sibiloi l\llaetrllg)/gal Park,
GGK Nanger granti/M2 Sibiloi National Park,
Kenya
BC Bison bison/M3 Catalina, CA
EEC Equus ferus caballus /M3 El Criado, Argentina
GBM2 Equus ferus caballus /M2 | Gran Barranca, Argentina
NEPGO Capra hircus/Mxt Nepal
cowz2 Bos taurus/M2 Juntura, OR
DREW Equus ferus caballus/M2 Drewsey, OR
UWB-1 Bos taurus/M3 Uni. of Wisconsin, WI
M-00-59 Cervus elaphus/M2 Yellowstone, WY
M-00-49 Cervus elaphus/M3 Yellowstone, WY
Bulk specimens
ID Number | Taxa/Tooth/Sample type Location
BM1-Y Bison bison/M1 Yellowstone, WY
BM3-C Bison bison/M3 Catalina, CA
BOSM2-B Bos taurus/M2 Brazil
UWB-2 Bos taurus/M3 Uni. of Wisconsin, WI
KBS bone standard -
NIST 2910 | hydroxyapatite standard -




Table 9.

and specimens. Water 8D values for each locality are also displayed (“OIPC,” 2018; Johnson et al., 1991)

Identifier of fossil specimens, taxa, mean, maximum, and minimum 8D and 880 values for all formations

D mean 8D . mean 580 .
Number (%o, 2s.e. max oD min 6D (%o, 2s.e. | max &8O | mind®O | SDwater
VSMOW) VSMOW)
BTM —131.61 1.75 —123.64 —139.20 19.20 0.34 20.46 17.46 =52
02120 —129.48 1.28 -117.54 —133.99 35.61 0.22 36.34 34.64 22
GGK —130.73 1.57 —124.58 —135.15 32.95 0.28 33.77 31.37 22
BC —131.42 1.53 —120.72 —135.68 28.19 0.27 29.40 26.94 —48
EEC —130.42 0.99 —123.62 —133.26 24.79 0.54 28.84 23.45 —86
GBM2 —141.96 1.25 —132.10 —148.85 25.07 0.53 30.54 19.19 —86
NEPGO —149.82 1.00 —137.02 —155.34 21.63 0.24 23.21 19.60 -85
COW2 —150.17 1.28 —144.25 —157.90 21.24 0.71 24.53 19.11 —103
DREW —152.24 0.80 —145.38 —160.54 20.14 0.43 24.71 16.89 —103
UWB-1 —147.65 0.50 —144.21 —151.38 20.24 0.75 23.34 15.81 =50
M-00-59 —163.72 1.62 —159.42 —173.90 14.50 0.37 16.35 13.47 —140
M-00-49 —164.62 0.41 —162.84 —165.85 15.23 0.31 16.78 14.10 —140

88
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ThermoFisher GasBench I, in-line with a Thermo Delta V Plus mass spectrometer,
housed in the Stable Isotope Laboratory at Boise State University. Five to six NIST-120c
(8180 = +28.5%0, VSMOW and §13C = —6.55%0, VPDB; Kohn et al., 2015) aliquots were
prepared using the same cleaning pretreatment methods and analyzed with each sample
set as a check standard. Each sample set was standardized to VPDB using eight to nine
aliquots of the calcite standards NBS-18 (—23.2%o, VPDB) and NBS-19 (—2.2%., VPDB)
calcite standards. Analytical reproducibility for oxygen isotopes was: NIST-120c =
+0.83%o (26); NBS-18 =+0.66%0; and NBS-19 = +£0.46%.. Reproducibility of sample
weights was +0.002 mg.

Stable hydrogen isotope compositions (Tables 2 and 3) were measured by
combusting 1-2 mg of powdered enamel in silver capsules using a ThermoFisher TC/EA,
coupled with the Thermo Delta V Plus mass spectrometer. For our initial isotope
measurements, we included ten aliquots each of biotite standard (NBS-30; 8D = —65.7%o,
VSMOW) and a caribou hoof standard (CBS; 6D = —197%., VSMOW) with each
analytical run. For our equilibration experiments, we included twenty-six analyses of
each the biotite and hoof standards. Reproducibility for stable hydrogen isotopes was:
NBS-30 =+4.80%o (26); CBS = £4.45%o. Importantly this technique cannot distinguish
hydrogen from different components (i.e. OH, HPO4), and our results should be viewed
as the bulk H isotope composition of biotite, keratin, and enamel. All further §*0 and §D
values (Table 2 and 3) are reported in VSMOW.

Hydrogen in enamel bioapatite is sourced from two crystallographic sites within
the enamel structure, with ~40% bound in the HPO4 and ~60% bound in the OH

component (Driessens and Verbeeck, 1990). We compared sample weights of the 12 sub-
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sampled teeth to the hydrogen peak area (Appendix Table 3) to test whether measured 6D
values reflect solely structural hydrogen, or a combination of structural and labile
(adsorbed) hydrogen. If measured H inferred from measurements exceeds the amount
expected from published chemical compositions, labile water must contribute to total H.
That is, on a plot of measured H content (from peak area) vs. sample weight, the
difference in slope between measured vs. expected H contents provides an estimate of the
amount of labile water per mg of sample. To determine water contents from mass
spectrometer measurements we calibrated the signal intensity of the H2 peak to NBS-30
(biotite), which has a H2 content of 0.0041% wt (Qi et al., 2017).

Because we found evidence for significant labile water contamination, we
performed equilibration experiments with depleted-water (6D = —300.4+2.2%o;
VSMOW) and enriched-water (6D = +62.0+1.7%o) to better understand possible
equilibration timescales between labile water and ambient water vapor. Water
compositions for depleted- and enriched-waters (Table 10) were measured using a fourth
generation Los Gatos Research Liquid Water Isotope Analyzer (LWIA), housed in the
Stable Isotope Laboratory at Boise State University. For bulk analyses (Tables 8 and 10),
we selected 4 teeth (2 Bison bison and 2 Bos taurus; BM1-Y, BM3-C, BOSM2-B, and
UWB) and 2 phosphate standards (NIST-2910, which is synthetic hydroxylapatite, and
KBS, which is an in-house powdered fossil bone). Multiple aliquots of each material
were split into open silver capsules and placed in airtight containers with either depleted-
or enriched-water for 48 hours. Bulk samples were removed, exposed to ambient
laboratory conditions for 0, 1, 2, 4, and 8 hours (which are notated as, respectively: to, ti,

to, ta, and tg) and then 8D values were measured. Because silver capsules needed crimping
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prior to analysis, each, exposure time must be increased by several minutes. This has no

effect on exposure times >1 hour, but may be significant for “0” time experiment. We

Depleted—water (0D = —300.42+2.15%o)

Time (hr) | BM1-Y BM3-C | BOSM2-B | UWB-2 | NIST-2910 KBS
0 —179.84 | —203.82 -199.63 | —167.78 —228.23 —152.6
1 -169.25 | —141.96 —173.68 | —167.43 -161.4 —141
2 -160.41 | —143.45 —129.61 | —164.18 —149.26 —147.33
4 —156.14 | —136.15 —154.52 | —-159.73 -156.93 —140.23
8 —154.53 | —135.33 -142.26 | —152.8 —155.35 —133.73

Enriched—water (6D = 62.01£1.68%0)

Time (hr) | BM1-Y BM3-C | BOSM2-B | UWB-2 | NIST-2910 KBS
0 —-110.72 | —100.09 —66.41 —94 .43 61.44 42.26
1 —128.48 | —121.91 —120.90 | —-147.13 —152.83 —132.21
2 —139.11 | —116.67 —132.89 | —152.98 —162.86 —133.45
4 —136.38 | —130.92 —138.97 | —146.73 —152.70 —134.12
8 —149.57 | —139.69 —145.18 | —144.47 —155.61 —130.11

Oven (70 °C)

Time (hr) | BM1-Y | BM3-C | BOSM2-B | UWB-2 | NIST-2910 KBS
0 —174.99 | —159.48 —146.089 | —180.41 —168.90 —149.22
1 —-166.33 | —149.40 —142.85 | —169.83 —148.38 —158.18
2 —160.08 | —158.21 —138.16 | —172.96 —138.60 —159.14
4 —-162.11 | —147.24 —132.39 | —156.03 —147.19 —140.90

Table 10. oD values for bulk specimens equilibrated with enriched— and

depleted waters, as well as samples placed in an oven. Samples were then left to
equilibrate with ambient water vapor for 1, 2, 4, and 8 hours.
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were unable to measure laboratory water vapor compositions directly, but previous work
shows a mean precipitation 8D value of —111%o for the Boise region (Tappa et al., 2016),
and thus, assume laboratory water vapor is in equilibrium with water of that composition.
To test whether labile H could be completely removed, sample aliquots were placed in a
70 °C oven for 48 hours. Samples were then removed and exposed to laboratory
conditions for 0, 1, 2, 4, and 8 hours and 6D values were measured.

Results

Stable Hydrogen and Oxygen Isotope Compositions

From the 12 sub-sectioned teeth, two Cervus elaphus teeth, M-00-49 and M-00-
59, from Yellowstone, WY had the lowest mean 8D and 8*0 values of ¢c. —160%o and
+15%o, respectively, whereas Oryx gazelle (02120) and Nanger granti (GGK) from
Kenya had the highest 8D and 580 values of c. —135%o and +34%., respectively (Fig 10;

Table 9). Castor canadensis (BTM) from Cafion City, CO, had anomalously high 6D
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2012).
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values (c. —132%o), which are comparably to Oryx gazelle (02120) and Nanger granti
(GGK) values that reflect a warm, equatorial climate (Fig 10; Table 9)

For regressing mean isotope data for 8Denamel and §*8Oenamer Values, we used all
data expect specimen BTM (Castor canadensis). This sample was excluded because
beaver is semi-aquatic, and also because samples are susceptible to contamination from
dentine. The resulting regression is:

8D (%o0) = 1.80 + 0.26(580) — 187 + 6%o (R?=0.84) (Eq. 9)
A slope of 1.8 is considerably shallower than the GMWL slope (c. 8.0).

Most local water 8D values were estimated from the Online Isotope Precipitation
Calculator (“OIPC,” 2018; Johnson et al., 1991). The lowest tooth enamel 5D values
from Yellowstone, WY, correlate with the lowest local water 6D values (—140%o), while
the highest tooth enamel oD values from Kenya correspond with the highest local water
oD values (+22%o; Fig 11; Table 9). A regression of dDenamel VS. dDiocal water Values yields:

8Denamer = 0.19 £ 0.05(8Dprecipivation) — 131 £ 4%0 (R?=0.71) (Eq. 10)

The slope of this expression is considerably less than 1.0, which implies a very small
dependence of measures enamel compositions on original source water composition.

Labile Hydrogen

Using NBS-30 biotite as a standard for hydrogen content [H], a regression of
tooth enamel [H] vs. sample mass yields an average [H] of 0.93 wt%. A representative
[H] for tooth enamel bioapatite (Driessens and Verbeeck, 1990) is 0.16 wt%.Thus, most
H in our analyses must be derived from another source. In contrast, similar measurements
and calculations for keratin (CBS) show that the measured slope of [H] vs. sample mass

for hoof and hair keratin is the same as the predicted slope (Fig 12). That is, any labile



95

200 @02120 @GBM2 | |
@BC OGGK
@BTM  OM-00-49 7
@COW2 @M-00-59
—~ 100 | @DrREW ONEPGO —
= @EEC Q@QUWB-1
g [ -]
0L & ]
2 0
S i & _
X 0@0%
< -100 |- &) —
E 0 SR @ 0
g L ©<><> @ _
3 200 i
-300 | | | | |
-200 -150 -100 -50 0 50 100

6Dsource water (%0, VS M OW)

Figure 11.  Tooth enamel 6D values for serially sectioned samples vs. local water
oD (%0, VSMOW:; OIPC, 2018; Johnson et al., 1991). Opaque symbols represent
mean tooth enamel compositions, while semi-transparent symbols are intra-tooth
6D values. Data for collagen, hair and feathers are from Cormie et al. (1994),
Ehleringer et al. (2008), and Hobson et al. (2012).



140 | | " @ 02120 @ GBM2 0.06
5 oBCy Sulses T
e 120 g zCOWZ @ M-00-49| 0.05 <
@ 2 ©DREW O NEPGO S
S 2 ®EEC @ UWB1 Q
@ 100 > 5 = S
_;é o § @, O O 0-04 LC%
o 80 05 0O >
8) o0 > @ QO,\@ @ @)
o 40 O D) Q >\€:'3%‘3 O —0.02 5'.
© { Q‘%)@g @é 0O g
T 20 ® O o 001 3
) re%icted tooth enam Q
0 ! 1 | ~ | | 0
1 2 3 4

Sample amount (mg)

Figure 12.  Mass of hydrogen (mg) vs. mass of sample (mg) for intra-tooth
enamel (colored symbols) and caribou hoof standard (gray). Enamel data show
excess mass (from adsorbed water) compared to predicted mass for enamel
hydroxylapatite (red line; Driessens and Verbeeck, 1990). Keratin data show
good correspondence between measured and expected masses (black line; Leon,
1972; Samata and Mastsuda, 1988). Blue line represents water.

96



97

[H] in keratin does not increase the total H content, but rather exchanges with structural
H (Wassenaar and Hobson, 2003).

Equilibration Experiments

All apatite samples show anomalous isotope compositions for the to experiment,
with higher 8D for samples equilibrated with high water 3D values, and lower 6D for
samples equilibrated with low water 6D values. All compositions shift dramatically
towards an intermediate composition after 1 hour of exposure to laboratory air, then
gradually converge with increasing time to a common, intermediate isotope composition,
similar to local water (Fig 13). The absolute values of the to data range widely, perhaps
because of small differences in timing of analysis after removal, or differential access of
laboratory air to samples after removal. Samples subjected to heating for 48 hours show
an increase (equilibration with low dDwater) Or decrease (high 8Dwater) 0f 10-30%0 with
time and converge on a similar common 6D value as for unheated samples.

Discussion

Hydrogen Isotopes in Tooth Enamel

A relatively high R? value (0.84) for the tooth enamel stable hydrogen vs. oxygen
isotope compositions (Fig 10; Table 9) is expected because of the direct dependence of
isotope compositions in animals on meteoric water 8D and §'80 values, which are highly
correlated and form the GMWL (Craig, 1961; Dansgaard, 1964). It is well established
that tooth enamel 580 values are a function of consumed waters, whether directly from
surface water or plant material, which generally correlated with meteoric waters (Koch,

1998; MacFadden, 2000; Kohn and Cerling, 2002; Kohn and Dettman, 2007). Many
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other biological materials also demonstrate a correlation between 5D and §'80 values
(e.g. hair; collagen; (Cormie et al., 1994; Reynard and Hedges, 2008; Kirsanow and
Tuross, 2011), but many of these regression have slopes more similar to that of the
GMW.L (i.e. 8.0; Fig 10).

The outlier data for Castor canadensis (BTM) may in part reflect its semiaquatic
ecology. 580 values of aquatic mammals are consistently lower than their terrestrial
counterparts (Bocherens et al., 1996; Clementz and Koch, 2001; Matson and Fox, 2010).
Sample BTM does have lower tooth enamel §'80 values than terrestrial specimens from
areas with similar local water compositions (i.e. samples BC and UWB). However, the
unusually high 8D values from BTM probably reflect inadvertent sampling of dentine.
Castor canadensis has thin enamel, and dentine is rich in collagen, which has higher 6D
values (Fig 10). A very small amount of collagen contamination (c. 2-4% by weight)
would shift compositions towards collagen data (Fig 10). The intra-tooth 5D and 580
regression for BTM also mirrors that of collagen, suggesting contamination (Fig 10).

The moderate correlation between tooth enamel and local meteoric water 6D
values (R? = 0.71), suggest tooth enamel captures stable hydrogen isotopic variation
between specific regions (Fig 11; Table 8). For example, the highest tooth enamel D
values for 02120 and GGK correspond with the highest local water values, while the
lowest tooth enamel 8D values from M-00-49 and M-00-59 correspond with the lowest
meteoric water values. The correlation might improve if direct measurements of local
water were gathered. More importantly, the large isotopic range in local water between
Kenya (+22%o) and Yellowstone, WY (—140%o) would predict a large range in tooth

enamel 6D values (~150%o), but specimens from these isotopically disparate localities
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differ only ~35%o (Fig 10 and 11; Table 8). The reason for this low variability is that
most of the H analyzed is not from tooth enamel.

Labile Hydrogen

For enamel the predicted vs. measured regression of [H] vs. sample mass show
that only ~20% of measure [H] can be ascribed as structural [H]. The difference between
oD values for samples that have been exposed to water with either very high or low 6D
values suggest that the source is adsorbed water. If so, the data of Holobinko et al. (2011)
should have been offset to higher 8D values than ours because their data were measured
in a geographic region with higher local water 3D values (c. —48%o; Dundee, UK
“OIPC,” 2018), Assuming the same ~80% contribution from local water vapor, their data
should plot approximately 50%o higher than ours (“OIPC,” 2018). Relative to our
regression, their data plot approximately 30%o higher, broadly consistent with
expectations.

In contrast to enamel, keratin shows no evidence for additional, adsorbed [H], as
data for hooves show the expected trend for [H] vs. sample weight (Fig 12). These
organic substrates do contain exchangeable H (Epstein et al., 1976; Schimmelmann,
1991; Cormie et al., 1994), but in the context of adsorbed water no reevaluation of
isotope compositions is required beyond what has already been published (see Wassenaar
and Hobson, 2000).

In comparison to uptake of adsorbed water in other materials, tooth enamel
behaves somewhat like clays. Swelling clays, such as smectite, water adsorbs onto clay
surfaces and into interlayer sites (i.e. between structural sheets) on the timescales of

hours, but heating to >200 °C removes most adsorbed water (Moum and Rosengvist,



101

1958; Savin and Epstein, 1970; Savin and Hsieh, 1998). Like tooth enamel, however,
swelling clays will regain adsorbed water if they are exposed to ambient laboratory
conditions. For this reason, pretreatment of swelling clays for isotope measurements can
include exchange of replacement of adsorbed water with Na* (Tabor et al., 2004).

Equilibration Experiments

With increasing duration of exposure, the time-series samples approach a steady-
state 6D value 30 to 40%. lower than local water, similar to measured compositions of
tooth enamel that were collected 8 hours (this study) to 7 days (Holobinko et al., 2011)
after equilibrating with isotopically anomalous waters. The final composition for all
analyses is likely governed by sample-specific biogenic and adsorbed water compositions
that reflect equilibration partitioning between ambient water vapor and adsorbed water.
Because we do not know the compositions of either biogenic or adsorbed components
independently, we cannot infer any fractions quantitatively. However, we would except
analyses to evolve towards a common composition, rapidly at first, and more slowly later.
Zero-time or to experiments show quite different compositions compared to final
compositions, while t; experiments are more similar, but are still resolvably different (Fig
13; Table 10). Complete equilibration is attained for the t2, t4 and ts experiments. We
interpret the more extreme compositions of synthetic hydroxyl apatite (NIST-2910) and
fossil bone (KBS) to reflect slower equilibration of materials that are physically different
from modern tooth enamel. Because a) equilibration times are short, b) the amount of H
is hosted in the tooth enamel is small, and c) the compositions of water vapor in different
laboratories is different, it is virtually impossible to determine original biogenic

compositions from powdered tooth enamel with good resolution. Analysis of un-
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powdered enamel might show less dependence on adsorbed water, but because of small
amounts of included proteins, compositions would not likely reflect tooth enamel apatite.

In some organic substrates, full equilibration between exchangeable (not
adsorbed) hydrogen and water vapor also occurs in hours, for example 1 to 2 hours for
keratin from butterfly wings and quail eggs (Wassenaar and Hobson, 2000). However,
exchangeable hydrogen in horse hair (keratin), that was subjected to isotopically unique
water reaches full equilibration only in c. 4 days (Bowen et al., 2005a). In this context,
tooth enamel responds more rapidly than other substrates because the dominant exchange
component is adsorbed water.

Heating Experiments

Tooth enamel 8D values, measure upon immediate removal from the oven, were
lower than compositions from samples, which were equilibrated at ambient temperatures
(Fig 13; Table 10). However, low tooth enamel 3D values at the to experiment do not
reflect removal of adsorbed water, but likely result from a larger temperature-dependent
partition coefficient. As with depleted- and enriched water experiments, full equilibration
with laboratory water vapor is reached with 1 to 2 hours (Fig 13; Table 10).

Conclusion

Tooth enamel 8D and 580 values display a strong correlation (R? = 0.84), while
tooth enamel 3D and local water 8D values display a moderate correlation (R? = 0.71).
Comparison of H contents and sample weights indicate a large component of labile
hydrogen, likely from adsorbed water. Time series experiment for unheated and heated
samples show that full equilibration with ambient water vapor occurs within 1 to 2 hours,

but also imply a temperature dependence to the isotope composition of the adsorbed
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water. Rapid equilibration, but large amounts of adsorbed hydrogen of different
compositions in different laboratories indicate that original biogenic compositions of

tooth enamel apatite cannot be recovered precisely.
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Stable Isotopes in Large Herbivore Tooth Enamel Capture a Mid-Miocene

Precipitation Spike in the Interior Pacific Northwest

ISOTOPIC COMPOSITIONS OF EQUIDS VS. OTHRE HERBIVORES
Equids were abundant during the Oligocene and Miocene leaving a rich paleontological
record. During this period, equids began to transition from browsers to grazers (Janis et
al., 2002; Stromberg, 2006; Janis, 2008). The expansion of grasslands during the
Oligocene created more open drier grazing environments compared to dense forested
environments of the past (Retallack, 2001; Keeley and Rundel, 2005; Stromberg, 2005).
Dense forested and open grazing environments have distinctly different '3C values
(Medina and Minchin, 1980; Medina et al., 1986). There is also a negative correlation
between 3*3C values of Cs plants and MAP (Appendix Fig 1; Kohn, 2010). If equids
occupied drier ecosystems, or were disproportionately represented in drier ecosystems,
our data could be biased towards higher 5*3C values. Here we compared equid stable
isotopic carbon compositions (813C values) to other fauna from this study, as well as
collagen and tooth enamel from previous studies focusing on Cz environments (Appendix
Table 1). We tested whether equids have preferentially higher §3C values, because of
open-habit feeding. If equid 5'3C values are systematically higher, MAP estimates
acquired from equid tooth enamel would be lower, meaning equid data could potentially
underestimate MAP. Equid 6*3C values measured in our study are ~1%o higher than other
herbivores analyzed (Appendix Table 2). Nelson (2013) also analyzed §!3C values from
Miocene herbivores, which have a mean §*3C value for equid enamel ~3.5%o higher when

compared to other fauna. However, out of 17 studies (including our data), only 6 datasets
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suggested equids have higher mean §!3C values when compared to other taxa. For
example, a Pleistocene mammalian study shows nearly 3%o lower 513C values for equids
compared to other herbivores (MacFadden et al., 1996). The non-systematic **C values
of equids and other herbivores suggest that there is no notable offset between differing
faunas. This result implies the MAP estimates from equid tooth enamel from Cs
environments are not steadily offset from MAP estimates basin on all mammalian

herbivores from an ecosystem
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Table A. 1.  Averaged 6'*C values from our study and previous studies focusing on
equids and other herbivore (browsers and grazers) tooth enamel and collagen from
Cs environment.

813C (%o; | 8%C (%o; PDB) Equid-
Study PDB) Other herbivore Material Age
Equids Herbivores offset (%o)
Bocherens et al. (1996) —20.22 -19.73 -0.49 Collagen| Pleistocene
Cerling and Harris
(1999) -11.9 -14.30 2.40 Enamel Modern
Domingo etal. (2012)| -10.390 -10.39 0.00 Enamel | Pleistocene
Drewicz and Kohn Oligocene-
(2018) -9.51 -10.05 0.54 Enamel Pliocene
Feranec and .
MacFadden (2006) -11.76 -13.53 1.77 Enamel Miocene
Fox-Dobbs et al. .
(2008) -21.13 -20.27 -0.87 Collagen| Pleistocene
Kohn and McKay Pleistocene-
(2012) -11.50 -10.43 -1.07 Enamel Holocene
Martin et al. (2011) -8.51 -10.00 1.49 Enamel | Oligocene
MacFadden and .
Higgins (2004) -12.10 -12.88 0.78 Enamel Miocene
MacFadden et al. .
(1996) -12.00 -9.2 -2.80 Enamel | Pleistocene
Nelson (2013) —7.78 -11.25 3.47 Enamel Miocene
Scherler et al. (2014) -11.66 -11.50 -0.17 Enamel | Pleistocene
Trayler et al. (2015) -11.62 -11.11 -0.51 Enamel | Pleistocene
Miocene-
Wang and Deng (2005 -9.93 -9.89 -0.03 Enamel Pleistocene
Wang et al. (2008) -11.85 -11.13 -0.72 Enamel Modern
Zanazzi and Kohn late Eocene-
(2008) -9.75 -8.6 -1.15 Enamel Oligocene
Late
Zhang et al. (2012) -10.55 -10.04 -0.51 Enamel Miocene-
Pliocene
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Figure A. 1. Modern C; plant 8°C values vs. MAP. Lower plant 83C values
reflect higher MAP (Kohn, 2010).



Table A. 2.
sampled.

Identification number of fossil specimens, 3:3C and 20 values, taxa, location, and length of tooth sub-

John Day Formation (~28 Ma)

Distance from

Identification d13C 3180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 2802(B)-C -10.76 20.14 Merycoidodont John Day 3.75
JODA 2802(B)-D -10.54 20.7 Merycoidodont John Day 5
JODA 1940(A)-A -12.04 19.98 Merycoidodont John Day 1.25
JODA 1940(A)-B -12.23 20.39 Merycoidodont John Day 2.5
JODA 7003(B)-C —-14.56 21.49 Merycoidodont John Day 3.75
JODA 400A+B-A -12.26 19.07 Merycoidodont John Day 1.25
JODA 400A+B-B -11.5 18.92 Merycoidodont John Day 2.5
JODA 400A+B-C -11.81 21.7 Merycoidodont John Day 3.75
JODA 7003(D)-E -13.38 21.4 Merycoidodont John Day 6.25
JODA 7003(D)-F -13 21.69 Merycoidodont John Day 7.5
JODA 7003(D)-H -12.99 21.66 Merycoidodont John Day 8.75
JODA 8472-C -10.26 20.46 Merycoidodont John Day 3.75
JODA 8472-D -9.28 21.97 Merycoidodont John Day 5
JODA 8472-F -9.44 21.46 Merycoidodont John Day 7.5
JODA 8472-1 -8.9 20.61 Merycoidodont John Day 11.25
JODA 1296-D -9.34 18.75 Merycoidodont John Day 5
JODA 5795/1-B -12.87 21.85 Parahippus John Day 2.5
JODA 5795/1-C -9.46 23.18 Parahippus John Day 3.75

8T



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 5795/1-D -9.42 23.03 Parahippus John Day 5
JODA 5795/1-E -9.85 23.07 Parahippus John Day 6.25
JODA 5795/1-F -10.53 25.07 Parahippus John Day 7.5
JODA 5685(B)-B -11.63 26.09 Eporeodon John Day 2.5
JODA 5685(A)-D -12.25 23.44 Eporeodon John Day 5
JODA 5854(A)-F -12.95 22.84 Eporedon John Day 7.5
JODA 5854(A)-J -12.47 23.27 Eporedon John Day 8.75
JODA 3408-D -11.11 20.54 Diceratherium John Day 5
JODA 3408-G -11.43 21.01 Diceratherium John Day 8.75
JODA 3408-J -11.54 20.7 Diceratherium John Day 12.5
JODA 1828-G -11.07 21.48 Diceratherium John Day 8.75
JODA 1828-H -11.3 22.4 Diceratherium John Day 10
JODA 3408-I -11.03 20.17 Diceratherium John Day 11.25
JODA 1828-J -11.2 21.42 Diceratherium John Day 12,5
JODA 1828-M -11.13 21.07 Diceratherium John Day 15
JODA 1828-N -10.65 20.52 Diceratherium John Day 17.5
JODA 1828-0 -10.85 21.39 Diceratherium John Day 20
JODA 1296-A -10.85 18.7 Diceratherium John Day 1.25
JODA 1296-C -10.28 18.99 Diceratherium John Day 3.75
JODA 1296-F -10.21 19.44 Diceratherium John Day 6.25
JODA 1296-G -10.39 19.88 Diceratherium John Day 7.5
JODA 2798-B -10.76 23.09 Rhino John Day 2.5
JODA 2798-D -10.75 23.37 Rhino John Day 5

6T



Mascall Formation (~15.1 Ma)

Distance from

PEiaat 13 18 i

Iderrllljlrggitrlon (\?PE(): B) (VS8M8W) Taxon II:%Cr?rt‘llaotrilocr)\r occlusal
surface (mm)

JODA 2004-A -13.55 20.18 Merychippus Mascall 1.25

JODA 2004-B+C -13.38 21.32 Merychippus Mascall 3.75
JODA 2004-D -12.8 21.02 Merychippus Mascall 5
JODA 2004-E -12.1 22.47 Merychippus Mascall 6.25
JODA 2004-F -12.07 22.54 Merychippus Mascall 7.5
JODA 2004-G -12.24 22.44 Merychippus Mascall 8.75
JODA 2004-H -11.88 22.31 Merychippus Mascall 10
JODA 2004-1 -12.13 23.07 Merychippus Mascall 11.25
JODA 2004-J -12.28 20.18 Merychippus Mascall 12.5
JODA 2004-K -12.52 21.39 Merychippus Mascall 13.75
JODA 2004-L -12.48 20.77 Merychippus Mascall 15
JODA 2004-M -12.09 20.64 Merychippus Mascall 16.25
JODA 2004-N -12.29 19.65 Merychippus Mascall 17.5
JODA 2004-O -12.46 21.13 Merychippus Mascall 18.75
JODA 2004-P -11.83 21.2 Merychippus Mascall 20
JODA 2004-Q -12.68 21.57 Merychippus Mascall 21.25
JODA 1999-A -10.82 22.76 Merychippus Mascall 1.25
JODA 1999-B -11.02 21.26 Merychippus Mascall 2.5
JODA 1999-C -11.07 22.1 Merychippus Mascall 3.75
JODA 1999-D -12.57 21.73 Merychippus Mascall 5
JODA 1999-E -10.3 22.11 Merychippus Mascall 6.25
JODA 1999-F -9.78 22.3 Merychippus Mascall 7.5

orT



Distance from

H H 13 18 i
Ider?&ﬂggtrlon (\?PE? B) (VSSMSW) Taxon II:?)Cr?rt‘llaotrilocr)lr occlusal
surface (mm)

JODA 1999-G -10.01 22.62 Merychippus Mascall 8.75
JODA 1999-H —-9.64 23.89 Merychippus Mascall 10
JODA 1999-I —-9.46 24.28 Merychippus Mascall 11.25
JODA 1999-J -9.86 22.78 Merychippus Mascall 12.5
JODA 1999-K -10.52 23.53 Merychippus Mascall 13.75
JODA 1999-L -10.45 23.73 Merychippus Mascall 15
JODA 1999-M -11.02 23.31 Merychippus Mascall 16.25
JODA 1999-N -9.37 22.33 Merychippus Mascall 17.5
JODA 2003-B -10.94 22.39 Merychippus Mascall 2.5
JODA 2003-C -11.04 22.32 Merychippus Mascall 3.75
JODA 2003-D -11.11 22.33 Merychippus Mascall 5
JODA 2003-E -11.49 22.19 Merychippus Mascall 6.25
JODA 2003-F -11.31 22.2 Merychippus Mascall 7.5
JODA 2003-G -11.04 22.01 Merychippus Mascall 8.75
JODA 2003-H -10.89 22.38 Merychippus Mascall 10
JODA 2003-I -10.07 22.76 Merychippus Mascall 11.25
JODA 2003-J -10.48 22.32 Merychippus Mascall 12,5
JODA 2003-K -10.27 22.56 Merychippus Mascall 13.75
JODA 2003-L -10.57 23.27 Merychippus Mascall 15
JODA 2003-M -9.96 22.54 Merychippus Mascall 16.25
JODA 2003-N -10.83 23.83 Merychippus Mascall 17.5
JODA 2026-B -9.42 20.92 Merychippus Mascall 2.5
JODA 2026-C -9.58 21.7 Merychippus Mascall 3.75

114"



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)

JODA 2026-D -9.78 21.2 Merychippus Mascall 5
JODA 2026-E -9.93 20.83 Merychippus Mascall 6.25
JODA 2026-F -9.13 22.88 Merychippus Mascall 7.5
JODA 2026-G -10.13 24.04 Merychippus Mascall 8.75
JODA 2026-H -10.01 23.89 Merychippus Mascall 10
JODA 2026-K -10.69 22.71 Merychippus Mascall 12.5
JODA 2026-L -10.66 23.23 Merychippus Mascall 13.75
JODA 2026-M -10.68 23.16 Merychippus Mascall 15
JODA 2026-N -10.16 22.4 Merychippus Mascall 16.25
JODA 2026-O -10.33 22.49 Merychippus Mascall 17.5
JODA 2026-P -9.66 22.18 Merychippus Mascall 18.75
JODA 2029-A -11.19 21.11 Merychippus Mascall 1.25
JODA 2029-B -10.77 20.93 Merychippus Mascall 2.5
JODA 2029-C -11.11 21.34 Merychippus Mascall 3.75
JODA 2029-D -10.99 20.24 Merychippus Mascall 5
JODA 2029-E -10.95 19.56 Merychippus Mascall 6.25
JODA 2029-F -11.4 20.14 Merychippus Mascall 7.5
JODA 2029-G -10.99 21.02 Merychippus Mascall 8.75
JODA 2029-H -10.93 21.32 Merychippus Mascall 10
JODA 2029-1 -11.47 21.62 Merychippus Mascall 11.25
JODA 2029-J -11.74 21.71 Merychippus Mascall 12,5
JODA 2029-K -11.91 21.35 Merychippus Mascall 13.75
JODA-2029-M -11.76 23.09 Merychippus Mascall 15

474"



Distance from

H H 13 18 i
Ider?&ﬂggtrlon (\?PE?B) (VSSMSW) Taxon II:?)Cr?rt‘llaotrilocr)lr occlusal
surface (mm)
JODA-2029-N -12.31 22.25 Merychippus Mascall 16.25
JODA-2029-P -12.45 23.31 Merychippus Mascall 17.5
JODA-2029-Q -11.64 21.09 Merychippus Mascall 18.75
F-23851-C -9.48 19.76 Merychippus Mascall 3.75
F-23851-D -9.57 19.16 Merychippus Mascall 5
F-23851-E -9.6 19.32 Merychippus Mascall 6.25
F-23851-F -9.7 18.82 Merychippus Mascall 7.5
F-23851-G -10.2 19.62 Merychippus Mascall 8.75
F-23851-H -10.03 19.61 Merychippus Mascall 10
F-23851-1 -10.29 18.64 Merychippus Mascall 11.25
F-23851-J -9.87 18.3 Merychippus Mascall 12,5
F-23851-L -9.8 18.8 Merychippus Mascall 15
F-23851-M -10.14 18.68 Merychippus Mascall 16.25
F-30988-B -12.19 22.84 Merychippus Mascall 2.5
F-30988-D -11.24 20.32 Merychippus Mascall 5
F-30989-C -11.5 24.52 Merychippus Mascall 3.75
F-30989-F -12.05 23.77 Merychippus Mascall 7.5
F-30989-G -12.52 25.58 Merychippus Mascall 8.75
F-30989-J -12.46 26.02 Merychippus Mascall 11.25
F-30989-1 -12.89 25.43 Merychippus Mascall 10
F-30989-K -14.82 25.05 Merychippus Mascall 12,5
F-23852-A+B -10.75 20.74 Merychippus Mascall 2.5
F-23852-C -10.1 20.45 Merychippus Mascall 3.75

evt



Identification d3C 5180 Taxon Location or D'Séiszszom
number (VPDB) | (VSMOW) Formation
surface (mm)
F-23852-D -10.94 20.47 Merychippus Mascall 5
F-23852-E -10.9 20.92 Merychippus Mascall 6.25
F-23852-F -10.56 19.57 Merychippus Mascall 7.5
F-23852-G -11.54 20.27 Merychippus Mascall 8.75
F-23852-H -10.48 18.72 Merychippus Mascall 10
F-23852-1 -10.84 20.31 Merychippus Mascall 11.25
F-23852-] -10.18 18.94 Merychippus Mascall 12.5
F-23852-K -10.1 18.99 Merychippus Mascall 13.75
JODA-2000-C -11.45 20.37 Merychippus Mascall 3.75
JODA-2000-B -11.29 19.75 Merychippus Mascall 2.5
JODA-2000-E -11.3 20.42 Merychippus Mascall 6.25
JODA-2000-F -10.78 20.58 Merychippus Mascall 7.5
JODA-2000-G -11.66 20.99 Merychippus Mascall 8.75
JODA-2000-I -11.45 20.99 Merychippus Mascall 11.25
JODA-2000-H -11.64 21.5 Merychippus Mascall 10
JODA-2000-K -11.11 21.73 Merychippus Mascall 13.75
JODA-2000-L -11.49 21.87 Merychippus Mascall 15
JODA-2000-M -11.5 22.14 Merychippus Mascall 16.25
JODA-2000-N -11.03 22.12 Merychippus Mascall 17.5
JODA-2018-A -12.09 21.29 Merychippus Mascall 1.25
JODA-2018-B -12.32 21.11 Merychippus Mascall 2.5
JODA-2018-C -12.19 20.85 Merychippus Mascall 3.75
JODA-2018-D -12.49 20.51 Merychippus Mascall 5

124"



Distance from

H H 13 18 i
Ider?&ﬂggtrlon (\?PE? B) (VSSMSW) Taxon II:?)Cr?rt‘llaotrilocr)lr occlusal
surface (mm)
JODA-2018-E -12.44 20.6 Merychippus Mascall 6.25
JODA-2018-F -11.24 20.15 Merychippus Mascall 7.5
JODA-2018-G -11.83 19.45 Merychippus Mascall 10
JODA-2018-H -11.77 20.32 Merychippus Mascall 11.25
JODA-2018-I -11.22 20.1 Merychippus Mascall 12.5
JODA-2018-J -11.67 19.75 Merychippus Mascall 13.75
JODA-2018-K -12.48 20.25 Merychippus Mascall 15
JODA-2018-M -11.78 20.23 Merychippus Mascall 16.25
JODA-2018-O -11.82 20.85 Merychippus Mascall 18.75
JODA-2018-P -12.16 20.51 Merychippus Mascall 20
JODA 2008-B -11.39 20.11 Merychippus Mascall 2.5
JODA 2008-C -11.67 19.39 Merychippus Mascall 3.75
JODA 2008-E -11.4 19.89 Merychippus Mascall 6.25
JODA 2008-F -11.32 19.94 Merychippus Mascall 7.5
JODA 2008-G -11.45 21.93 Merychippus Mascall 8.75
JODA 2008-H -10.92 21.19 Merychippus Mascall 10
JODA 2008-I -10.77 19.4 Merychippus Mascall 11.25
JODA 2008-K -11.01 20.63 Merychippus Mascall 13.75
JODA 2008-L -11.18 21.17 Merychippus Mascall 15
JODA 2008-M -11.07 21.27 Merychippus Mascall 16.25
JODA 2008-N -10.95 20.95 Merychippus Mascall 17.5
JODA 2008-O -11.11 21.24 Merychippus Mascall 18.75
JODA 2006-A -8.92 21.9 Merychippus Mascall 1.25

14"



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 2006-B -8.8 21.21 Merychippus Mascall 2.5
JODA 2006-D -9.17 20.81 Merychippus Mascall 5
JODA 2006-F -8.9 20.15 Merychippus Mascall 7.5
JODA 2006-I -8.87 22.95 Merychippus Mascall 11.25
JODA 2006-K -10.66 21.15 Merychippus Mascall 15
JODA 2006-M -9.17 22.83 Merychippus Mascall 17.5
JODA 2006-N -9.84 19.05 Merychippus Mascall 18.75
JODA 2006-P -9.18 20.1 Merychippus Mascall 21.25
JODA 2006-S -13.47 18.46 Merychippus Mascall 25
JODA 4269-C -11.92 20.96 Equidae Mascall 3.75
JODA 4269-D -12.03 21.48 Equidae Mascall 5
JODA 4269-E -12.14 21.42 Equidae Mascall 6.25
JODA 4269-F -11.62 21.46 Equidae Mascall 7.5
JODA 4269-G -11.55 22.65 Equidae Mascall 8.75
JODA 4269-H -11.66 22.98 Equidae Mascall 10
JODA 4269-1 -11.7 21.63 Equidae Mascall 11.25
JODA 4269-J -12.02 21.78 Equidae Mascall 12.5
JODA 4269-K -12.32 22.61 Equidae Mascall 13.75
JODA 4269-L -12.21 22.27 Equidae Mascall 15
JODA 4269-M -12.65 22.11 Equidae Mascall 16.25
Sucker Creek (~14.9 Ma)
Identification R 5180 Taxon Location or Dls(t)z;r;ﬁjzs;rlom
number (VPDB) | (VSMOW) Formation

surface (mm)
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Distance from

H H 13 18 i
Ider?&ﬂggtrlon (\?PE? B) (VSSMSW) Taxon II:?)Cr?rt‘llaotrilocr)lr occlusal
surface (mm)
JODA 8459 K -8.99 17.48 Merychippus | Sucker Creek 13.75
JODA 8459-A -9.13 17.69 Merychippus | Sucker Creek 1.25
JODA 8459-D -9.43 17.82 Merychippus | Sucker Creek 5
JODA 8459-F -9.24 17.05 Merychippus Sucker Creek 7.5
JODA 8459-G -8.94 16.7 Merychippus | Sucker Creek 8.75
JODA 8460 B —9.86 19.93 Merychippus | Sucker Creek 2.5
JODA 8460 E -10.31 20.03 Merychippus Sucker Creek 5
JODA 8460 H -10.38 20.11 Merychippus | Sucker Creek 8.75
JODA 8460 K -10.5 20.26 Merychippus | Sucker Creek 12.5
JODA 8460 N -10.62 20.23 Merychippus | Sucker Creek 16.25
JODA 8451 A -9.13 16.09 Merychippus Sucker Creek 1.25
JODA 8451 D -8.99 17.35 Merychippus Sucker Creek 5
JODA 8451 G -9.32 17.24 Merychippus Sucker Creek 8.75
JODA 8451 -8.76 17.88 Merychippus Sucker Creek 12,5
JODA 8451 L -8.52 17.22 Merychippus Sucker Creek 15
JODA 8464 E -9.43 18.99 Merychippus Sucker Creek 6.25
JODA 8464 H -9.54 19.57 Merychippus Sucker Cree 10
JODA 8464 K -9.24 19.53 Merychippus Sucker Creek 13.75
JOD(Q(?;?“ N -8.53 18.85 Merychippus Sucker Creek 17.5
JODA 8463-E/H -9.87 20.55 Equid Sucker Creek 10
JODA 8463-K/N -9.9 16.05 Equid Sucker Creek 16.25
JOD(?S@?&A -9.17 17.59 Equid Sucker Creek 1.25

LyT



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 8453-F -9.06 18.23 Equid Sucker Creek 7.5
JODA 8453-H -9.21 18.03 Equid Sucker Creek 10
JOD(_Arg‘F‘f)S“'A 11.26 18.39 Equid Sucker Creek 1.25
JODA 8454-D/F -10.58 19.09 Equid Sucker Creek 7.5
JODA 8454-H -10.14 18.91 Equid Sucker Creek 10
JODA 8457-C -10.23 16.28 Equid Sucker Creek 3.75
JODA 8457-E/G -10.47 17.08 Equid Sucker Creek 8.75
JODA 8457-1 -10.26 18.02 Equid Sucker Creek 11.25
JODA 8458-D -9.1 18.55 Rhino Sucker Creek 5
JODA 8458-F -10.03 17.44 Rhino Sucker Creek 7.5
JODA 8458-H -10.28 17.01 Rhino Sucker Creek 10
JODA 8458-J -9.99 16.81 Rhino Sucker Creek 12.5
JODA 8458-L -10.02 16.78 Rhino Sucker Creek 15
JODA 8465-A -8.19 18.05 Artiodactyl Sucker Creek 1.25
JODA 8465-C/E -8.59 13.31 Artiodactyl Sucker Creek 6.25
JODA 8466-C -9.99 15.02 Artiodactyl Sucker Creek 1.25
JODA 8466-E -8.38 15.56 Artiodactyl Sucker Creek 6.25
Quartz Basin (14.3-14.8 Ma)
Identification R 5180 Taxon Location or Dls(t)z;r;ﬁjzs;rlom
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 8468 J -9.34 20.3 Merychippus Quartz Basin 12,5
JODA 8468 M -9.39 20.01 Merychippus Quartz Basin 16.25

514"



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 8468 P -9.43 18.93 Merychippus Quartz Basin 20
JODA 8468 S —9.66 18.94 Merychippus Quartz Basin 23.75
JODA 8468 V -9.55 18.3 Merychippus Quartz Basin 27.5
JODA 8468 X -9.93 19.15 Merychippus Quartz Basin 31.25
JODA 8472 E -9.3 21.05 Merychippus Quartz Basin 6.25
JODA 8472 H -9.25 20.53 Merychippus Quartz Basin 10
JODA 8472 J -9.12 20.64 Merychippus Quartz Basin 12.5
JODA 8475-A/D -9.59 19.6 Equid Quartz Basin 5
JODA 8475-G/J -9.18 18.2 Equid Quartz Basin 12.5
Red Basin (~12.5-14.8 Ma)
Identification d13C 3180 Taxon Location or D'S;acszsl;rlom
number (VvPDB) | (VSMOW) Formation
surface (mm)
23236-M1-B -11.27 26.22 Dromomeryx Red Basin 2.5
23236-M1-D -9.58 28.06 Dromomeryx Red Basin 5
23236-M1-F -9.45 28.2 Dromomeryx Red Basin 7.5
unlabled-M1-A -11.37 26.11 Dromomeryx Red Basin 1.25
unlabled-M1-C -10.09 27.51 Dromomeryx Red Basin 3.75
unlabled-M1-E -10.12 27.47 Dromomeryx Red Basin 6.25
20740-M2-B -9.75 27.87 Dromomeryx Red Basin 2.5
20740-M2-D -9.81 27.81 Dromomeryx Red Basin 5
20740-M2-F -10.1 27.49 Dromomeryx Red Basin 7.5
20740-M2-H -10.65 26.89 Dromomeryx Red Basin 10
20740-M2-J -10.83 26.7 Dromomeryx Red Basin 12.5

6vT



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
unlabled-M2-A -10.53 27.02 Dromomeryx Red Basin 1.25
unlabled-M2-C -9.93 27.68 Dromomeryx Red Basin 3.75
unlabled-M2-E -10.06 27.53 Dromomeryx Red Basin 6.25
23235-M3-B -9.86 27.75 Dromomeryx Red Basin 2.5
23235-M3-D -9.92 27.69 Dromomeryx Red Basin 5
23235-M3-F -10.52 27.03 Dromomeryx Red Basin 7.5
23235-M3-H -10.96 26.56 Dromomeryx Red Basin 10
21255-M3-B -10.01 27.59 Dromomeryx Red Basin 2.5
21255-M3-D -10.84 26.69 Dromomeryx Red Basin 5
21255-M3-F -10.85 26.67 Dromomeryx Red Basin 7.5
21255-M3-H -10.78 26.75 Dromomeryx Red Basin 10
22127-P2-B -9.16 28.52 Dromomeryx Red Basin 2.5
22127-P2-D -9.76 27.86 Dromomeryx Red Basin 5
22127-P2-F -10.5 27.06 Dromomeryx Red Basin 7.5
22127-P2-H -8.97 28.73 Dromomeryx Red Basin 10
unlabled-P2-B -9.71 27.92 Dromomeryx Red Basin 2.5
unlabled-P2-D -9.84 27.77 Dromomeryx Red Basin 5
23239-P4-A -10.37 27.2 Dromomeryx Red Basin 1.25
23239-P4-C -10.01 27.58 Dromomeryx Red Basin 3.75
23239-P4-D -10.2 27.38 Dromomeryx Red Basin 5
23239-P4-F -9.9 27.71 Dromomeryx Red Basin 7.5
23239-P4-H -10.11 27.48 Dromomeryx Red Basin 10

Drewsey Formation (~9.8 Ma)

05T



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 8479 A -9.52 18.9 Hipparion Drewsey 1.25
JODA 8479 B -9.28 20.28 Hipparion Drewsey 2.5
JODA 8479 F -9.13 19.97 Hipparion Drewsey 7.5
JODA 8479 | -9.05 20.52 Hipparion Drewsey 11.25
JODA 8479 -10.75 19.35 Hipparion Drewsey 12.5
JODA 8479 L -9.17 20.51 Hipparion Drewsey 15
JODA 8479 M -9.3 20.55 Hipparion Drewsey 16.25
JODA 8479 P -9.02 21.16 Hipparion Drewsey 20
JODA 8479 Q -8.67 20.58 Hipparion Drewsey 21.25
JODA 8479 T -8.81 20 Hipparion Drewsey 25
JODA 8479 V -8.81 20.56 Hipparion Drewsey 27.5
JODA 8479 Z -8.21 20.04 Hipparion Drewsey 32.5
JODA 8479 AA -8.74 20.31 Hipparion Drewsey 33.75
JODA 8479 DD -8.44 20.88 Hipparion Drewsey 37.5
JODA 8479 GG -9.13 20.72 Hipparion Drewsey 35
JODA 8479 HH -8.75 21.86 Hipparion Drewsey 38.75
JODA 8479 11 -8.6 20.93 Hipparion Drewsey 36.25
JODA 8479 JJ 0.9 20.69 Hipparion Drewsey 37.5
JODA 8485 A -9.04 19.11 Pliohippus Drewsey 1.25
JODA 8485 D -9.01 18.47 Pliohippus Drewsey 6.25
JODA 8485 -8.58 17.59 Pliohippus Drewsey 13.75
JODA 8485 B -9.25 19.08 Pliohippus Drewsey 2.5
JODA 8485 E -8.6 18.69 Pliohippus Drewsey 7.5

16T



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)

JODA 8485 G -8.52 18.2 Pliohippus Drewsey 10
JODA 8485 H -8.81 18.15 Pliohippus Drewsey 12.5
JODA 8485 K -8.51 17.48 Pliohippus Drewsey 15
JODA 8485 N -8.44 17.22 Pliohippus Drewsey 18.5
JODA 8485 Q -8.57 17.72 Pliohippus Drewsey 22
JODA 8485 R -8.94 17.83 Pliohippus Drewsey 23.25
JODA 8491-I/L -8.76 20.09 Pliohippus Drewsey 15
JODA 8491-O -9.07 19.83 Pliohippus Drewsey 20
JODA 8491-Q —-8.86 18.9 Pliohippus Drewsey 22.5
JODA 8494 F —7.54 14.61 Pliohippus Drewsey 7.5
JODA 8494 | -7.25 13.84 Pliohippus Drewsey 11.25
JODA 8494 L —7.48 13.38 Pliohippus Drewsey 15
JODA 8494 M —6.99 13.75 Pliohippus Drewsey 16.25
JODA 8498b A -10.11 22.86 Megatylopus Drewsey 1.25
JODA 8498b D -9.74 23.53 Megatylopus Drewsey 5
JODA 8498b G -10.11 23.1 Megatylopus Drewsey 8.75
JODA 8498b J -9.94 23.52 Megatylopus Drewsey 12,5
JODA 8498c B -9.2 23.74 Megatylopus Drewsey 2.5
JODA 8498c H -9.24 22.54 Megatylopus Drewsey 10
JODA 8498c K -9.32 20.33 Megatylopus Drewsey 13.75
JODA 8498a A -11.12 20.97 Gomphothere Drewsey 1.25
JODA 8498a D -11.35 20.81 Gomphothere Drewsey 5
JODA 8490-A -10.61 18.89 Equid Drewsey 1.25

[4°1)



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
JODA 8490-E -9.27 17.45 Equid Drewsey 6.25
JODA 8490-B -9.76 20.41 Equid Drewsey 2.5
JODA 8490-D -10.04 19.65 Equid Drewsey 5
JODA 8490-F -10.08 19.51 Equid Drewsey 7.5
JODA 8490-H -10.08 19 Equid Drewsey 10
JODA 8490-L -10.22 19.33 Equid Drewsey 15
JODA 8490-E -9.96 18.27 Rhino Drewsey 6.25
JODA 8490-I -10.07 18 Rhino Drewsey 11.25
JODA 8490-K -9.72 18.46 Rhino Drewsey 13.75
Rattlesnake Formation (~7.1 Ma) |
Identification d13C 3180 Taxon Location or D'S;acszsl;rlom
number (VvPDB) | (VSMOW) Formation
surface (mm)

JODA 4389c-B -11.12 23.54 Equid Rattlesnake 2.5
JODA 4389c-C -10.70 23.93 Equid Rattlesnake 3.75
JODA 4389c-D -9.93 22.32 Equid Rattlesnake 5
JODA 4389c-E -8.84 21.85 Equid Rattlesnake 6.25
JODA 4389c-F -10.26 23.85 Equid Rattlesnake 7.5
JODA 4389c¢-G -9.79 22.49 Equid Rattlesnake 8.75
JODA 4389c-H -10.24 23.69 Equid Rattlesnake 10
JODA 4389c-I -11.83 22.81 Equid Rattlesnake 11.25
JODA 4389c-J -10.11 22.21 Equid Rattlesnake 12,5
JODA 4389d-B -11.34 19.83 Equid Rattlesnake 2.5
JODA 4389d-F -11.22 21.57 Equid Rattlesnake 7.5
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Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
JODA 4389d-G -11.04 19.69 Equid Rattlesnake 8.75
JODA 2067a-C -12.04 24.21 Equid Rattlesnake 3.75
JODA 2067a-D -11.66 25.97 Equid Rattlesnake 5
JODA 2067a-H -11.68 22.48 Equid Rattlesnake 10
JODA 2067a-J -11.91 22.7 Equid Rattlesnake 12.5
JODA 2076b-B -12.48 23.26 Equid Rattlesnake 2.5
JODA 2076b-C -11.38 22.93 Equid Rattlesnake 3.75
JODA 2076b-D -12.56 23.94 Equid Rattlesnake 5
JODA 2076b-O -12.26 25.5 Equid Rattlesnake 18.75
Glenns Ferry Formation (Hagerman; ~3.2 Ma)
Identification d13C 3180 Taxon Location or D'S;acszsl;rlom
number (VvPDB) | (VSMOW) Formation surface (mm)
HAFO 16491-1 -10.4 19.87 Camelops Glenns Ferry 0
HAFO 16491-2 -10.47 19.36 Camelops Glenns Ferry 1.25
HAFO 16491-3 -10.07 18.81 Camelops Glenns Ferry 2.5
HAFO 16491-4 -10.42 20.7 Camelops Glenns Ferry 3.75
HAFO 16491-5 -10.45 20.71 Camelops Glenns Ferry 5
HAFO 16491-6 -10.58 21.13 Camelops Glenns Ferry 6.25
HAFO 16491-7 -9.63 18.3 Camelops Glenns Ferry 7.5
HAFO 16491-8 -9.47 18.35 Camelops Glenns Ferry 8.75
HAFO 17991-1 -8.02 19.39 Equus Glenns Ferry 0
HAFO 17991-2 -8.18 19.03 Equus Glenns Ferry 1.25
HAFO 17991-3 -8.54 18.9 Equus Glenns Ferry 2.5

121"



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VvPDB) | (VSMOW) Formation surface (mm)

HAFO 17991-4 -8.57 19.2 Equus Glenns Ferry 3.75
HAFO 17991-5 -8.98 19.27 Equus Glenns Ferry 5
HAFO 17991-6 -8.89 19.49 Equus Glenns Ferry 6.25
HAFO 17991-7 -10.64 19.54 Equus Glenns Ferry 7.5
HAFO 17991-8 -9.01 19.82 Equus Glenns Ferry 8.75
HAFO 17991-9 -9.06 19.53 Equus Glenns Ferry 10
HAFO 17991-10 -9.05 19.49 Equus Glenns Ferry 11.25
HAFO 17991-11 -9.09 19.34 Equus Glenns Ferry 12.5
HAFO 17991-12 -8.96 19.48 Equus Glenns Ferry 13.75
HAFO 17991-13 -8.95 19.51 Equus Glenns Ferry 15
HAFO 17991-14 -8.9 19.65 Equus Glenns Ferry 16.25
HAFO 17991-15 -8.85 19.55 Equus Glenns Ferry 17.5
HAFO 17991-16 -8.9 19.54 Equus Glenns Ferry 18.75
HAFO 18057-1 —7.6 16.4 Equus Glenns Ferry 0
HAFO 18057-2 -8.1 18 Equus Glenns Ferry 1.3
HAFO 18057-3 -8.4 19 Equus Glenns Ferry 2.5
HAFO 18057-4 -8.9 19.1 Equus Glenns Ferry 3.8
HAFO 18057-5 -9.4 20.1 Equus Glenns Ferry 5
HAFO 18057-6 -9.3 19.6 Equus Glenns Ferry 6.3
HAFO 18057-7 -9.8 20.4 Equus Glenns Ferry 7.5
HAFO 18057-9 -9.9 20.4 Equus Glenns Ferry 10
HAFO 18057-10 -9.8 19.9 Equus Glenns Ferry 11.3
HAFO 18057-11 -9.8 19.6 Equus Glenns Ferry 12.5

GST



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
HAFO 18057-12 -9.8 20.3 Equus Glenns Ferry 13.8
HAFO 18057-13 -9.7 20 Equus Glenns Ferry 15
HAFO 18057-14 -9.6 20.3 Equus Glenns Ferry 16.3
HAFO 18057-15 -9.8 20.6 Equus Glenns Ferry 17.5
HAFO 18057-16 -9.6 19.9 Equus Glenns Ferry 18.8
HAFO 18057-17 -9.8 20.1 Equus Glenns Ferry 20
HAFO 18057-18 -9.8 19.7 Equus Glenns Ferry 21.3
HAFO 389-1 -9.9 22 Mammut Glenns Ferry 0
HAFO 389-2 -9.9 21.1 Mammut Glenns Ferry 1.3
HAFO 389-3 -9.8 21.5 Mammut Glenns Ferry 2.5
HAFO 389-4 -9.8 21.4 Mammut Glenns Ferry 3.8
HAFO 389-5 -9.8 20.8 Mammut Glenns Ferry 5
HAFO 389-6 -9.9 21.7 Mammut Glenns Ferry 6.3
HAFO 389-7 -9.7 21.8 Mammut Glenns Ferry 7.5
HAFO 389-8 -9.4 20.9 Mammut Glenns Ferry 8.8
HAFO 7997-1 -10.3 19.1 Mammut Glenns Ferry 0
HAFO 7997-2 -10.2 19.1 Mammut Glenns Ferry 1.3
HAFO 7997-3 -10.2 19 Mammut Glenns Ferry 2.5
HAFO 7997-4 -10.3 18.8 Mammut Glenns Ferry 3.8
HAFO 7997-5 -10.1 18.8 Mammut Glenns Ferry 5
HAFO 7997-6 -10.1 19 Mammut Glenns Ferry 6.3
HAFO 7997-7 -9.9 19 Mammut Glenns Ferry 7.5
HAFO 7997-8 -9.9 18.8 Mammut Glenns Ferry 8.8

99T



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)

HAFO 7997-9 -10 18.7 Mammut Glenns Ferry 10
HAFO 7997-10 -9 19.5 Mammut Glenns Ferry 11.3
HAFO 7997-11 -10 18.8 Mammut Glenns Ferry 12.5
HAFO 17581-1 -9.2 17.6 Castor Glenns Ferry 0
HAFO 17581-2 -9 17.2 Castor Glenns Ferry 1.3
HAFO 17581-3 -9 17.6 Castor Glenns Ferry 2.5
HAFO 17581-4 -8.9 17.7 Castor Glenns Ferry 3.8
HAFO 17581-5 -8.9 17.8 Castor Glenns Ferry 5
HAFO 17581-6 -8.7 17.7 Castor Glenns Ferry 6.3
HAFO 17581-7 -8.8 17.9 Castor Glenns Ferry 7.5
HAFO 17581-8 -8.9 18.1 Castor Glenns Ferry 8.8
HAFO 17581-9 -8.6 18.1 Castor Glenns Ferry 10
HAFO 17581-10 -8.5 17.9 Castor Glenns Ferry 11.3
HAFO 17581-11 -8.6 18 Castor Glenns Ferry 12.5
HAFO 17581-12 -9 18.1 Castor Glenns Ferry 13.8
HAFO 17581-13 -9.3 18.3 Castor Glenns Ferry 15
HAFO 17581-14 -9.1 18.2 Castor Glenns Ferry 16.3
HAFO 19145-1 -9.7 20.5 Proboscidea Glenns Ferry 0
HAFO 19145-2 -9.6 20.6 Proboscidea Glenns Ferry 1.3
HAFO 19145-3 -9.6 20.5 Proboscidea Glenns Ferry 2.5
HAFO 19145-4 -9.5 20.6 Proboscidea Glenns Ferry 3.8
HAFO 19145-5 -9.5 20.4 Proboscidea Glenns Ferry 5
HAFO 19145-6 -9.6 20 Proboscidea Glenns Ferry 6.3

LST



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VvPDB) | (VSMOW) Formation surface (mm)
HAFO 19145-7 -8.4 17.6 Proboscidea Glenns Ferry 7.5
HAFO 19145-8 -8.2 17.2 Proboscidea Glenns Ferry 8.8
HAFO 170581-1 -8.9 17.9 Castor Glenns Ferry 0
HAFO 170581-2 -8.9 17.6 Castor Glenns Ferry 1.3
HAFO 170581-3 -8.8 17.7 Castor Glenns Ferry 2.5
HAFO 170581-4 -8.6 17.7 Castor Glenns Ferry 3.8
HAFO 170581-5 -8.7 18.1 Castor Glenns Ferry 5
HAFO 170581-6 -8.4 17.7 Castor Glenns Ferry 6.3
HAFO 170581-7 -8.6 17.6 Castor Glenns Ferry 7.5
HAFO 170581-8 -8.8 17.9 Castor Glenns Ferry 8.8
HAFO 170581-9 -8.3 16.9 Castor Glenns Ferry 10
HAFO 170581-10 -8.4 17.5 Castor Glenns Ferry 11.3
HAFO 170581-11 -8.4 18.1 Castor Glenns Ferry 12.5
HAFO 170581-12 -8.6 18 Castor Glenns Ferry 13.8
HAFO 170581-13 -9.3 18.2 Castor Glenns Ferry 15
HAFO 170581-14 -8.9 17.8 Castor Glenns Ferry 16.3
HAFO 2191-1 -9.8 19.8 Equus Glenns Ferry 0
HAFO 2191-2 -9.5 18.7 Equus Glenns Ferry 1.3
HAFO 2191-3 -9.3 18.9 Equus Glenns Ferry 2.5
HAFO 2191-4 -9.4 18 Equus Glenns Ferry 3.8
HAFO 2191-5 -9.4 18.4 Equus Glenns Ferry 5
HAFO 2191-6 -9.3 17.4 Equus Glenns Ferry 6.3
HAFO 2191-7 -9.1 18.5 Equus Glenns Ferry 7.5
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Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
HAFO 2191-8 -9.1 19.2 Equus Glenns Ferry 8.8
HAFO 2191-9 -9.3 18.9 Equus Glenns Ferry 10
HAFO 2191-10 -9.4 19.2 Equus Glenns Ferry 11.3
HAFO 2191-11 -9.2 18.8 Equus Glenns Ferry 12.5
HAFO 2191-12 -94 19.6 Equus Glenns Ferry 13.8
HAFO 2126-1 -9.4 18.3 Castor Glenns Ferry 0
HAFO 2126-2 -10 18.7 Castor Glenns Ferry 1.3
HAFO 2126-3 -9.7 18.3 Castor Glenns Ferry 2.5
HAFO 2126-4 -9.7 18.7 Castor Glenns Ferry 3.8
HAFO 2126-5 -10 18.6 Castor Glenns Ferry 5
HAFO 2126-6 -9.8 18.5 Castor Glenns Ferry 6.3
HAFO 2126-7 -9.6 18.3 Castor Glenns Ferry 7.5
HAFO 2126-8 -9.2 18.4 Castor Glenns Ferry 8.8
HAFO 2126-9 -9.1 17.7 Castor Glenns Ferry 10
HAFO 2126-10 -9 18.4 Castor Glenns Ferry 11.3
HAFO 2126-11 -8.8 17.2 Castor Glenns Ferry 12.5
HAFO 2126-12 -8.7 18.4 Castor Glenns Ferry 13.8
HAFO 2126-13 -8.6 19.4 Castor Glenns Ferry 15
HAFO 2126-14 -8.4 17.9 Castor Glenns Ferry 16.3
HAFO 986-1 -10 19.1 Mammut Glenns Ferry 0
HAFO 986-2 -10.4 18.8 Mammut Glenns Ferry 1.3
HAFO 986-3 -10.2 19.2 Mammut Glenns Ferry 2.5
HAFO 986-4 -10.3 19 Mammut Glenns Ferry 3.8

69T



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
HAFO 986-5 -10.2 18.7 Mammut Glenns Ferry 5
HAFO 986-6 -10.3 18.6 Mammut Glenns Ferry 6.3
HAFO 986-7 -10.3 18.9 Mammut Glenns Ferry 7.5
HAFO 8870-1 -9.7 18.2 Mammut Glenns Ferry 0
HAFO 8870-2 -9.6 18 Mammut Glenns Ferry 1.3
HAFO 8870-3 -9.6 18.1 Mammut Glenns Ferry 2.5
HAFO 8870-4 -9.8 17.9 Mammut Glenns Ferry 3.8
HAFO 8870-5 -10 17.8 Mammut Glenns Ferry 5
HAFO 8870-6 -9.7 18.1 Mammut Glenns Ferry 6.3
HAFO 8870-7 -10.1 18.1 Mammut Glenns Ferry 7.5
HAFO 8870-8 -9.4 18 Mammut Glenns Ferry 8.8
HAFO 19021-4 -8 17.8 Castoridae Glenns Ferry 3.8
HAFO 19021-5 7.7 17.9 Castoridae Glenns Ferry 5
HAFO 19021-6 1.7 17.2 Castoridae Glenns Ferry 6.3
HAFO 19021-7 7.7 17.4 Castoridae Glenns Ferry 7.5
HAFO 19021-8 7.7 18.1 Castoridae Glenns Ferry 8.8
HAFO 19021-9 -7.8 18.2 Castoridae Glenns Ferry 10
HAFO 19021-10 -7.8 18.1 Castoridae Glenns Ferry 11.3
HAFO 18051-1 -8.7 16.4 Equus Glenns Ferry 0
HAFO 18051-2 -9 16.5 Equus Glenns Ferry 1.3
HAFO 18051-3 -8.5 17.3 Equus Glenns Ferry 2.5
HAFO 18051-4 -8.6 17.4 Equus Glenns Ferry 3.8
HAFO 18051-5 -8.5 17.6 Equus Glenns Ferry 5

097



Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
HAFO 18051-6 -8.4 18.1 Equus Glenns Ferry 6.3
HAFO 18051-7 -8.5 18.6 Equus Glenns Ferry 7.5
HAFO 203-1 -10.3 19.4 Camelidae Glenns Ferry 0
HAFO 203-2 -10.8 20.5 Camelidae Glenns Ferry 1.3
HAFO 203-3 -10.7 22.1 Camelidae Glenns Ferry 2.5
HAFO 203-4 -10.8 22.1 Camelidae Glenns Ferry 3.8
HAFO 203-5 -10.7 22.8 Camelidae Glenns Ferry 5
HAFO 203-6 -10.8 22.7 Camelidae Glenns Ferry 6.3
HAFO 203-7 -10.6 22.8 Camelidae Glenns Ferry 7.5
HAFO 203-8 -10.6 22.4 Camelidae Glenns Ferry 8.8
HAFO 203-10 -10.6 22.5 Camelidae Glenns Ferry 10
HAFO 203-11 -10.5 22.2 Camelidae Glenns Ferry 11.3
HAFO 203-12 -10.4 21.6 Camelidae Glenns Ferry 12,5
HAFO 203-13 -10.3 21.4 Camelidae Glenns Ferry 13.8
HAFO 203-14 -10.2 21.1 Camelidae Glenns Ferry 15
Birch Creek (~2.4 Ma)
Identification d13C 3180 Taxon Location or D'S;iszsglom
number (VPDB) | (VSMOW) Formation surface (mm)
IMNH 315-C -9.2 18.51 Equus Birch Creek 3.75
IMNH 315-F -11.5 17.18 Equus Birch Creek 6.25
IMNH 315-H -9.2 19.25 Equus Birch Creek 8.75
IMNH 315-Q -10.7 20.2 Equus Birch Creek 20
IMNH 315-R -11.0 18.8 Equus Birch Creek 21.25
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Distance from

Identification d3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation
surface (mm)
IMNH 315-X -10.7 19 Equus Birch Creek 28.75
IMNH 315-Z -10.0 20.3 Equus Birch Creek 31.25
IMNH 315-AA -10.3 19.7 Equus Birch Creek 32.5
IMNH 315-CC -13.4 17.7 Equus Birch Creek 35
IMNH 315-FF -11.3 18.8 Equus Birch Creek 38.75
IMNH 315-11 -10.1 21.1 Equus Birch Creek 41.25
IMNH 315-JJ -11.2 19.4 Equus Birch Creek 42.5
IMNH 315-KK -10.7 19.6 Equus Birch Creek 43.75
IMNH 315-LL -11.5 22.1 Equus Birch Creek 45
Tyson Ranch (~1.9 Ma)
Identification d13C 3180 Taxon Location or D'S;acszsl;rlom
number (VvPDB) | (VSMOW) Formation
surface (mm)

IMNH 231-F -8.1 21.9 Equus Tyson Creek 7.5
IMNH 231-G -6.9 22.1 Equus Tyson Creek 8.75
IMNH 231-J -10.1 25.8 Equus Tyson Creek 12.5
IMNH 231-L -8.1 23.4 Equus Tyson Creek 15
IMNH 231-M -8.0 22.3 Equus Tyson Creek 16.25
IMNH 231-N —1.6 22.9 Equus Tyson Creek 17.5
IMNH 231-O —7.4 20.5 Equus Tyson Creek 18.75
IMNH 231-P -6.9 20.8 Equus Tyson Creek 20
IMNH 231-Q -6.9 21.9 Equus Tyson Creek 21.25
IMNH 231-R —1.2 24.6 Equus Tyson Creek 22.5
IMNH 231-X -7.3 25.7 Equus Tyson Creek 30
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Distance from

Identification dt3C 5180 Taxon Location or occlusal
number (VPDB) | (VSMOW) Formation surface (mm)
IMNH 231-Y -8.7 23.6 Equus Tyson Creek 31.25
IMNH 231-Z 7.3 24.3 Equus Tyson Creek 33.75
IMNH 231-BB —7.2 23.4 Equus Tyson Creek 35
IMNH 231-CC -8.8 24.9 Equus Tyson Creek 36.25
IMNH 231-DD —1.7 24.1 Equus Tyson Creek 37.5
IMNH 231-JJ -11.0 26 Equus Tyson Creek 45
IMNH 231-MM 7.2 23.1 Equus Tyson Creek 48.75
IMNH 231-LL -85 24 Equus Tyson Creek 50
IMNH 231-PP 7.6 20.9 Equus Tyson Creek 53.75
IMNH 231-TT -8.0 24.6 Equus Tyson Creek 57.75
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Seasonal Precipitation Patterns in the American Southwest During the Late

Pleistocene Inferred from Stable Isotopes in Tooth Enamel and Tufa

X-RAY DIFFRACTION

Mineral contents of tufa were determined by X-ray diffraction (XRD). Powdered
tufa was split into 5 - 8 aliquots and transferred onto glass slides for analysis (Moore and
Reynolds, 1997). Powder XRD analyses of whole-tufa samples were analyzed on a
Rigaku MiniFlex X-ray diffractometer at the Federal Center USGS, Colorado, XRD
laboratory. Samples were X-rayed from 20° to 25°0 at a counting time of 2 s per step.

XRD analyses were completed to verify samples collected in the field, were in
fact tufa (calcium carbonate). The highest intensity within the samples was calcite,
confirming samples were tufa (Appendix Fig 2). Detrital silicate and carbonate grains
were noticed during optical inspection of tufa samples, and detrital material peaks were

also noted on XRD plots.
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Figure A. 2. Two X-ray diffraction plots of two tufa samples, from units
EO (10CM3-11) and Elb (10CM3-18.1a), showing that tufas primarily
consist of calcite, with a small amount of clay, silicates, and dolomite.



Table A. 3. 80 and 6'3C values for tooth enamel along with identification number, taxa, distance along each tooth,
dating technique, age, and error.

Unit Exgq

Identification SC (%o, | 820 (%o, Texa Distance Dating (Q?ia N

number VVPDB) VSMOW) (mm) Technique BP) -
03KS9-23.1-1 -8.13 32.14 Camelops 1.25 14c 13.69 0.14
03KS9-23.1-3 -8.49 31.59 Camelops 2.5 14C 13.69 | 0.14
03KS9-23.1-5 -8.71 31.70 Camelops 3.75 14C 13.69 | 0.14
03KS9-23.1-7 -8.44 32.30 Camelops 5 14¢c 13.69 | 0.14
03KS9-23.1-9 -8.35 34.35 Camelops 6.25 14¢c 13.69 | 0.14
03KS9-23.1-11 -8.58 31.08 Camelops 7.5 14¢c 13.69 | 0.14
03KS9-23.1-13 -9.42 30.91 Camelops 8.75 14¢c 13.69 0.14
03KS9-23.1-15 -8.64 30.27 Camelops 10 14¢c 13.69 0.14
03KS9-23.1-1b -7.70 22.31 Equus 1.25 14¢c 13.69 0.14
03KS9-23.1-3b -1.47 22.86 Equus 2.5 14¢c 13.69 0.14
03KS9-23.1-5b -71.17 23.18 Equus 3.75 14¢c 13.69 0.14
03KS9-23.1-7b -7.12 23.23 Equus 5 14¢c 13.69 0.14
03KS9-23.1-9b -6.97 23.40 Equus 6.25 14¢c 13.69 0.14
03KS9-23.1-11b -6.87 23.51 Equus 7.5 14¢c 13.69 0.14
03KS9-23.1-13b -6.63 23.78 Equus 8.75 14¢c 13.69 0.14
03KS9-23.1-15b -6.68 23.72 Equus 10 14¢c 13.69 0.14
03KS9-23.1-17b -6.84 23.55 Equus 11.25 14¢c 13.69 0.14

Identification S3C (%o, | 80 (%o, Taxa Distance Dating Age (cal N

number VPDB) VSMOW) (mm) Technique ka BP)
Unit E1c

L9T



Identification number 6\1/35[)(3’; ’ \?;SI\OA (()({(7\)/) Taxa D('f;?:)c € Te?:?\tr:ino?ue 'T(geég?l +
03MRR10-1.2-1 -7.21 25.35 Equus 1.25 4c 14.12 0.21
03MRR10-1.2-3 -7.37 25.84 Equus 2.5 4c 14.12 0.21
03MRR10-1.2-5 -7.15 25.14 Equus 3.75 4c 14.12 0.21
03MRR10-1.2-9 -7.18 24.02 Equus 6.25 4c 14.12 0.21

03MRR10-1.2-11 -6.93 23.24 Equus 7.5 4c 14.12 0.21
03MRR10-1.2-15 -6.52 23.91 Equus 10 4c 14.12 0.21
03MRR10-1.2-17 -5.91 24.11 Equus 11.25 4c 14.12 0.21
03MRR10-1.2-19 -6.30 24.37 Equus 125 4c 14.12 0.21
03MRR10-1.2-21 -6.90 24.58 Equus 13.75 4c 14.12 0.21
03MRR10-1.2-23 -7.37 24.09 Equus 15 4c 14.12 0.21
03MRR10-1.2-25 -6.24 25.15 Equus 16.25 4c 14.12 0.21
03MRR10-1.2-27 -7.49 24.92 Equus 175 4c 14.12 0.21
03MRR10-1.2-29 -8.39 24.26 Equus 18.75 4c 14.12 0.21
03MRR10-1.2-31 -5.92 25.58 Equus 20 4c 14.12 0.21
03MRR10-1.2-33 -5.86 25.88 Equus 21.25 4c 14.12 0.21
03MRR10-1.2-35 -6.48 26.63 Equus 22.5 4c 14.12 0.21
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Unit E1p

Identification d33C (%o, | S0 (%o, Texa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
03CM10-8.2A-1 -15.81 14.16 Mammuthus 1.25 14c 14.59 0.50
03CM10-8.2A-3 -11.22 15.74 Mammuthus 2.5 14c 14.59 0.50
03CM10-8.2A-5 -12.14 16.35 Mammuthus 3.75 14C 14.59 0.50
03CM10-8.2A-7 -11.92 17.01 Mammuthus 5 14C 14.59 0.50
03CM10-8.2A-9 -10.15 18.14 Mammuthus 6.25 14C 14.59 0.50
03CM10-8.2A-11 -11.05 17.63 Mammuthus 7.5 14C 14.59 0.50
03CM10-8.2A-13 -12.27 17.00 Mammuthus 8.75 14C 14.59 0.50
03CM10-8.2A-15 -11.69 17.09 Mammuthus 10 14C 14.59 0.50
03CM10-8.2A-17 -11.11 17.67 Mammuthus 11.25 14c 14.59 0.50
03M10-18.24-19 -12.56 16.30 Mammuthus 12.5 14¢C 14.59 0.50
10CM6-17.2-5 -1.96 22.75 Camelops 3.75 14¢C 14.56 0.38
10CM6-17.2-7 -2.24 22.30 Camelops 5 14¢C 14.56 0.38
10CM6-17.2-9 -2.28 22.21 Camelops 6.25 14¢C 14.56 0.38
10CM6-17.2-11 -0.53 23.47 Camelops 7.5 4c 14.56 0.38
10CM6-17.2-13 -1.21 24.24 Camelops 8.75 4c 14.56 0.38
10CM6-17.2-15 -0.87 24.57 Camelops 10 4c 14.56 0.38
10CM6-17.2-17 -1.15 25.36 Camelops 11.25 4¢c 14.56 0.38
10CM6-17.1-1 -12.36 22.23 Camelops 1.25 4¢c 14.56 0.38
10CM6-17.1-3 -9.10 23.01 Camelops 2.5 4¢c 14.56 0.38
10CM6-17.1-5 -9.19 21.08 Camelops 3.75 4¢c 14.56 0.38
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
10CM6-17.1-7 -10.08 20.02 Camelops 5 14c 14.56 0.38
10CM6-17.1-9 -7.53 23.83 Camelops 6.25 14c 14.56 0.38
10CM6-17.1-11 -6.77 19.37 Camelops 7.5 14c 14.56 0.38
10CM6-17.1-13 -13.23 21.09 Camelops 8.75 14C 14.56 0.38
10CM6-17.1-17 -10.00 26.79 Camelops 11.25 14c 14.56 0.38
10CM6-17.1-21 -6.86 29.38 Camelops 12.5 14c 14.56 0.38
10CM6-17.1-23 -6.73 27.27 Camelops 13.75 14C 14.56 0.38
10CM6-17.1-25 -10.49 21.76 Camelops 15 14¢c 14.56 0.38
10CM6-17.1-27 -11.28 20.06 Camelops 16.25 14¢c 14.56 0.38
03MJS-10-1.2-1 -5.09 24.44 Camelops 1.25 14¢c 14.56 0.38
03MJS-10-1.2-3 -5.13 24.93 Camelops 2.5 14¢c 14.56 0.38
03MJS-10-1.2-5 -5.50 24.86 Camelops 3.75 14¢c 14.56 0.38
03MJS-10-1.2-9 -5.17 24.46 Camelops 5 14¢c 14.56 0.38
03MJS-10-1.2-11 -4.35 24.22 Camelops 6.25 14¢c 14.56 0.38
03MJS-10-1.2-13 -4.57 24.80 Camelops 7.5 14¢c 14.56 0.38
03MJS-10-1.2-15 -9.85 19.26 Camelops 8.75 14¢c 14.56 0.38
03MJS-10-1.2-17 -7.04 21.56 Camelops 10 14¢c 14.56 0.38
03MJS-10-1.2-19 -7.53 21.54 Camelops 11.25 14¢c 14.56 0.38
03MJS-10-1.2-21 -4.39 23.83 Camelops 12.5 14¢c 14.56 0.38
03MJS-10-1.2-25 -7.83 23.10 Camelops 15 14¢c 14.56 0.38
03MJS-10-1.2-27 -10.35 21.31 Camelops 16.25 14¢c 14.56 0.38
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .
number VPDB) | VSMOW) (mm) Technique ka BP)

03MJS-10-1.2-29 -8.40 22.90 Camelops 17.5 14c 14.56 0.38

03MJS-10-1.2-31 -7.98 20.93 Camelops 18.75 14¢c 14.56 0.38

03MJS-10-1.2-33 -6.50 24.61 Camelops 20 14¢c 14.56 0.38
Unit E1a

Identification S3C (%o, | 880 (%o, Taxa Distance Dating Age (cal .
number VPDB) | VSMOW) (mm) Technique ka BP)

03GAM10-15.1.1-3 -7.32 20.32 Mammoth 2.5 14c 16.10 0.21
03GAM10-15.1.1-5 -7.37 19.74 Mammoth 3.75 14c 16.10 0.21
03GAM10-15.1.1-7 -6.74 19.86 Mammoth 5 14c 16.10 0.21
03GAM10-15.1.1-9 -7.41 19.36 Mammoth 6.25 14c 16.10 0.21
03GAM10-15.1.1-11 -71.67 19.55 Mammoth 7.5 14¢c 16.10 0.21
03GAM10-15.1.2-1 -7.44 20.13 Mammoth 1.25 14¢c 16.10 0.21
03GAM10-15.1.2-3 -5.91 19.47 Mammoth 2.5 14¢c 16.10 0.21
03GAM10-15.1.2-5 -8.26 19.73 Mammoth 3.75 14¢c 16.10 0.21
03GAM10-15.1.3-1 -7.78 20.37 Mammoth 1.25 14¢c 16.10 0.21
03GAM10-15.1.3-3 -8.37 21.14 Mammoth 2.5 14¢c 16.10 0.21
03GAM10-15.1.3-5 -9.41 19.90 Mammoth 3.75 14¢c 16.10 0.21
03GAM10-15.1.4-3 -1.67 20.14 Mammoth 1.25 14¢c 16.10 0.21
03GAM10-15.1.4-4 -7.36 19.21 Mammoth 2.45 14¢c 16.10 0.21
03GAM10-15.1.4-5 -7.78 20.01 Mammoth 3.65 14¢c 16.10 0.21
03GAM10-15.1.4-6 -7.69 19.54 Mammoth 4.85 14¢c 16.10 0.21
03GAM10-15.1.4-7 -8.26 19.37 Mammoth 6.05 14¢c 16.10 0.21
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Unit Ep

Identification SBC (%o, | 80 (%o, Texa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
L3160-773.3-9 -8.57 21.62 Camelops 6.25 14¢c 19.80 0.22
L3160-773.3-11 -8.30 21.09 Camelops 7.5 14¢c 19.80 0.22
.3160-773.3-13 -7.68 21.49 Camelops 8.75 14C 19.80 0.22
L3160-773.3-15 -10.97 20.40 Camelops 10 14c 19.80 0.22
L3160-773.3-17 -7.28 20.45 Camelops 11.25 14c 19.80 0.22
L3160-773.3-19 -5.03 21.75 Camelops 12.5 14c 19.80 0.22
L3160-773.3-21 -6.34 20.41 Camelops 13.75 14¢c 19.80 0.22
L3160-773.3-23 -8.02 20.37 Camelops 15 14¢c 19.80 0.22
L3160-207.1-1 -5.39 22.92 Equus 1.25 14¢c 19.80 0.22
L3160-207.1-3 -5.00 23.72 Equus 2.5 14¢c 19.80 0.22
L3160-207.1-5 -6.06 23.12 Equus 3.75 14¢c 19.80 0.22
L3160-207.1-7 -5.40 22.47 Equus 5 14¢c 19.80 0.22
L3160-207.2-1 -5.79 22.13 Equus 1.25 14¢c 19.80 0.22
L3160-207.2-5 -6.46 22.88 Equus 3.75 14¢c 19.80 0.22
L3160-207.2-7 -5.20 21.82 Equus 5 14¢c 19.80 0.22
L3160-207.2-9 -5.73 22.70 Equus 6.25 14¢c 19.80 0.22
L3160-207.2-11 -4.81 21.55 Equus 7.5 14¢c 19.80 0.22
L.3088-390a-1 -9.72 18.62 Bison 1.25 14¢c 19.80 0.22
L.3088-390a-3 -71.75 20.68 Bison 2.5 14¢c 19.80 0.22
L.3088-390a-5 -7.93 20.82 Bison 3.75 14¢c 19.80 0.22
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
L.3088-390a-7 -1.27 22.02 Bison 5 14c 19.80 0.22
L.3088-390a-9 -71.47 21.23 Bison 6.25 14c 19.80 0.22
L.3088-390a-11 -7.08 20.88 Bison 7.5 14¢c 19.80 0.22
L.3088-459-3 -7.18 17.53 Camelops 2.5 4c 19.80 0.22
L.3088-459-5 -4.89 22.78 Camelops 3.75 14C 19.80 0.22
L.3088-459-7 -5.75 23.59 Camelops 5 14c 19.80 0.22
L.3088-459-9 -5.80 23.44 Camelops 6.25 14C 19.80 0.22
.3088-459-11 -5.67 23.92 Camelops 7.5 14c 19.80 0.22
L. 3088-459-13 -6.16 22.63 Camelops 8.75 14¢c 19.80 0.22
.3088-459-15 -5.94 23.27 Camelops 10 14c 19.80 0.22
L3088-459-17 -6.81 22.47 Camelops 11.25 14¢c 19.80 0.22
L.3088-459-19 -6.36 21.21 Camelops 12.5 14¢c 19.80 0.22
L3160-953-3 -8.50 24.66 Camelops 2.5 14¢c 19.80 0.22
L3160-953-5 -9.69 25.39 Camelops 3.75 14¢c 19.80 0.22
L3160-953-7 -10.33 25.45 Camelops 5 14¢c 19.80 0.22
L3160-953-9 -10.87 25.60 Camelops 6.25 14¢c 19.80 0.22
L3160-953-11 -11.33 25.94 Camelops 7.5 14¢c 19.80 0.22
L3160-953-13 -11.20 26.18 Camelops 8.75 14¢c 19.80 0.22
L3160-953-15 -11.00 26.21 Camelops 10 14¢c 19.80 0.22
L3160-953-17 -10.61 25.90 Camelops 11.25 14¢c 19.80 0.22
L3160-953-21 -10.30 25.73 Camelops 13.75 14¢c 19.80 0.22
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Identification SB3C (%o, | 880 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)

1.3160-953-23 -10.21 25.67 Camelops 15 14c 19.80 0.22
L3160-773.1-1 -6.80 24.47 Camelops 1.25 14¢c 19.80 0.22
.3160-773.1-3 -7.30 22.95 Camelops 2.5 14c 19.80 0.22
.3160-773.1-5 -6.81 23.07 Camelops 3.75 14C 19.80 0.22
L.3160-773.1-7 -7.36 22.68 Camelops 5 14C 19.80 0.22
L.3160-773.1-9 -7.17 22.12 Camelops 6.25 14C 19.80 0.22
L.3160-773.1-11 -7.13 22.11 Camelops 7.5 14C 19.80 0.22
.3160-773.1-13 -7.17 21.60 Camelops 8.75 14C 19.80 0.22
.3160-773.1-15 -7.06 21.87 Camelops 10 14C 19.80 0.22
L3160-773.1-19 -8.47 22.61 Camelops 11.25 14¢c 19.80 0.22
L3160-773.1-21 -8.48 23.10 Camelops 12.5 14¢C 19.80 0.22
L3160-773.1-23 -8.87 23.54 Camelops 13.75 14¢C 19.80 0.22
L3160-773.1-25 -8.88 22.35 Camelops 15 14¢C 19.80 0.22
L3160-773.2-3+5 -7.23 21.22 Camelops 3 14¢C 19.80 0.22
L3160-773.2-7 -7.17 20.54 Camelops 4.25 4c 19.80 0.22
L3088-391-1 -6.03 23.42 Camelops 1.25 4c 19.80 0.22
L3088-391-3 -6.31 23.20 Camelops 2.5 4c 19.80 0.22
L3088-391-5 -5.77 22.99 Camelops 3.75 4¢c 19.80 0.22
L3088-391-7 -5.99 22.68 Camelops 5 4¢c 19.80 0.22
L3088-391-9 -6.06 22.51 Camelops 6.25 4¢c 19.80 0.22
L3088-391-11 -6.54 22.42 Camelops 7.5 4¢c 19.80 0.22
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Identification SB3C (%o, | 880 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)

.3088-391-13 -6.57 22.43 Camelops 8.75 14c 19.80 0.22
L.3088-391-15 -6.89 22.47 Camelops 10 14c 19.80 0.22
L.3088-391-17 -7.37 23.07 Camelops 11.25 14c 19.80 0.22
L.3088-391-19 -7.58 23.23 Camelops 12.5 14C 19.80 0.22
L.3088-391-21 -7.57 23.64 Camelops 13.75 14C 19.80 0.22
1.3088-391-23 -7.53 23.75 Camelops 15 14C 19.80 0.22
.3088-391-25 -7.66 23.49 Camelops 16.25 14C 19.80 0.22
L.3088-391-27 -7.55 23.64 Camelops 17.5 14¢c 19.80 0.22
L.3088-391-29 -7.19 23.02 Camelops 18.75 14¢c 19.80 0.22
L.3088-391-31 -7.11 22.59 Camelops 20 14¢c 19.80 0.22
L.3088-391-33 -6.69 22.31 Camelops 21.25 14¢c 19.80 0.22
L.3088-391-35 -6.28 24.92 Camelops 22.5 14¢c 19.80 0.22
L.3088-391-39 -6.48 22.46 Camelops 23.75 14¢c 19.80 0.22
L3088-391-41 -6.53 22.59 Camelops 25 14¢c 19.80 0.22
L.3088-520-5 -5.47 23.96 Camelops 7.5 14¢c 19.80 0.22
L.3088-520-7 -4.87 23.45 Camelops 8.75 14¢c 19.80 0.22
L.3088-520-9 -4.82 22.92 Camelops 10 14¢c 19.80 0.22
L3088-520-11 -4.71 23.41 Camelops 11.25 14¢c 19.80 0.22
L3088-520-13 -5.47 24.05 Camelops 12.5 14¢c 19.80 0.22
L3088-520-15 -5.65 23.96 Camelops 13.75 14¢c 19.80 0.22
L3088-520-17 -6.11 24.45 Camelops 15 14¢c 19.80 0.22
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .

number \VVPDB) VSMOW) (mm) Technique ka BP)
L.3088-520-22 -7.01 25.39 Camelops 16.25 14¢c 19.80 0.22
L.3088-520-23 -6.74 25.18 Camelops 17.5 14c 19.80 0.22
|.3088-520-25 -6.68 25.07 Camelops 18.75 14c 19.80 0.22
L.3088-520-27 -6.25 24.54 Camelops 20 14C 19.80 0.22
L.3088-520-29 -6.50 24.28 Camelops 21.25 14C 19.80 0.22
L.3088-520-31 -6.17 24.40 Camelops 22.5 14c 19.80 0.22
L.3088-520-33 -6.03 23.49 Camelops 23.75 14c 19.80 0.22
L3160-875 -8.00 20.74 Mammuthus BULK 14¢c 21.04 0.52
Unit D3

e | S [ O0 | e | Dot | D Al [
L3160-39a-3 -3.64 20.70 Mammuthus 2.5 14¢C 29.63 2.05
L3160-39a-5 -3.81 20.70 Mammuthus 3.75 14¢C 29.63 2.05
L3160-39a-7 -3.84 21.05 Mammuthus 5 14¢C 29.63 2.05
L3160-39a-9 -3.91 20.59 Mammuthus 6.25 4c 29.63 2.05
L3160-39a-15 -2.29 19.88 Mammuthus 10 4c 29.63 2.05
L3160-39a-21 -4.99 20.85 Mammuthus 16.25 4c 29.63 2.05
L3160-39a-22 -4.73 20.34 Mammuthus 17.1 14c 29.63 2.05
L3160-39a-23 -4.73 20.28 Mammuthus 17.95 4¢c 29.63 2.05
L3160-39a-24 -4.53 20.12 Mammuthus 18.8 4¢c 29.63 2.05
L3160-39a-25 -4.65 20.44 Mammuthus 19.65 4¢c 29.63 2.05
L3160-39a-31 -6.14 20.72 Mammuthus 23.4 14¢c 29.63 2.05
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
L.3160-39a-32 -5.18 20.12 Mammuthus 24.65 14c 29.63 2.05
L.3160-39a-35 -2.60 19.22 Mammuthus 27.15 14c 29.63 2.05
L.3160-39a-39 -2.61 19.81 Mammuthus 29.4 14c 29.63 2.05
L3160-39a-43 -4.38 19.72 Mammuthus 31.9 4c 29.63 2.05
L3160-39a-47 -4.57 19.64 Mammuthus 33.15 4c 29.63 2.05
L.3160-39a-49 -3.76 19.84 Mammuthus 34.4 4c 29.63 2.05
L.3160-6-5 -4.64 21.01 Mammuthus 6.25 14C 29.63 2.05
L3160-6-7 -4.63 21.20 Mammuthus 8.75 14c 29.63 2.05
L3160-6-11 -4.54 21.03 Mammuthus 11.25 14c 29.63 2.05
L3160-6-15 -4.51 20.85 Mammuthus 13.75 14c 29.63 2.05
L3160-6-17 -4.49 21.51 Mammuthus 15 4¢c 29.63 2.05
L3160-6-19 -4.60 20.60 Mammuthus 16.25 4¢c 29.63 2.05
L3160-6-21 -4.42 20.54 Mammuthus 175 4c 29.63 2.05
L3160-6-23 -4.02 20.14 Mammuthus 18.75 4¢c 29.63 2.05
L3160-6-25 -3.47 19.84 Mammuthus 20 4c 29.63 2.05
L3160-6-27 -3.65 19.86 Mammuthus 21.25 4c 29.63 2.05
L3160-6-29 -3.55 20.51 Mammuthus 22.5 4c 29.63 2.05
L3160-6-31 -3.68 20.71 Mammuthus 23.75 4c 29.63 2.05
L3160-6-33 -3.27 21.04 Mammuthus 25 4c 29.63 2.05
L3160-6-35 -3.51 20.77 Mammuthus 26.25 4c 29.63 2.05
L3160-6-37 -3.43 21.81 Mammuthus 27.5 4c 29.63 2.05
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
L3160-6-39 -4.07 21.20 Mammuthus 28.75 14c 29.63 2.05
L.3160-6-41 -4.15 21.11 Mammuthus 30 14C 29.63 2.05
L3160-6-43 -4.74 21.41 Mammuthus 31.25 14¢c 29.63 2.05
L3160-6-45 -4.57 20.69 Mammuthus 32.5 14C 29.63 2.05
L3160-6-47 -5.13 20.39 Mammuthus 33.75 14C 29.63 2.05
L3160-6-51 -4.45 21.85 Mammuthus 35 14C 29.63 2.05
L3160-6-53 -4.39 21.26 Mammuthus 36.25 14C 29.63 2.05
L3160-6-55 -4.65 21.28 Mammuthus 37.5 14C 29.63 2.05
L3160-6-57 -5.18 21.04 Mammuthus 38.75 14C 29.63 2.05
L3160-6-59 -4.29 20.68 Mammuthus 40 14C 29.63 2.05
L3160-6-61 -4.29 20.77 Mammuthus 41.25 14¢C 29.63 2.05
L3160-6-63 -4.96 21.04 Mammuthus 42.5 14¢C 29.63 2.05
L3160-6-65 -4.60 20.88 Mammuthus 43.75 14¢C 29.63 2.05
L3160-6-67 -4.68 20.69 Mammuthus 45 14¢C 29.63 2.05
L3160-6-69 -4.51 20.23 Mammuthus 46.25 4c 29.63 2.05
L3160-6-71 -4.81 20.59 Mammuthus 47.5 4c 29.63 2.05
L3160-6-73 -5.04 20.49 Mammuthus 48.75 4c 29.63 2.05
Unit D1
weniter | e [ ooy | 0| Pt | o | an |
L3160-654.2-1 -3.05 22.57 Equus 1.25 4¢c 35.04 0.50
L3160-654.2-3 -2.71 22.58 Equus 2.5 14¢c 35.04 0.50
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Identification SB3C (%o, | 880 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)
L3160-654.1-3 -8.89 32.12 Equus 2.5 14c 35.04 0.50
L3160-654.1-5 -8.90 32.90 Equus 3.75 14c 35.04 0.50
L.3160-779-1 -5.34 22.28 Equus 1.25 14c 35.04 0.50
L3160-779-3 -5.43 22.07 Equus 3.75 14C 35.04 0.50
L3160-779-5 -6.46 22.20 Equus 6.25 14C 35.04 0.50
L3160-779-7 -6.62 22.92 Equus 8.75 14C 35.04 0.50
L3160-779-9 -6.45 22.90 Equus 11.25 14C 35.04 0.50
L3160-779-11 -5.86 23.08 Equus 13.75 14C 35.04 0.50
L3160-779-13 -5.56 22.70 Equus 16.25 14C 35.04 0.50
L3160-917-3 -1.97 21.23 Bison 3.75 14C 35.04 0.50
L3160-917-5 -1.42 21.14 Bison 6.25 14C 35.04 0.50
L3160-917-9 -1.89 21.32 Bison 11.25 14C 35.04 0.50
L3160-917-11 -2.38 21.82 Bison 13.75 14C 35.04 0.50
L3160-917-13 -2.84 22.31 Bison 16.25 14C 35.04 0.50
L3160-917-15 -3.05 23.53 Bison 18.75 14C 35.04 0.50
L3160-917-17 -2.96 23.33 Bison 21.25 14C 35.04 0.50
L3160-917-19 -2.49 21.61 Bison 23.75 14C 35.04 0.50
L3160-917-23 -2.30 22.24 Bison 26.25 14C 35.04 0.50
L3160-917-25 -2.10 21.24 Bison 28.75 14C 35.04 0.50
L3160-917-27 -1.97 20.87 Bison 31.25 14C 35.04 0.50
L3160-781-1 -1.85 20.73 Bison 1.25 14C 35.04 0.50
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal N
number \VVPDB) VSMOW) (mm) Technique ka BP) B
L3160-781-3 -3.23 20.14 Bison 2.5 4c 35.04 0.50
L3160-781-5 -3.49 20.72 Bison 3.75 4c 35.04 0.50
L3160-781-7 -2.86 21.37 Bison 5 4c 35.04 0.50
L 3160-781-11 201 20.47 Bison 75 140 3504 | 050
L3160-781-13 -3.08 21.31 Bison 8.75 140 3504 | 050
L3160-781-15 -3.08 21.82 Bison 10 140 3504 | 050
L3160-781-19 -1.66 20.89 Bison 125 14 3504 | 050
L 3160-647-1 -8.31 19.51 M(‘;‘Q}Tﬂ‘ﬁ)hlus 1.25 140 35.04 | 0.50
L3160-647-3 -8.54 19.73 M(‘;‘Q}Tﬂ‘ﬁ)hlus 25 140 3504 | 0.50
L3160-647-5 -8.38 19.90 M?Q]Lnnﬂ:us 3.75 c 35.04 | 0.50
L3160-647-7 -8.49 19.65 M?Q]Lnnﬂ:us 5 c 35.04 | 0.50
L3160-647-9 -8.16 19.80 M‘Z‘g"l[]“nﬁus 6.25 c 35.04 | 0.50
L3160-647-11 -8.26 19.33 M‘Z‘S}L"nﬂg:us 75 c 35.04 | 0.50
L3160-647-13 -8.05 19.57 M‘Z‘S}L"nﬂg:us 8.75 c 35.04 | 0.50
L3160-647-15 -7.96 19.46 M?{)‘}H‘#}g‘l“s 10 c 35.04 | 0.50
L3160-647-17 7.79 19.25 M?{)‘}H‘#}g‘l“s 11.25 c 35.04 | 0.50
L3160-647-19 -7.98 19.05 M"é‘g"lmmus 125 14 35.04 | 050
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal N

number \VVPDB) VSMOW) (mm) Technique ka BP) B
L3160-647-21 -8.18 18.88 Mammuthus |45 75 14 35.04 | 0.50

columbi
L3160-647-23 7.82 19.15 Mammuthus 15 140 3504 | 0.50
columbi
Unit Bz
Identification S3C (%o, | 880 (%o, Taxa Distance Dating Age (cal .
number \VVPDB) VSMOW) (mm) Technique ka BP)

L3160-748-1 -4.28 16.55 Equus 2.5 OSL 50.00 5.0
L3160-748-3 -3.85 18.49 Equus 3.75 OSL 50.00 5.0
L.3160-748-5 -3.48 19.43 Equus 6.25 OSL 50.00 5.0
L3160-748-7 -3.58 19.86 Equus 8.75 OSL 50.00 5.0
L.3160-748-9 -4.21 20.13 Equus 11.25 OSL 50.00 5.0
L.3160-748-11 -4.37 20.88 Equus 13.75 OSL 50.00 5.0
L.3160-748-13 -4.41 21.27 Equus 16.25 OSL 50.00 5.0
L3160-748-15 -4.39 21.36 Equus 18.75 OSL 50.00 5.0
L3160-751-3 -8.10 22.06 Bison 3.75 OSL 50.00 5.0
L3160-751-7 -8.29 25.75 Bison 8.75 OSL 50.00 5.0
L3160-751-9 -8.58 24.18 Bison 11.25 OSL 50.00 5.0
L3160-751-11 -8.36 23.63 Bison 13.75 OSL 50.00 5.0
L3160-751-15 -7.59 27.08 Bison 18.75 OSL 50.00 5.0
L3160-751-17 -7.14 25.85 Bison 21.25 OSL 50.00 5.0
L3160-751-19 -6.88 23.05 Bison 23.75 OSL 50.00 5.0
L3160-751-23 -6.91 18.51 Bison 28.75 OSL 50.00 5.0
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal N
number \VVPDB) VSMOW) (mm) Technique ka BP) B
L3160-946-3 -5.66 20.12 Bison 3.75 OSL 50.00 5.0
L.3160-946-5 -5.07 19.86 Bison 6.25 OSL 50.00 5.0
L3160-946-7 -4.30 20.39 Bison 8.75 OSL 50.00 5.0
L. 3160-946-9 -4.52 19.04 Bison 11.25 OSL 50.00 5.0
L3160-230.2-3 -4.95 20.46 Equus 2.5 OSL 50.00 5.0
L3160-230.2-5 -4.75 20.80 Equus 3.75 OSL 50.00 5.0
L3160-230.2-7 -4.61 20.80 Equus 5 OSL 50.00 5.0
L3160-230.2-9 -5.40 20.45 Equus 6.25 OSL 50.00 5.0
L3160-230.2-11 -4.71 20.79 Equus 7.5 OSL 50.00 5.0
L3160-230.2-13 -4.51 21.13 Equus 8.75 OSL 50.00 5.0
L3160-230.2-17 -5.19 20.52 Equus 11.25 OSL 50.00 5.0
L3160-230.2-19 -5.97 18.83 Equus 12.5 OSL 50.00 5.0
L3160-230.2-25 -4.86 20.75 Equus 17.5 OSL 50.00 5.0
L3160-230.2-27 -4.69 21.02 Equus 18.75 OSL 50.00 5.0
L3160-230.2-29 -4.98 20.51 Equus 20 OSL 50.00 5.0
L3160-230.2-35 -4.41 21.11 Equus 23.75 OSL 50.00 5.0
L3160-230.2-37 -5.01 20.90 Equus 26.25 OSL 50.00 5.0
L3160-230.2-39 -5.09 20.55 Equus 27.5 OSL 50.00 5.0
L3160-230.2-41 -4.91 20.81 Equus 28.75 OSL 50.00 5.0
L3160-230.2-43 -4.97 20.71 Equus 30 OSL 50.00 5.0
L3160-230.2-47 -4.91 20.41 Equus 325 OSL 50.00 5.0
L3160-230.2-49 -4.40 21.18 Equus 33.75 OSL 50.00 5.0
L3160-230.2-52 -4.02 21.26 Equus 35.25 OSL 50.00 5.0
L3160-230.2-53 -4.32 20.63 Equus 36 OSL 50.00 5.0
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal N
number \VVPDB) VSMOW) (mm) Technique ka BP) B
L.3160-230.2-55 -4.61 20.58 Equus 37.25 OSL 50.00 5.0
L3160-230.2-57 -4.51 20.64 Equus 38.5 OSL 50.00 5.0
L.3160-230.2-59 -3.95 21.06 Equus 39.75 OSL 50.00 5.0
L3160-230.2-61 -4.30 21.23 Equus 41 OSL 50.00 5.0
L.3160-230.2-63 -4.34 21.01 Equus 42.25 OSL 50.00 5.0
L3160-230.4-1 -5.17 22.57 Bison 1.25 OSL 50.00 5.0
L3160-230.4-3 -5.01 22.94 Bison 2.5 OSL 50.00 5.0
L3160-230.4-5 -4.87 22.77 Bison 3.75 OSL 50.00 5.0
L.3160-230.4-7 -5.45 23.00 Bison 5 OSL 50.00 5.0
L3160-230.4-9 -5.63 23.11 Bison 6.25 OSL 50.00 5.0
L.3160-230.4-11 -5.28 22.95 Bison 7.5 OSL 50.00 5.0
L3160-230.4-13 -5.01 22.85 Bison 8.75 OSL 50.00 5.0
L3160-230.4-15 -4.86 22.73 Bison 10 OSL 50.00 5.0
L3160-230.4-17 -4.94 22.74 Bison 11.25 OSL 50.00 5.0
L3160-230.4-19 -4.74 22.69 Bison 12.5 OSL 50.00 5.0
L3160-818.2-2 -3.98 21.15 Bison 15 OSL 50.00 5.0
L3160-818.2-3 -4.13 21.54 Bison 2.25 OSL 50.00 5.0
L3160-818.2-5 -3.82 21.15 Bison 3.5 OSL 50.00 5.0
L3160-818.2-7 -3.34 21.34 Bison 4.75 OSL 50.00 5.0
Unit B1
Identification S3C (%o, | S0 (%o, Taxa Distance Dating Age (cal N
number \VPDB) VSMOW) (mm) Technique ka BP) B
04MRR1-28.1-3 -2.46 23.18 Bison 2.5 OSL 77.5 22.5
04MRR1-28.1-5 -2.52 23.62 Bison 3.75 OSL 77.5 22.5
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Identification 33C (%o, | S0 (%o, Taxa Distance Dating Age (cal N

number \VVPDB) VSMOW) (mm) Technique ka BP) B
04MRR1-28.1-7 -2.67 24.48 Bison 5 OSL 77.5 22.5
04MRR1-28.1-9 -2.83 25.00 Bison 6.25 OSL 77.5 22.5
04MRR1-28.1-13 -2.12 22.48 Bison 8.75 OSL 77.5 22.5
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The Interpretability of Stable Hydrogen Isotopes in Modern Herbivore Tooth

Enamel

INTRODUCTION

In herbivores, 8*3C values in enamel carbonate reflect an animal’s diet and
ultimately local plant compositions (Koch, 1998; Cerling and Harris, 1999; Passey et al.,
2005). Herbivores tend to consume either Cs or C4 vegetation, which differ in
photosynthetic pathways, and these difference result in isotopically distinct ranges. Ca
grasses tend to outcompete Cs grasses when pCO:z is low, but Cs grasses outcompete Ca
grasses in climates with intensified winter moisture (Kohn and Cerling, 2002). Climate
studies have not utilized tooth enamel dD values for climate or environmental
reconstructions, therefore it is unclear whether stable hydrogen isotopes correlate with
vegetation signals.

In herbivores, omnivores, and carnivores, collagen 5'C and 5D values exhibit the
trophic level effect, with herbivores displaying lower §3C and 8D values when compared
to carnivores (Reynard and Hedges, 2008; Birchnall et al., 2005). Other organic
substrates, such has hair (keratin), alternatively display a decoupling between §'3C and
3D values in human specimens (Bowen et al., 2005b). Here we analyzed herbivore tooth
enamel and measured §'3C and 8D values to evaluate whether these two isotopes

correlate.

METHODS
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Stable carbon isotopic compositions were measured by dissolving 1.5 to 2.0 mg of
powdered enamel with supersaturated HsPO4. The subsequent CO2 was measured using a
ThermoFisher GasBench I, in-line with a Thermo Delta V Plus Mass Spectrometer,
housed in the Stable Isotope Laboratory at Boise State University. Five to six NIST-120c
(813C = —6.55%0, VPDB; Kohn et al., 2015) aliquots were prepared using the same
cleaning and pretreatment methods and analyzed with each sample set. Each sample set
was standardized to VPDB using eight to nine aliquots of the NBS-18 (52C = —5.014%o)
and NBS-19 (813C = +1.95%o) calcite standards. Analytical reproducibility for carbon
isotopes, reproducibility was: NIST-120c¢ = +4.03%o (26); NBS-18 = +0.40%o, and NBS-

19 = £0.40%o. All further 53C values are reported in VPDB.

STABLE CARON ISOTOPE RESULTS
Mean tooth enamel §*3C values ranged from —18.08+0.35%0 (2 s.e.; specimen
BTM) to +0.00+0.13%. (02120; Appendix Fig 3). The equation for the hydrogen and
carbon (Appendix Fig 3; Appendix Table 3) regression is:

8Dename| VS. 613Cename|: SD = 075 i 070(813(:) - 137 i 9%0 (RZ = 010) (Eq Al)

STABLE HYDROGEN AND CARBON ISOTOPES IN TOOTH ENAMEL
A low R? value (0.10) for the stable hydrogen-carbon isotope regression, suggests
no significant correlation between mean tooth D and §'3C values (Appendix Fig 3;

Appendix Table 3). Decoupling between stable hydrogen and carbon isotopes is also
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Figure A. 3. &'3C vs. 8D values. A weak correlation (R2 = 0.10), suggests stable
carbon and hydrogen isotopes in tooth enamel do not correlate.



Table A. 4.

Intra-tooth sample identification numbers, 8D, 680, and 8'3C values, hydrogen peak area, sample weight

(mg), and distance (mm) along each tooth

Castor - Canyon County, CO

sample

Identification 3D (%o, | Hydrogen weight 3180 (%o, | 8'3C (%o, | Distance
number VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
BTM a —139.20 18.89 1.19 20.10 2.30
BTMc —136.86 48.54 1.01 19.86 -17.39 3.53
BTM d -129.12 33.68 0.77 19.64 —18.15 4.76
BTMe —131.22 36.63 1.17 17.46 —17.49 5.99
BTM f —123.64 25.50 1.86 18.99 —17.98 7.22
BTM g —127.64 88.07 1.17 20.46 —18.39 8.45
BTM h —136.92 60.77 1.17 18.05 —18.02 9.68
BTM i —127.07 43.30 1.15 18.45 —18.32 10.91
BTM j —132.80 46.43 1.10 19.79 —18.91 12.14

Bos tarus - Uni. of Wisconsin, WI

S 3D (%o, | Hydrogen sample | 160 (%o, | 813C (%o, | Distance
Identification number | \,syiow) | peak area "‘(’fr']g;‘t VSMOW) | VPDB) |  (mm)
UWB-11 —147.86 46.84 1.23 23.34 —6.59 2.84
UWB-1 2 —146.45 22.37 2.81 23.23 —6.41 4.38
UWB-1 3 —148.24 49.20 2.01 5.80
UWB-14 —148.97 35.67 1.41 22.56 —8.40 7.33
UWB-15 —149.23 24.59 2.54 21.80 -9.23 9.02
UWB-16 —151.38 46.25 1.49 20.82 —9.65 10.84

68T



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
UWB-17 —147.33 31.69 1.82 21.27 —9.31 13.07
UWB-1 8 —-146.77 18.52 1.98 19.37 -9.76 15.75
UWB-19 —147.55 36.82 2.10 18.42 -9.72 17.67
UWB-1 10 —148.55 40.45 1.35 18.32 —-9.41 19.08
UWB-1 11 —144.21 32.66 1.96 15.81 —8.05 21.63
UWB-1 12 —147.65 38.13 1.72 17.74 —9.36 22.89
UWB-1 13 —145.21 35.21 2.83 —9.72 25.12

Bison - Catalina, CA
0 sample | <18~ (o 13¢~ (0 :

et e | 210, et S e | o
BC1 -120.72 50.48 2.30 28.44 -11.78 1.60
BC 2 -123.59 61.68 2.94 27.06 —11.52 3.62
BC 3 —-131.57 34.64 1.94 28.69 -11.42 5.51
BC 4 —128.47 52.55 2.21 29.06 —11.44 7.02
BC5 —135.66 36.94 2.41 29.11 -11.29 8.79
BC 6 —-133.22 38.84 2.15 29.40 -11.20 10.28
BC 7 —-135.47 45.09 2.77 28.53 -11.27 12.11
BC 8 —-133.74 43.29 2.37 28.29 -11.29 13.78
BC9 —-134.02 38.19 2.43 26.94 -11.73 15.23
BC 10 —-135.68 32.63 2.00 27.04 —11.64 16.93
BC 11 —133.53 44.58 2.52 27.56 -11.69 18.24

Bos tarus - Juntura, OR

067



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
COw2 M2 1 —144.25 42.42 1.89 21.82 —16.55 1.25
COW2 M2 2 —144.33 7.28 0.45 24.53 3.00
COW2 M2 3 —147.75 9.39 0.58 4,74
COW2 M2 4 —152.38 25.81 1.47 20.36 —16.60 6.49
COW2 M2 5 —155.44 27.23 1.58 20.46 -16.36 8.23
COW2 M2 6 —157.90 31.45 1.95 19.11 —17.50 9.98
COW2 M2 7 —150.98 24.28 1.40 22.63 —15.15 11.72
COW2 M2 8 —152.23 18.04 1.09 19.75 —16.58 13.47
COW2 M2 9 —147.84 13.11 0.72 15.21
COwW2 M2 10 —149.11 34.69 1.67 16.96
CoOwz2 M2 11 —149.62 47.69 2.51 18.70

Equus - el Criado, Argentina

I 3D (%o, | Hydrogen sample | 10, (%o, | 8%3C (%o, | Distance
Identification number | \,sp 10w | peak area "‘Efr']g;“ VSMOW) | VPDB) |  (mm)
EECM21 —132.91 42.08 1.36 25.52 —14.82 1.40
EEC M2 2 —127.03 44.67 1.71 26.39 —14.50 2.72
EECM23 —129.09 20.03 0.83 24.17 —13.93 4.03
EECM24 —133.2359 51.46 2.11 24.45 —15.07 5.35
EEC M25 —132.37 35.31 1.58 23.58 —13.77 6.66
EEC M2 6 —133.24 45.98 2.21 7.98
EECM27 —131.99 57.19 2.53 23.45 —13.78 9.29
EECM28 —133.02 37.99 1.71 23.58 —14.24 10.61
EECM29 —-132.97 43.30 2.07 28.84 —14.30 11.92
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sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
EEC M2 10 —123.62 54.84 2.04 23.45 —14.82 13.24
EEC M2 11 —-130.30 7.62 0.38 —14.07 14.55
EEC M2 12 —125.21 56.72 2.47 24.48 —14.56 15.87
Nanger granti - Sibiloi National Park, Kenya
0 Samp|e 181 (o 13~ (o i
utcaon e | (00 | o0 S| 00 || Ot
GGK 1 —125.80 40.87 2.01 31.37 —1.65 1.98
GGK 2 —-133.10 43.12 2.11 32.41 —-1.98 2.72
GGK 3 —-135.15 37.31 1.93 33.00 -1.52 4.50
GGK 4 —133.94 38.51 2.19 33.77 -1.32 5.59
GGK5 —132.64 45.73 2.47 33.72 —1.48 6.75
GGK 6 —124.58 58.54 3.00 33.62 —1.40 8.71
GGK 7 —126.07 42.40 2.15 32.88 —-1.11 10.43
GGK 8 —134.60 33.28 1.92 32.86 —-1.21 12.53
Oryx - Sibiloi National Park, Kenya
. 5D (%, | Hydrogen | S2MP1e | 5180 (%0, | 51C (%, | Distance
\dentification nuMber | \/spmow) | peak area "‘(’fr']g;‘t VSMOW) | VPDB) |  (mm)
02120-1 -126.08 41.79 0.65 0.41
02120-2 -132.23 42.99 0.99 0.08
02120-3 -133.17 13.12 1.76 35.75 0.16 3.42
02120-4 -131.11 20.49 0.91 0.19
02120-5 -117.54 52.17 1.49 36.07 0.10 6.02

¢61



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)

02120-6 -126.25 28.94 1.72 36.34 -0.31 7.30
02120-7 -130.59 50.92 1.40 35.99 0.12 9.14
02120-8 -133.99 19.36 1.12 0.05
02120-9 -130.42 38.86 1.24 35.94 -0.16 12.38
02120-10 -129.84 33.06 2.18 35.38 -0.14 14.59
02120-11 -131.65 28.96 1.30 34.76 -0.38 14.90
02120-12 -130.83 34.01 1.80 34.64 -0.17 15.84

Equus - Gran Barranca, Argentina

s sample | <18 o 13¢~ (o :

st unce | (010 | I | 0 | Ot
GBM2-1 —134.47 15.06 1.91 27.45 —15.88 1.30
GBM2-2 —132.24 6.20 2.32 30.54 —17.73 2.57
GBM2-3 —139.59 28.38 1.50 22.10 —19.67 3.84
GBM2-4 —148.05 28.16 2.94 25.79 —16.68 5.11
GBM2-5 —137.12 15.70 0.86 25.44 —16.95 6.38
GBM2-6 —143.59 43.30 1.24 25.56 —16.55 7.65
GBM2-7 —137.25 19.32 2.18 25.00 —17.90 8.92
GBM2-8 —145.04 23.93 0.90 24.10 —18.74 10.19
GBM2-9 —133.66 22.55 1.13 26.36 —17.18 11.46
GBM2-10 —145.80 70.99 2.30 —17.03
GBM2-11 —148.36 27.45 0.78 26.04 —18.78 12.73
GBM2-12 —139.38 14.93 0.87 23.74 —18.88 14.00
GBM2-13 —138.40 11.31 1.73 24.50 —18.23 15.27
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sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
GBM2-14 -132.10 23.27 0.92 25.05 -16.13 16.54
GBM2-15 —144.13 39.04 2.37 26.98 —17.03 17.81
GBM2-16 —148.57 11.74 0.91 26.57 —18.18 19.08
GBM2-17 —148.85 8.69 0.55 25.05 -16.81 20.35
GBM2-18 —146.81 19.46 1.15 26.30 —18.10 21.62
GBM2-19 —144.94 4,16 0.48 24.23 —20.54 22.89
GBM2-20 —145.96 28.24 1.45 21.38 —22.204 24.16
GBM2-21 —146.75 29.96 1.32 19.19 25.43
Equus - Drewsey, OR
0 sample | <18~ (o 13¢~ (0 -
et e | 210 et S e o
DREW-c 24.37 —8.38 1.25
DREW-e —150.67 53.69 2.31 24.71 —14.38 2.48
DREW-f —153.31 50.61 2.12 22.84 —16.04 3.71
DREW-g —152.79 20.03 0.82 23.89 —15.39 4,94
DREW-h —149.71 65.23 2.43 23.18 —15.25 6.17
DREW-i —149.00 30.43 0.98 22.58 -15.19 7.40
DREW-j —146.82 27.57 0.90 22.06 —15.09 8.63
DREW-k —146.08 20.21 0.69 22.09 -14.72 9.86
DREW-I —147.58 21.05 0.74 21.96 -14.4 11.09
DREW-m —151.05 36.38 1.11 21.9 —13.64 12.32
DREW-n —145.38 33.77 1.05 21.51 -13.49 13.55

v6T



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
DREW-0 —151.69 44 .42 1.54 20.95 —13.27 14.78
DREW-p —151.33 50.48 1.75 21.00 —13.03 16.01
DREW-q —149.71 34.83 1.18 19.62 —16.00 17.24
DREW-r —152.66 34.62 1.23 18.85 -16.26 18.47
DREW-s —154.86 65.32 2.54 18.64 —15.55 19.70
DREW-t —155.76 68.17 2.46 18.07 —15.93 20.93
DREW-u —153.34 26.37 0.96 18.9 —13.68 22.16
DREW-w —152.39 17.58 0.64 18.4 —14.14 23.39
DREW-x —155.01 25.51 0.94 17.81 —-13.91 24.62
DREW-y —146.68 31.46 0.97 18.16 —13.83 25.85
DREW-z —151.86 25.63 0.86 17.44 —15.09 27.08
DREW-ab —158.80 44,12 1.70 17.26 -16.16 28.31
DREW-ac —160.54 39.97 1.52 18.29 —14.08 29.54
DREW-ad —156.99 22.42 0.86 18.23 —14.85 30.77
DREW-af —157.99 19.43 0.75 16.89 -16.33 32.00
DREW-ag —159.34 36.48 1.35 17.97 —15.22 33.23
DREW-ah 17.53 —12.56 34.46
DREW-ai 194 —14.15 35.69
DREW-3j —149.21 53.31 1.76 19.79 —13.47 36.80
Capra hircus -Nepal
0 sample | <15~ o 13~ (o ;
nitcaionromosr | 205, | W i | SO0 |00 | O
NEPGO-A —135.77 122.38 3.99 20.61 —14.77 1.23

G61



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
NEPGO-B —154.62 51.26 2.66 20.82 —14.53 2.46
NEPGO-C —154.14 51.92 2.33 20.72 —14.62 3.69
NEPGO-D —155.34 66.85 3.05 21.06 —14.43 4.92
NEPGO-E —151.49 46.87 2.13 21.44 —14.31 6.15
NEPGO-F —151.86 58.29 2.63 21.93 —14.20 7.38
NEPGO-G —149.67 41.84 2.22 22.28 —14.01 8.61
NEPGO-H —145.90 55.48 2.31 22.29 —14.2 9.84
NEPGO-I —145.38 41.22 1.70 22.76 —13.92 11.07
NEPGO-J —149.90 42.64 1.90 22.59 —-13.99 12.30
NEPGO-K —151.22 49.64 2.31 23.21 —13.53 13.53
NEPGO-L —147.79 38.56 1.66 23.07 —13.57 14.76
NEPGO-M —148.13 38.92 1.67 22.98 —13.51 15.99
NEPGO-N —146.12 47.95 1.93 22.71 —13.62 17.22
NEPGO-O —149.21 53.81 2.21 21.86 —13.38 18.45
NEPGO-P —148.97 53.75 1.50 21.39 —13.11 19.68
NEPGO-Q —154.95 42.20 1.88 20.66 —13.18 20.91
NEPGO-R —153.65 46.60 2.07 19.99 —13.35 22.14
NEPGO-S —150.95 43.49 1.87 20.66 —12.74 23.37
NEPGO-T —151.41 46.76 1.95 19.60 -12.82 24.60
Cervus - Yellowstone, WY
I 8D (%o, | Hydrogen sample | 10, (%o, | 8*3C (%o, | Distance
\dentification nuMber | \/spow) | peak area "‘("fr']g;‘t VSMOW) | VPDB) |  (mm)
M-00-49-A -162.16 20.50 0.80 16.35 -11.89 1.24

967



sample

dentification number 3D (%o, | Hydrogen weight 3180 (%o, | 8*3C (%o, | Distance
VSMOW) | peak area (mg) VSMOW) | VPDB) (mm)
M-00-49-B —160.95 23.08 0.83 14.94 —12.00 2.48
M-00-49-C -166.37 23.74 0.92 14.48 —11.92 3.72
M-00-49-D —-173.90 75.93 2.85 —12.32 4.96
M-00-49-E —-162.83 61.18 1.97 13.47 -12.19 6.20
M-00-49-F -162.60 53.70 1.70 13.76 -12.50 7.44
M-00-49-G -161.53 48.94 1.58 13.86 8.68
M-00-49-H —-159.42 86.17 2.26 14.67 9.92
Cervus - Yellowstone, WY
. 5D (%, | Hydrogen | S2MPIe | 5180 (o, | 53C (%, | Distance
Identification number | \ e\ vy | peak area Vﬁiﬂ?t VSMOW) | VPDB) |  (mm)
M-00-59-A —165.85 50.04 1.20 16.78 -13.21 1.25
M-00-59-B -164.0 58.22 1.73 15.55 -13.13 2.49
M-00-59-C —-165.08 85.93 2.31 15.18 —12.98 3.73
M-00-59-D —-165.70 95.20 2.89 14.10 -12.92 4,97
M-00-59-E —-163.80 78.40 2.27 14.96 -13.21 6.21
M-00-59-F —-162.84 89.76 1.93 14.85 —13.58 7.45
M-00-59-G —-165.00 62.67 1.28 15.18 -13.24 8.69
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noted in other biological tissues, such as hair (Bowen et al., 2008). However, collagen D
and 8'3C values within animals appear to exhibit a trophic level effect, with lower 3D and
813C values associated with herbivores when compared to carnivores (Reynard and
Hedges, 2008; Birchnall et al., 2005). Because we solely analyzed herbivores, we were
unable to determine whether tooth enamel 5D and &*3C values similarly illustrate a

trophic level effect.



