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Abstract

The oxygen and hydrogen isotopic composition of soil water (d18Ow and dDw hereafter) reflect the history of water through
processes such as source evaporation, precipitation and vapor recycling. Temperature, humidity, evaporation, and post-
condensation processes can affect d18Ow and dDw. As such, isotope proxy records are often limited in their ability to constrain
paleoclimate, paleoecology or paleoelevation without independently corroborating data. Smectite preserves both the
hydrogen and oxygen isotope signature of parent water, and therefore provides critical insight into meteoric water line
relationships and paleotemperature. Here, we use in situ pedogenic smectite d18O and dD records to characterize the evolution
of the hydrologic cycle in Cenozoic western North America. We incorporate 192 samples, 119 of which are previously
unpublished, from 11 Cenozoic basins representing a range of environments in the Basin and Range, Rocky Mountains
and Great Plains. Our results indicate that the processes controlling smectite isotopic compositions vary both regionally
and temporally. In some localities such as Oligocene to Pleistocene western Nebraska, change in temperature is the primary
control on smectite isotopic composition. In other basins such as in Miocene Trapper Creek, ID, isotope values lie along the
meteoric water line, suggesting change in meteoric water composition is responsible for the variation. In most basins, espe-
cially those in the Neogene Basin and Range, smectite line slope suggests either evaporation of previously meteoric water
or a combination of change in paleotemperature and meteoric water composition. Smectite geothermometry suggests mineral
formation temperatures of 30–40 �C in the Middle Miocene in the Rocky Mountains, Great Plains and Basin and Range, and
a decrease of 10–15 �C since the Middle Miocene Climatic Optimum, consistent with clumped isotope and paleofloral tem-
perature estimates.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The oxygen and hydrogen isotopic compositions of soil
water (d18Ow and dDw hereafter) reflect the history of water
as they are affected by processes such as source evapora-
tion, precipitation and vapor recycling (e.g., Craig, 1961;
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Craig and Gordon, 1965). A variety of geochemical proxies
such as calcium carbonate, silicates, hydrated volcanic
glass, and mammalian tooth enamel record the isotopic sig-
nature of ancient water, and have been widely applied to
interpret and constrain paleoclimatic and paleotopographic
change in western North America (e.g., Kohn et al., 2002;
Poage and Chamberlain, 2002; Horton et al., 2004; Mulch
et al., 2006, 2007, 2008; Mix et al., 2011, 2013). Since
many factors can affect d18Ow and dDw, isotope records
are often limited in their ability to constrain paleoclimate,
paleoecology or paleoelevation without independently
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corroborating data. This is particularly true for studies of a
single isotope system, as these techniques are unable to
constrain critical features of the hydrologic regime such
as local meteoric water line slope and evaporation.

Smectite, along with other clay minerals, chert, goethite,
gibbsite and some other materials provide the advantage of
recording both the hydrogen and oxygen isotopic signa-
tures of parent water (e.g., Lawrence and Taylor, 1971,
1972; Yeh and Epstein, 1978; Yapp, 1987), but have been
less frequently applied (Stern et al., 1997; Chamberlain
and Poage, 2000; Takeuchi and Larson, 2005; Abruzzese
et al., 2005; Sjostrom et al., 2006; Mulch et al., 2006). Smec-
tite refers to a family of 2:1 clay minerals that typically form
as weathering products of aluminosilicates. The Cenozoic
stratigraphy of western North America is well suited to
the use of smectite as a proxy due to its abundant silicic
ashes that weather rapidly to smectite in the shallow sub-
surface (Stanley and Benson, 1979; Stanley and Faure,
1979). Furthermore, these spatially-extensive ashes have
been well studied and provide high quality radiometric
age control for paleoclimate reconstructions.

Herein, we incorporate pedogenic smectite samples from
a range of environments in the Basin and Range, Rocky
Mountains and Great Plains (Fig. 1). First, we apply a com-
bined oxygen and hydrogen isotope approach to character-
ize meteoric water relationships in the past. We use the
slope of d18O–dD data to distinguish among meteoric water
composition, temperature, and/or aridity as drivers of iso-
topic change. Second, due to differences in the equilibrium
fractionation of hydrogen and oxygen, the temperature of
mineral formation can be reconstructed with smectite
d18O and dD values. In this study, we produce long-term
temperature records from smectite in western North
America. In short, our findings demonstrate that causes
of isotopic change in smectite vary both spatially and tem-
porally, and that mineral formation temperatures decreased
since the Middle Miocene.
IBBC
SV
FLV

CV

TC

RB
EPB

110°

1

120° W

120° W

40° N

0 500
Km

Fig. 1. The eleven stratigraphic sections used in this study. Circles indica
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2. COMBINED OXYGEN AND HYDROGEN ISOTOPE

APPROACH

2.1. d18O–dD relationships in meteoric water and smectite

d18O and dD of meteoric water reflect many aspects of
the hydrologic cycle, and have since been used in a number
of applications including studies of paleoelevation, decou-
pling evaporation and transpiration and delineating air
mass trajectories (Craig, 1961; Dansgaard, 1964; Rozanski
et al., 1993). Globally, precipitation falls on a meteoric
water line (GMWL) with a slope of approximately 8, and
a y-intercept, or deuterium excess, of approximately 10
(Friedman, 1953; Craig, 1961) (Fig. 2). Regional variations
in these slopes and intercepts in meteoric and surface waters
are large, however. In the continental United States, the
slopes of local meteoric water lines (LMWLs) inferred from
stream waters range from 5 to 13, with an average of 6.1
(Kendall and Coplen, 2001). LMWL slopes are often lower
than the GMWL value of �8 due to low humidity and
evaporation (Yurtsever and Gat, 1981). This relationship
reflects differences in the kinetic effects of oxygen and
hydrogen associated with evaporation, driving waters to
evolve along an evaporation trend of a lower slope than
the GMWL. The slope decreases as relative humidity
decreases. For example, in arid environments with relative
humidity less than 25%, surface water line slopes are �4,
whereas for a relative humidity of over 95%, the evapora-
tion-driven trend approaches the GMWL slope of �8
(Clark and Fritz, 1997). Smectite that forms in equilibrium
with these waters will create linear arrays on d18O–dD dia-
grams, hereafter referred to as smectite lines. The gap
between the smectite lines and the meteoric water line rep-
resent the temperature-dependent equilibrium fractionation
between smectite and water (Fig. 2).

For each stratigraphic section included in this study, we
plotted d18O vs. dD in order to examine the relationships
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Fig. 2. Isotopic relationships between meteoric water and smectite.
GMWL: Global meteoric water line displayed in blue. SMOW:
Standard mean ocean water. Smectite lines parallel to the GMWL
at 60, 30 and 0 �C are drawn. Red line indicates change in mineral
formation temperature. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version
of this article.)
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among the trends of meteoric waters, temperature, and
evaporation. A smectite line parallel to the modern GMWL
was fit through d18O–dD data from each basin. We used
smectite-H2O fractionation factors for oxygen (Sheppard
and Gilg, 1996) and hydrogen (Capuano, 1992) to convert
from meteoric water values to equivalent smectite d18O
and dD values using the average isotope-based temperature
calculated (See Section 4.2). In addition, we plotted temper-
ature trendlines by using the average mineral d18O and dD
values and a range of temperature inputs into the appropri-
ate fractionation equations. As evaporative environments
can encompass a range of potential smectite line slopes,
the slope of mineral d18O vs. dD values was used to assess
relative humidity and degree of evaporation.

2.2. Stable isotope-based geothermometry of smectite

Oxygen isotopic fractionation factors in most mineral–
water systems are positive at natural surface temperatures,
such that the mineral becomes enriched in 18O relative to
water at a given temperature. In contrast, hydrogen isotope
fractionation factors in many sheet silicates are negative,
such that the mineral is depleted in deuterium with respect
to water. This depletion increases with an increase in tem-
perature (Yeh, 1980; Capuano, 1992). These differing frac-
tionation properties allows for the calculation of the
temperature of smectite formation if given its d18O and
dD values (Delgado and Reyes, 1996).

Here we calculate temperatures of smectite formation
following the method of Delgado and Reyes (1996). We fol-
low the same line of reasoning and use the hydrogen isoto-
pic fractionation factor of Capuano (1992), the oxygen
isotopic fractionation factor of Savin and Lee (1988), and
assume the smectites form in equilibrium with waters along
the GMWL. Although this model was originally validated
through studies of Tertiary bentonites, it has since been
applied in several studies including those: (1) of Mesozoic
and Paleozoic paleosols (Vitali et al., 2002; Tabor et al.,
2004; Tabor and Montañez, 2005; Myers et al., 2011) and
(2) of secondary smectite formed in an impact crater
(Muttik et al., 2010). The error associated with these paleo-
temperatures is about ±3 �C (Tabor and Montañez, 2005),
which is slightly greater than the ±1.2–2.4 �C precision cur-
rently reported for the carbonate clumped isotope method
(Huntington et al., 2009).

3. METHODS

3.1. Sampling and preparation of smectite

During 2008, 2009 and 2010, we collected samples of
volcanic ash from seven basins in western North America.
In the Basin and Range, we sampled the principal sections
of the Miocene Wassuk Group in Coal Valley, NV; the
Miocene Stewart Valley Group in Stewart Valley, NV;
the Miocene Buffalo Canyon Formation in Buffalo Canyon,
NV; the Miocene to Pleistocene sediments of Fish Lake
Valley, NV; and the Miocene Salt Lake Formation in the
Ibapah Badlands, UT (Heylmun, 1965; Golia and
Stewart, 1984; Schorn et al., 1989; Axelrod, 1991; Reheis
and Sawyer, 1997; Perkins et al., 1998; Reheis and Block,
2007). In the Rocky Mountains, we sampled the Miocene
Troublesome, North Park, and Browns Park Formations
in the Middle and North Park Basins, CO (Beekly, 1915;
Montagne and Barnes, 1957; Izett, 1968; Izett and
Barclay, 1973; Montagne, 1991). In Nebraska, we produced
a composite section of isotopic data from the Miocene Ari-
karee and Hemingford Groups, the Pliocene Ogallala
Group, and several younger Tertiary and Quaternary ashes
(Swineford et al., 1955; Stout et al., 1971; Boellstorff, 1976;
Swinehart et al., 1985; Diffendal, 1995). Additionally, we
incorporated published isotopic records from several
regions: (1) Miocene sediments in the Carlin-Piñon Range,
Virgin Valley, and Willow Creek, NV, Rash Valley, UT,
Trapper Creek, ID and Pliocene sediments near Oreana,
ID (Horton et al., 2004); (2) The Miocene Rainbow and
El Paso Basins, CA (Horton and Chamberlain, 2006);
and (3) Eocene to Miocene volcanic ashes from Nebraska,
South Dakota and Wyoming (Sjostrom et al., 2006).

In order to isolate authigenic smectite, bulk samples of
volcanic ash were broken, ground, or blended (if necessary)
until disaggregated. Approximately 200 g of this material
was suspended in deionized water, after which the
<0.5 lm size fraction was isolated with a Thermo IEC cen-
trifuge to remove non-smectite clays and other minerals.
Samples were confirmed to be smectite through X-ray dif-
fraction analysis. Following the methods of Moore and
Reynolds (1997), samples were mounted and air-dried on
glass slides. Samples were subject to X-ray diffraction anal-
ysis using a PANalytical X’Pert PRO Materials Research
Diffractometer configured with mirror and parallel plate
collimator optics in the Stanford Nanocharacterization
Laboratory. The samples were then analyzed before and
after ethylene glycol solvation. A shift in the 001 reflection
from 6� 2h in the air-dried state to 5.2� 2h following glyco-
lation was considered diagnostic of smectite (Moore and
Reynolds, 1997).
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3.2. Stable isotope analysis

Stable isotope analysis of authigenic smectite were per-
formed at the Stable Isotope Biogeochemistry Laboratory
at Stanford University following procedures similar to
Sharp (1990) and Takeuchi and Larson (2005). Hydrogen
isotopic composition was obtained through continuous
flow mass spectrometry using a thermal combustion ele-
mental analyzer coupled to a Thermo Finnigan Del-
taPlusXL mass spectrometer. Samples were enclosed in
silver foil, then placed in a Fisher Scientific Isotemp vac-
uum oven at 80 �C and �100 kPa pressure for at least
3 days before isotopic analysis. Samples were run with poly-
ethylene foil, oil, and kaolinite standard materials. Instru-
mental error for this method is typically less than 2& in
dD. Oxygen isotopic composition was determined using a
laser fluorination line coupled to a Thermo Finnigan
MAT 252 mass spectrometer in a dual inlet configuration.
Samples were physically mixed with LiF, then pressed into
a pellet to prevent dispersion during lasing, then isolated in
a vacuum oven as mentioned above. Samples were sub-
jected to three 90-s exposures to BrF5 in order to liberate
excess water and impurities from the samples and fluorina-
tion line. Samples were then reacted with BrF5 and heated
using a New Wave Research MIR10–25 infrared laser abla-
tion system, liberating O2 gas. The oxygen gas was purified
through several cold traps and a KBr trap before being
introduced into the mass spectrometer. Repeated analysis
of quartz, garnet and smectite standards have shown the
precision of this method to be <0.2& in d18O. All isotopic
ratios are reported relative to Vienna Standard Mean
Ocean Water (V-SMOW).

3.3. Elemental analysis

Elemental analysis was performed by the Peter Hooper
GeoAnalytical Lab at the Washington State University
School of the Environment. Five samples were ground to
a powder finer than 50 lm, mixed with di-lithium tetrabo-
rate flux (2:1 flux:rock) and fused at 1000 �C. Samples were
then reground, refused and polished on diamond laps
before elemental analysis using a ThermoARL Advant’XP
sequential X-ray fluorescence spectrometer. The prepara-
tory and analysis procedures follow the work of Johnson
et al. (1999). Chemical formulae were calculated using
XRF oxide data and based on twelve oxygen and two
hydrogen atoms per unit cell (Moore and Reynolds, 1997).

4. RESULTS

4.1. Characterization of d18O vs. dD arrays for smectite

We used our isotopic records to examine the state of
ancient hydrologic regimes by plotting d18O vs. dD for each
stratigraphic section. The slope of the d18O and dD data
varied widely from basin to basin (Fig. 3). The Buffalo Can-
yon, Ibapah Badlands, and Coal Valley sections all showed
a negative slopes. The sections in Nebraska, Middle and
North Park, Stewart Valley, Rainbow Basin, El Paso Basin,
and Fish Lake Valley have low but positive slopes ranging
from 0.3 to 1.1. Finally, the Eocene to Miocene eastern
flank of the Rocky Mountains and Trapper Creek, ID exhi-
bit large positive slopes of 2.3 and 5.4, respectively.

4.2. Smectite geothermometry

We calculated isotope-based temperatures for each
smectite sample. First, we observe that Neogene smectite
temperatures vary substantially by region (Table 1). The
coolest temperatures observed are in Nebraska, with a
mean of 13.2 ± 5.7 �C. The warmest temperatures are in
Coal Valley, NV and Trapper Creek, ID, with means of
40.2 ± 7.9 and 43.2 ± 4.3 �C, respectively. The remaining
sections from the Neogene Basin and Range and the Paleo-
gene east-flank of the Rocky Mountains have mean smec-
tite temperatures ranging from 26.6 to 35.2 �C.

Second, we plotted temperature records for each major
section (Fig. 4). In the Middle to Late Miocene El Paso
Basin (CA), the results of a two-tailed heteroscedastic t-test
indicates decreasing mineral formation temperatures
(p = 0.02). Temperatures in Middle to Late Miocene Coal
Valley (NV), however, increase (p = 0.03). In most basins,
however, we lack a sufficient number of samples to resolve
if any perceived temperature trends are statistically signifi-
cant. In order to assess prevailing regional trends, we pro-
duced composite temperature records for the Basin and
Range as well as the Rocky Mountain/Great Plains regions
(Fig. 5). A composite record consisting of binned data in
the Basin and Range shows decreasing smectite tempera-
tures throughout Neogene time, from over 40 �C in the
Early to Middle Miocene to under 25 �C by the Quater-
nary. In the Rocky Mountains and Great Plains, tempera-
tures from the Eocene until the Early Miocene range
between 27 and 34 �C, and increase to 39 �C in the Middle
Miocene. Temperatures then decrease to under 20 �C since
the Middle Miocene. Two-tailed heteroscedastic t-tests con-
firmed that cooling between the Middle Miocene and Pleis-
tocene was statistically significant (Basin and Range
p = 0.02, Rocky Mountains and Great Plains
p = 3 � 10�5).

5. DISCUSSION

We interpret the long-term smectite record presented
here in the context of paleoenvironmental change. Our
d18O–dD results demonstrate multiple controls on smectite
isotopic composition and smectite geothermometry docu-
ments the long-term climatic cooling of western North
America since the Middle Miocene.

5.1. Characterization of meteoric water relationships in

Neogene western North America

Our results indicate that the processes controlling
smectite d18O and dD vary both regionally and tempo-
rally. We observe great differences in smectite line slopes
from basin to basin, which we infer to reflect multiple
controls on isotopic composition (Fig. 1). The basins with
the highest smectite line slopes are in Middle Miocene
Trapper Creek, ID (5.4) and the Eocene to Miocene east-



Fig. 3. Meteoric water relationships from Cenozoic basins in western North America. Blue lines are a smectite line parallel to the global
meteoric water line. Red lines represent variation in temperature with no variation in isotopic composition of meteoric water. Black lines are
linear regressions of smectite d18O–dD data. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Table 1
Isotope and temperature records used in this study with relevant references. Temperatures were calculated using the global meteoric water
relationship of dD = 8d18O + 10 (Craig, 1961) and the following smectite-water fractionation factors: 103lnaox = 2.60 (106T�2) � 4.28 (Savin
and Lee, 1988); 103lnahy = �45.3 (103T�1) + 94.7 (Capuano, 1992).

Sample Latitude Longitude Age
(Ma)

d18O 1r dD 1r Temperature
(�C)

Key references

Middle and North Park, CO

HM09-CO1 40.0813 �106.3725 11.00 14.78 0.02 �117.58 0.45 30.4 Montagne and Barnes (1957), Izett (1968)
HM09-CO2 40.0813 �106.3725 11.00 16.59 0.37 �112.08 0.45 26.0 Montagne and Barnes (1957), Izett (1968)
HM09-CO3 40.0813 �106.3725 11.00 13.98 0.23 �121.67 0.45 31.5 Montagne and Barnes (1957), Izett (1968)
HM10-CO12 40.6681 �106.4117 13.40 11.46 0.7 �117.56 1.57 44.4 Montagne and Barnes (1957), Izett (1968)
HM10-CO7 40.6696 �106.4288 13.50 15.71 0.7 �118.81 1.57 26.2 Montagne and Barnes (1957), Izett (1968)
HM09-CO11 40.0297 �106.3021 15.20 13.74 0.23 �117.51 0.45 34.6 Montagne and Barnes (1957), Izett (1968)
HM09-CO10 40.0281 �106.3022 16.50 12.99 0.23 �113.29 0.45 40.0 Montagne and Barnes (1957), Izett (1968)
HM09-CO9 40.0249 �106.3058 17.00 14.86 0.02 �105.97 0.45 35.9 Montagne and Barnes (1957), Izett (1968)
HM10-CO1 40.6719 �106.4143 17.00 11.94 0.7 �116.76 1.57 42.7 Montagne and Barnes (1957), Izett (1968)
HM09-CO8 40.0249 �106.3058 17.10 14.40 0.23 �113.39 0.45 34.0 Montagne and Barnes (1957), Izett (1968)
HM09-CO7 40.0249 �106.3058 18.90 14.35 0.02 �114.23 0.45 33.8 Montagne and Barnes (1957), Izett (1968)
HM09-CO12 40.0249 �106.3058 18.90 12.69 0.44 �117.14 0.45 39.2 Montagne and Barnes (1957), Izett (1968)
HM09-CO6 40.0249 �106.3058 19.00 14.97 0.37 �111.92 0.45 32.4 Montagne and Barnes (1957), Izett (1968)
HM09-CO4 40.0033 �106.3401 23.00 13.73 0.23 �115.73 0.45 35.6 Montagne and Barnes (1957), Izett (1968)
HM09-CO5 40.0033 �106.3401 23.50 12.77 0.02 �112.57 0.45 41.3 Montagne and Barnes (1957), Izett (1968)
Mean 40.1628 �106.3457 13.9 �115.1 35.2

Nebraska

HM10-NE10 40.7265 �100.3041 0.62 18.00 0.46 �112.54 1.57 20.6 Stout et al. (1971)
HM10-NE11 40.6425 �100.0809 0.62 18.17 0.46 �104.99 1.57 23.5 Stout et al. (1971)
HM09-NE24 40.1887 �98.1722 0.76 21.50 0.17 �107.53 0.84 10.9 Stout et al. (1971)
HM09-NE25 40.1964 �98.1828 0.76 20.16 0.02 �100.60 0.84 18.3 Stout et al. (1971)
HM09-NE21 42.8377 �100.5199 2.30 21.88 0.44 �105.86 0.84 10.3 Boellstorff (1976)
HM09-NE23 41.3863 �99.0605 2.30 19.69 0.02 �102.19 0.84 19.2 Stout et al. (1971)
HM09-NE22 42.7953 �97.8666 5.00 21.53 0.44 �104.65 0.84 11.9 Boellstorff (1976)
HM09-NE6 41.2522 �102.1300 6.80 19.55 0.44 �112.31 0.84 15.3 Boellstorff (1976)
HM09-NE7 41.2522 �102.1300 6.80 18.76 0.44 �107.19 0.84 20.3 Boellstorff (1976)
HM09-NE8 41.4454 �102.9830 7.00 23.97 0.02 �118.08 0.84 �0.7 Boellstorff (1976)
HM09-NE3 41.1385 �101.6780 7.60 20.18 0.37 �112.51 0.84 13.1 Boellstorff (1976)
HM09-NE4 41.2620 �102.1069 8.00 19.22 0.02 �129.50 0.84 9.3 Boellstorff (1976)
HM09-NE5 41.2620 �102.1069 8.00 19.66 0.44 �109.01 0.84 16.4 Boellstorff (1976)
HM09-NE1 41.1831 �103.0674 8.20 21.29 0.44 �117.49 0.84 7.6 Boellstorff (1976)
HM09-NE2 41.1831 �103.0674 8.20 19.37 0.37 �110.84 0.84 16.6 Boellstorff (1976)
HM09-NE9 41.4564 �103.0534 8.50 19.58 0.44 �113.76 0.84 14.6 Boellstorff (1976)
HM10-NE3 41.4867 �102.8624 8.50 21.09 0.7 �122.74 1.57 6.2 Diffendal (1995)
HM09-NE20 42.6756 �100.8557 10.60 22.55 0.37 �105.54 0.84 8.3 Boellstorff (1976)
HM09-NE14 42.1965 �103.7873 16.00 20.68 0.37 �107.01 0.84 13.7 Swineford et al. (1955)
HM09-NE18 42.4956 �102.7988 16.00 23.40 0.40 �106.60 0.84 5.2 Swineford et al. (1955)
HM09-NE15 42.1965 �103.7873 16.50 20.29 0.49 �108.07 0.84 14.6 Swineford et al. (1955)
HM09-NE19 42.4956 �102.7988 17.00 21.30 0.12 �107.65 0.84 11.4 Swineford et al. (1955)
HM09-NE13 41.7000 �103.3466 29.50 18.48 0.37 �116.22 0.84 17.3 Swineford et al. (1955)
Mean 41.5415 �101.5977 20.4 �110.6 13.2

Fish Lake Valley, NV

HM08-
WW26

37.3821 �117.7929 0.75 15.57 0.09 �108.84 0.32 31.6 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW25

37.3779 �117.7951 1.25 13.69 0.09 �125.23 0.32 30.9 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW24

37.3780 �117.7949 1.50 16.08 0.09 �121.41 0.32 23.6 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW23

37.3777 �117.7944 2.00 18.53 0.51 �120.22 0.32 15.4 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW22

37.3717 �117.7960 2.25 18.80 0.07 �135.37 0.32 8.4 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW21

37.3703 �117.7958 2.50 10.39 0.36 �129.13 0.32 42.7 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW19

37.3768 �117.7906 3.25 10.25 0.36 �137.80 0.32 38.6 Reheis and Sawyer (1997), Reheis and Block (2007)
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Table 1 (continued)

Sample Latitude Longitude Age
(Ma)

d18O 1r dD 1r Temperature
(�C)

Key references

HM08-
WW20

37.3698 �117.7954 3.25 11.69 0.86 �120.93 0.32 41.5 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-WW1 37.3670 �117.7923 3.40 10.39 1.13 �116.98 0.32 49.7 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-WW2 37.3670 �117.7923 3.50 15.97 0.36 �122.12 0.32 23.7 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-
WW17

37.3700 �117.7883 4.00 16.85 0.12 �119.77 0.32 21.5 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW18

37.3702 �117.7918 4.00 17.19 0.49 �109.32 0.32 25.1 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-WW3 37.3670 �117.7922 4.25 14.52 0.19 �123.59 0.32 28.4 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-
WW16

37.3690 �117.7885 4.50 14.79 0.17 �143.97 0.32 18.1 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW13

37.3686 �117.7885 4.75 13.22 0.09 �126.71 0.32 32.0 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW14

37.3686 �117.7885 4.75 15.03 0.51 �118.97 0.32 28.7 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW15

37.3686 �117.7885 4.75 18.46 0.19 �105.61 0.32 22.1 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-WW4 37.3669 �117.7921 5.00 12.20 0.09 �120.97 0.32 39.2 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-WW5 37.3669 �117.7921 5.00 16.17 0.09 �120.93 0.32 23.5 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-WW9 37.3669 �117.7863 5.00 17.52 0.17 �118.07 0.32 19.9 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-
WW10

37.3669 �117.7863 5.00 16.30 0.09 �113.94 0.32 26.3 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW11

37.3674 �117.7864 5.00 14.87 0.01 �107.16 0.32 35.3 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-
WW12

37.3674 �117.7864 5.00 9.34 0.36 �124.83 0.32 50.0 Reheis and Sawyer (1997), Reheis and Block (2007)

HM08-WW6 37.3669 �117.7921 5.20 16.05 0.54 �115.48 0.32 26.5 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-HT9 37.3421 �117.8410 5.75 15.40 0.54 �124.07 0.32 24.9 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-HT6 37.3429 �117.8404 6.50 17.40 0.17 �116.77 0.32 20.9 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-HT7 37.3429 �117.8404 6.50 17.80 0.49 �115.70 0.32 19.9 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-HT5 37.3436 �117.8401 6.75 16.80 0.09 �114.67 0.32 24.0 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-HT4 37.3438 �117.8399 7.00 16.67 0.54 �115.42 0.32 24.2 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW7 37.8518 �117.9917 0.00 14.81 0.36 �121.6 1.8 28.3 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW6 37.8373 �117.9171 1.05 16.89 0.12 �130.33 0.32 16.7 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW4 37.8339 �117.9058 1.80 17.87 0.07 �127.23 0.32 14.7 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW1 37.8246 �117.8868 5.00 15.76 0.12 �126.4 1.8 22.5 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW2 37.8246 �117.8868 5.00 15.26 0.17 �95.9 3.8 39.6 Reheis and Sawyer (1997), Reheis and Block (2007)
HM08-CSW3 37.8246 �117.8868 5.00 16.08 0.01 �128.10 1.57 20.5 Reheis and Sawyer (1997), Reheis and Block (2007)
Mean 37.4458 �117.8190 15.3 �120.7 27.4

Stewart Valley, NV

HM08-SV1 38.5547 �117.9392 11.93 14.39 0.51 �120.50 0.84 30.4 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV4 38.5549 �117.9512 12.02 11.74 0.54 �125.40 0.84 38.9 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV5 38.5549 �117.9505 12.07 14.93 0.23 �99.25 0.84 39.2 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV6 38.5544 �117.9500 12.96 13.20 0.07 �112.94 0.84 39.3 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV7 38.5542 �117.9501 12.97 13.77 0.70 �120.58 0.84 32.9 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV8 38.5536 �117.9481 13.73 15.90 0.27 �119.68 0.84 25.0 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV9 38.5536 �117.9481 13.78 12.44 0.19 �111.06 0.84 43.6 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV12 38.6083 �117.9406 14.93 11.79 0.09 �120.48 0.84 41.3 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV2 38.5538 �117.9541 15.17 14.07 0.09 �116.95 0.84 33.5 Schorn et al. (1989), Perkins et al. (1998)
HM08-SV3 38.5538 �117.9540 15.24 16.89 0.27 �118.40 0.84 22.0 Schorn et al. (1989), Perkins et al. (1998)
Mean 38.5596 �117.9486 13.9 �116.5 34.6

Buffalo Canyon, NV

HM08-BC13 39.2581 �117.8392 10.45 12.98 0.07 �128.57 1.57 32.1 Axelrod (1991), Perkins et al. (1998)
HM08-BC12 39.2579 �117.8395 11.59 16.12 0.36 �125.91 1.57 21.4 Axelrod (1991), Perkins et al. (1998)
HM08-BC11 39.2579 �117.8395 11.80 17.63 0.24 �113.33 1.57 21.6 Axelrod (1991), Perkins et al. (1998)
HM08-BC10 39.2579 �117.8395 12.07 13.37 0.79 �130.92 1.57 29.3 Axelrod (1991), Perkins et al. (1998)
HM08-BC9 39.2117 �117.7940 15.17 14.63 0.24 �132.99 1.57 23.6 Axelrod (1991), Perkins et al. (1998)
HM08-BC8 39.2116 �117.7938 15.21 12.65 0.07 �128.59 1.57 33.4 Axelrod (1991), Perkins et al. (1998)
HM08-BC7 39.2114 �117.7938 15.24 16.52 0.27 �130.88 1.57 17.7 Axelrod (1991), Perkins et al. (1998)
HM08-BC6 39.2114 �117.7938 15.41 13.79 0.24 �130.69 1.57 27.8 Axelrod (1991), Perkins et al. (1998)

(continued on next page)
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Table 1 (continued)

Sample Latitude Longitude Age
(Ma)

d18O 1r dD 1r Temperature
(�C)

Key references

HM08-BC4 39.2012 �117.7918 15.84 12.82 0.54 �94.78 1.57 51.3 Axelrod (1991), Perkins et al. (1998)
HM08-BC3 39.2009 �117.7914 16.00 14.92 0.19 �93.59 1.57 42.3 Axelrod (1991), Perkins et al. (1998)
HM08-BC2 39.2009 �117.7914 16.05 12.91 0.54 �88.02 1.57 55.0 Axelrod (1991), Perkins et al. (1998)
Mean 39.2255 �117.8098 14.4 �118.0 32.3

Coal Valley, NV

HM08-CV15 38.5047 �118.9115 9.73 12.37 0.23 �116.43 1.57 41.0 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV13 38.5015 �118.9098 9.81 10.99 0.86 �108.83 1.57 51.7 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV14 38.5015 �118.9099 10.19 11.46 0.09 �116.41 1.57 45.1 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV11 38.4991 �118.9043 10.54 12.87 1.18 �110.18 1.57 42.2 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV8 38.4989 �118.9016 10.94 12.46 0.09 �105.55 1.57 46.7 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV9 38.4989 �118.9016 11.31 11.37 0.09 �111.53 1.57 48.3 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV10 38.4989 �118.9016 11.51 12.07 0.24 �112.10 1.57 44.7 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV7 38.4984 �118.9014 11.57 13.79 0.19 �103.51 1.57 41.8 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV4 38.4957 �118.8987 11.59 15.82 0.27 �117.84 1.57 26.2 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV5 38.4959 �118.8986 11.72 12.69 0.86 �118.51 1.57 38.5 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV2 38.4945 �118.8976 11.93 16.21 0.12 �110.69 1.57 28.2 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV3 38.4944 �118.8978 12.01 15.30 0.36 �113.80 1.57 30.2 Golia and Stewart (1984), Perkins et al. (1998)
HM08-CV1 38.4934 �118.8964 12.07 13.10 0.12 �115.57 1.57 38.3 Golia and Stewart (1984), Perkins et al. (1998)
Mean 38.4981 �118.9024 13.1 �112.4 40.2

Ibapah Badlands, UT

HM08-IB19 40.1104 �114.0757 10.45 14.99 0.24 �130.12 0.45 23.6 Heylmun (1965), Perkins et al. (1998)
HM08-IB18 40.1104 �114.0758 10.54 15.48 0.51 �124.89 0.45 24.2 Heylmun (1965), Perkins et al. (1998)
HM08-IB10 40.1122 �114.0838 11.72 11.14 0.17 �123.46 0.45 42.5 Heylmun (1965), Perkins et al. (1998)
HM08-IB21 40.1162 �114.0945 11.82 12.38 0.19 �125.63 0.45 36.0 Heylmun (1965), Perkins et al. (1998)
HM08-IB9 40.1288 �114.1725 12.01 13.78 0.24 �124.72 0.45 30.8 Heylmun (1965), Perkins et al. (1998)
HM08-IB8 40.1288 �114.1724 12.02 11.62 0.54 �117.21 0.45 43.9 Heylmun (1965), Perkins et al. (1998)
HM08-IB7 40.1288 �114.1722 12.07 11.71 0.24 �128.41 0.45 37.4 Heylmun (1965), Perkins et al. (1998)
HM08-IB6 40.1287 �114.1721 12.14 14.58 0.27 �120.13 0.45 29.9 Heylmun (1965), Perkins et al. (1998)
HM08-IB5 40.1289 �114.1720 12.34 13.58 0.12 �117.03 0.45 35.5 Heylmun (1965), Perkins et al. (1998)
HM08-IB3 40.1290 �114.1719 12.83 12.52 0.24 �123.05 0.45 36.8 Heylmun (1965), Perkins et al. (1998)
HM08-IB2 40.1289 �114.1717 12.84 13.22 0.51 �133.00 0.45 28.9 Heylmun (1965), Perkins et al. (1998)
HM08-IB1 40.1292 �114.1710 12.97 7.82 0.36 �115.25 0.45 63.8 Heylmun (1965), Perkins et al. (1998)
Mean 40.1233 �114.1421 12.7 �123.6 36.1

East Flank of the Rocky Mountains (Sjostrom et al., 2006)
01DS104 42.4460 �107.5316 14.2 15.7 �107 32.0 Sjostrom et al. (2006)
01DS102 42.4446 �107.5588 14.2 12.7 �110 43.1 Sjostrom et al. (2006)
01DS103 42.4350 �107.5628 14.2 12.8 �118 38.3 Sjostrom et al. (2006)
01DS116 42.7288 �107.5826 14.2 12.8 �112 41.5 Sjostrom et al. (2006)
01DS115 42.7308 �107.5845 14.2 11.9 �113 45.0 Sjostrom et al. (2006)
01DS121 42.6817 �108.1239 14.2 14.5 �116 32.3 Sjostrom et al. (2006)
01DS34 42.7154 �103.8828 19.2 16.8 �95 33.6 Sjostrom et al. (2006)
01DS37 42.4373 �103.4184 21.9 19.7 �127 8.8 Sjostrom et al. (2006)
01DS36 42.4271 �103.5419 21.9 16.2 �121 23.3 Sjostrom et al. (2006)
01DS35 42.4234 �103.7525 21.9 15.0 �94 41.7 Sjostrom et al. (2006)
01DS28 42.7690 �103.5354 22 18.8 �93 26.7 Sjostrom et al. (2006)
01DS44 42.9492 �103.6854 22 18.8 �97 24.8 Sjostrom et al. (2006)
01DS33 42.7425 �103.8113 22 16.7 �93 35.0 Sjostrom et al. (2006)
01DS31 42.7791 �103.5321 30.3 17.2 �93 33.0 Sjostrom et al. (2006)
01DS30 42.7688 �103.5835 30.3 16.8 �107 27.6 Sjostrom et al. (2006)
01DS12 41.5968 �103.1131 31.25 18.3 �94 28.1 Sjostrom et al. (2006)
01DS14 41.5968 �103.1131 31.25 18.0 �88 32.3 Sjostrom et al. (2006)
01DS15 41.5968 �103.1131 31.25 18.0 �92 30.3 Sjostrom et al. (2006)
01DS16 41.5968 �103.1131 31.25 20.2 �110 14.1 Sjostrom et al. (2006)
01DS17 41.5968 �103.1131 31.25 17.6 �102 27.0 Sjostrom et al. (2006)
01DS18 41.5968 �103.1131 31.25 17.3 �123 18.5 Sjostrom et al. (2006)
01DS19 41.6991 �103.3415 31.25 19.2 �100 22.0 Sjostrom et al. (2006)
01DS20 41.6991 �103.3415 31.25 18.6 �90 28.9 Sjostrom et al. (2006)
01DS84 42.7125 �105.3710 31.25 14.7 �112 33.5 Sjostrom et al. (2006)
01DS113 42.7574 �107.5635 32 10.9 �126 42.2 Sjostrom et al. (2006)
01DS129 42.5848 �108.2870 32 10.6 �104 56.6 Sjostrom et al. (2006)
01DS39 42.9194 �103.4913 34.5 16.9 �123 19.9 Sjostrom et al. (2006)
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Table 1 (continued)

Sample Latitude Longitude Age
(Ma)

d18O 1r dD 1r Temperature
(�C)

Key references

01DS55 42.8288 �101.6981 35 17.7 �107 24.2 Sjostrom et al. (2006)
01DS69 42.8630 �101.8605 35.5 18.6 �103 22.8 Sjostrom et al. (2006)
01DS72 43.8614 �102.8631 35.5 18.4 �101 24.4 Sjostrom et al. (2006)
01DS74 43.8614 �102.8631 35.5 20.0 �101 18.7 Sjostrom et al. (2006)
01DS81 42.7625 �105.0128 35.5 16.6 �101 31.4 Sjostrom et al. (2006)
01DS89 42.6386 �106.7545 35.65 13.9 �107 39.5 Sjostrom et al. (2006)
01DS90a 42.6386 �106.7545 35.65 15.5 �122 25.5 Sjostrom et al. (2006)
01DS91 42.6386 �106.7545 35.65 14.4 �118 31.7 Sjostrom et al. (2006)
01DS92 42.6386 �106.7545 35.65 14.2 �109 37.1 Sjostrom et al. (2006)
01DS93 42.6386 �106.7545 35.65 14.1 �122 30.9 Sjostrom et al. (2006)
01DS94 42.6386 �106.7594 35.65 13.9 �121 32.2 Sjostrom et al. (2006)
01DS95 42.6386 �106.7594 35.65 13.7 �124 31.5 Sjostrom et al. (2006)
01DS97 42.6386 �106.7594 35.65 14.3 �117 32.6 Sjostrom et al. (2006)
01DS98 42.6390 �106.7650 35.65 13.4 �126 31.7 Sjostrom et al. (2006)
01DS99 42.6390 �106.7650 35.65 14.3 �124 29.1 Sjostrom et al. (2006)
01DS100 42.6390 �106.7650 35.65 13.6 �120 33.9 Sjostrom et al. (2006)
01DS101 42.6390 �106.7650 35.65 14.0 �113 35.9 Sjostrom et al. (2006)
01DS75 43.8608 �102.8636 37 19.6 �99 21.0 Sjostrom et al. (2006)
01DS110 42.7575 �107.5874 49 13.6 �122 32.9 Sjostrom et al. (2006)
01DS111 42.7608 �107.5900 49 14.7 �122 28.5 Sjostrom et al. (2006)
01DS123 42.7091 �108.1809 49 16.1 �107 30.4 Sjostrom et al. (2006)
01DS124 42.7091 �108.1809 49 12.7 �101 48.2 Sjostrom et al. (2006)
01DS128 42.5964 �108.2933 49 15.7 �113 29.0 Sjostrom et al. (2006)
Mean 42.5733 �105.3373 15.8 �109.2 30.9

Trapper Creek, ID (Horton et al., 2004)
TC-LTC-2 42.1250 �114.0000 10.25 14.1 �112 36.0 Horton et al. (2004)
TC-1H-6 42.1250 �114.0000 11.6 12.3 �113 43.2 Horton et al. (2004)
TC-1H-5 42.1250 �114.0000 11.81 12.6 �114 41.3 Horton et al. (2004)
TC-1H-3 42.1250 �114.0000 12.3 11.8 �115 44.3 Horton et al. (2004)
TC-1H-1 42.1250 �114.0000 12.82 8.5 �147 41.2 Horton et al. (2004)
TC-VH-6 42.1250 �114.0000 12.82 10.6 �123 45.2 Horton et al. (2004)
TC-VH-5 42.1250 �114.0000 12.9 9.8 �118 51.9 Horton et al. (2004)
TC-VH-4 42.1250 �114.0000 13.1 9.8 �127 46.6 Horton et al. (2004)
TC-VH-3 42.1250 �114.0000 13.4 11.0 �128 40.6 Horton et al. (2004)
TC-VH-2 42.1250 �114.0000 13.5 10.7 �129 41.4 Horton et al. (2004)
Mean 42.1250 �114.0000 11.1 �122.6 43.2

El Paso Basin, CA (Horton and Chamberlain, 2006)
EPB-7 35.4333 �117.9267 7.0 21.0 �102 14.8 Horton and Chamberlain (2006)
EPB-6 35.4333 �117.9267 8.9 20.9 �105 13.9 Horton and Chamberlain (2006)
EPB-3 35.4333 �117.9267 9.8 18.5 �102 23.6 Horton and Chamberlain (2006)
EPB-13 35.4333 �117.9267 12.5 14.8 �110 34.1 Horton and Chamberlain (2006)
EPB-11 35.4333 �117.9267 13.0 15.8 �106 32.1 Horton and Chamberlain (2006)
EPB-10 35.4333 �117.9267 13.2 13.6 �111 38.6 Horton and Chamberlain (2006)
EPB-9 35.4333 �117.9267 13.5 15.9 �111 29.2 Horton and Chamberlain (2006)
Mean 35.4333 �117.9267 17.2 �106.7 26.6

Rainbow Basin (CA (Horton and Chamberlain, 2006)
MD/CA-11 35.0223 �117.0346 2.1 19.1 �102 21.4 Horton and Chamberlain (2006)
MD/CA-07 35.0223 �117.0346 14.8 17.2 �103 28.0 Horton and Chamberlain (2006)
BF-36 35.0223 �117.0346 15.2 18.6 �104 22.3 Horton and Chamberlain (2006)
BF-24 35.0223 �117.0346 15.8 16.4 �110 27.7 Horton and Chamberlain (2006)
BF-05 35.0223 �117.0346 19.3 15.6 �99 36.5 Horton and Chamberlain (2006)
MD/CA-20 35.0223 �117.0346 19.7 19.2 �96 23.8 Horton and Chamberlain (2006)
Mean 35.0223 �117.0346 17.7 �102.3 26.6
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ern flank of the Rocky Mountains (2.3). We interpret
these to represent high ancient LMWL slopes, which are
roughly in agreement with modern LMWLs in western
North America (Kendall and Coplen, 2001). Their loca-
tion to the north and east of the Basin and Range sup-
ports the hypothesis that change in the hydrologic cycle
may be the driver of smectite isotopic composition in
these basins. In the case of the eastern flank of the Rocky
Mountains, d18O decreases from the Eocene to the Mio-
cene, and records the interaction of airmasses and high
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Fig. 4. Smectite formation temperature vs. age for Cenozoic basins in western North America. Red crosses indicate age range, mean and 1r
variation for binned samples in selected basins. p Values correspond to two-tailed t-tests of binned samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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topography in the Rocky Mountains (Sjostrom et al.,
2006). Here and in Miocene Trapper Creek, ID, the high
smectite line slope confirms the hypothesis that changing
meteoric water composition is the primary control on
smectite composition, supporting prior interpretations
that topographic development affected atmospheric
circulation.

Within the Basin and Range, all basins sampled indicate
a low or negative smectite line slope. The three northern-
most sections in the Basin and Range (Buffalo Canyon
and Coal Valley, NV, and the Ibapah Badlands, UT) all
exhibit a negative slope in the smectite line. Taken at face
value, these slopes cannot be produced by meteoric waters
and evaporation, and require, at least in part, changing
temperature of smectite formation. Therefore, we interpret
the negative slopes as indicative of change in temperature as
the primary control on smectite isotopic composition in the
Miocene northern Basin and Range.

The four additional Basin and Range sections (Miocene
to Pleistocene Fish Lake Valley, NV, Middle to Late Mio-
cene El Paso Basin, CA, Middle Miocene Stewart Valley,
NV, and Early Miocene to Pleistocene Rainbow Basin,
CA) as well as Early to Middle Miocene Middle and North
Park, CO and Oligocene to Pleistocene Nebraska exhibit
shallow smectite line slopes of 0–2. In this intermediate
range, assigning a single underlying cause as the control
of smectite isotopic composition is more challenging. These
low slopes could be caused by a combination of changing
water composition and temperature change, as well as
evaporative enrichment of surface waters.

We present several first-order interpretations from this
d18O–dD smectite record. First, smectite line slopes indicate
that changes in meteoric water composition due to changes
in moisture source, trajectory or vapor recycling are the pri-
mary cause of isotopic change outside the Basin and Range.
Within the Northern and Central Basin and Range, nega-
tive slopes suggest that changes in mineral formation tem-
perature outweigh changes in surface water composition.
Finally, within the Southern and Western Basin and Range,
Great Plains, and eastern flank of the Rocky Mountains
intermediate slopes in the smectite line suggest a combina-
tion of causes including aridification as responsible for
changes in the smectite record. Finally, it is important to
recognize the limitations of such records. These records rep-
resent the combined effects of changing temperature and
evolved surface water composition over millions of years.

5.2. Interpretation of smectite paleotemperature record

The composite temperature records in the Rocky Moun-
tains and Great Plains as well as the Basin and Range
match prevailing global climate trends to a first order. In
the Basin and Range, temperatures steadily decrease since
the Early to Middle Miocene by over 15 �C. This is of a
substantially greater magnitude than evidenced in marine
records, as global mean temperatures during the Middle
Miocene were approximately 3 �C warmer than today
(You et al., 2009). Our Cenozoic smectite temperature cool-
ing trend, however, is consistent with paleofloral records
from the continental interior, which exhibit a high degree
of spatial and temporal variability in temperature during
the Neogene (Wolfe, 1994; Wolfe et al., 1997; Chase
et al., 1998). In the Rocky Mountains and Great Plains
record, Paleogene and Early Miocene temperatures are also
warm, ranging between 10 and 15 �C greater than samples
from the Late Miocene and Pliocene. The highest recorded
temperature of 39 �C from the Rocky Mountains and Great
Plains occurs during the Middle Miocene.

This smectite paleotemperature record is a meaningful
addition to existing paleofloral and carbonate clumped iso-
tope estimates of terrestrial temperatures in western North
America. Leaf margin analysis from paleofloral data has
produced estimates ranging between 9 and 17 �C in Mio-
cene California, Nevada, Oregon and Washington (Wolfe
et al., 1997; Chase et al., 1998). These temperature estimates
are much closer to modern mean annual air temperatures in
western North America. Estimates from carbonate-based
thermometry are substantially higher. For example,
clumped isotope data from the Colorado Plateau from
the Middle Miocene to Pliocene are greater than 28 �C on
average (Huntington et al., 2010). Clumped isotope temper-
ature estimates of the Paleocene–Eocene Bighorn Basin,
WY are �34 �C (Snell et al., 2013). Similarly, the smectite
geothermometry record in this study produces temperatures
well in excess of 20 �C during most of the Neogene. Two-
tailed heteroscedastic t-tests indicate that geochemical esti-
mates of temperature in the Neogene Basin and Range and
Colorado Plateau are significantly higher than paleofloral
estimates (Smectite vs. Paleofloral p = 4.6 � 10�15,
Clumped vs. Paleofloral p = 1.1 � 10�4). Populations of
Neogene smectite and clumped isotope temperatures do
not vary significantly (p = 0.15).
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There may be some common reasons for the systematic
disparity between paleofloral and geochemical estimates of
temperature. First, geochemical records may be subject to
biases in seasonality or specific conditions of formation.
Clay minerals may have some advantages over carbonates
as they are less likely to undergo rapid growth during brief
periods of extremely warm or evaporitic conditions.
Clumped isotope records have been demonstrated to reflect
summer temperatures as opposed to mean annual air tem-
perature (Breecker et al., 2009; Quade et al., 2013; Snell
et al., 2013).

There is the possibility that some of the smectite paleo-
temperature record may reflect high crustal heat flow, par-
ticularly those from the Basin and Range. Even though
samples may not have been subjected to great depth,
regions such as the Basin and Range have elevated geother-
mal gradients that could potentially affect the temperature
of mineral formation (see Section 5.3). In particular, basins
in close proximity to the Miocene-Quaternary Yellowstone
hotspot track or other volcanic sources could reflect local
or regional changes in heat flow. While we acknowledge
this possibility, the stratigraphic sections sampled in this
work did not show signs of high-temperature alteration or
diagenesis such as illite–smectite mixed layering. In addi-
tion, smectite-based temperatures do not exhibit systemati-
cally higher temperatures in the Basin and Range or
adjacent to the Yellowstone hotspot track than in other
regions such as the Rocky Mountains or Great Plains. Fur-
thermore, the calculated smectite temperatures produced
here are in accordance with published clumped isotope
data in carbonates reflecting Cenozoic summer soil
temperatures.

Finally, the method of Delgado and Reyes (1996) shows
promise for terrestrial paleoclimate applications but
improvements are necessary if smectite geothermometry is
to be a leading paleotemperature metric. We suggest three
major considerations for future application and refinement
of this technique. First, the clay minerals studied must be
well-characterized as differences in stoichiometry and min-
eralogy affect isotopic fractionation (see Section 5.3).
Second, the fractionation factors used here have not neces-
sarily been well calibrated for low temperatures and
near-surface environments. Lastly, additional experimental
studies of hydrogen isotope exchange would be
particularly valuable in improving phyllosilicate-based
geothermometry.

5.3. Phyllosilicate formation, composition and other

confounding effects

In order to confidently assert that surface processes such
as climatic change are the primary control on the smectite
record, we must demonstrate that smectite formation
occurred near the surface soon after deposition of the sed-
iments. Multiple studies indicate that smectite forms readily
in the shallow subsurface. For example, strontium isotopic
and petrographic studies of the Neogene Arikaree and
Ogallala Groups sampled in this study from Nebraska indi-
cate that the authigenic smectite formed soon after deposi-
tion (Stanley and Benson, 1979; Stanley and Faure, 1979).
In addition, authigenic smectite is found in Quaternary soils
and moraines, and ash from the 1980 Mount Saint Helens
eruption has since converted to clay minerals in many loca-
tions (Sjostrom et al., 2006 and references therein).

Several lines of evidence suggest that our samples
formed in the shallow subsurface. First, most samples were
collected in poorly consolidated air fall ashes and paleosols
from shallow basins. Indurated ashes that may have been
subjected to higher temperatures and/or diagenetic alter-
ation rarely yielded enough clay-sized fraction for isotopic
analysis. As such, the samples we analyzed are nearly all
poorly consolidated and unlikely reflect deep burial. Sec-
ond, smectite begins converting to illite at temperatures
over 35 �C, with the majority of conversion occurring
between 55 and 95 �C (Perry and Hower, 1970). X-ray dif-
fraction analysis confirmed the composition of our samples
to be primarily smectite, further supporting a shallow depth
of formation. The stratigraphic sections sampled in this
study were under 1 km in thickness. Typical geothermal
gradients in modern western North America mostly vary
between 25 and 40 �C/km (e.g., Blackwell, 1983; Law
et al., 1989), although more elevated gradients are observed
in locations such as the modern Yellowstone hotspot track.
Given a geothermal gradient of 25–40 �C/km, however, we
would expect phyllosilicates to undergo some illitization by
1 km in depth, which is not evident from our X-ray diffrac-
tion analysis. As such, we argue that the isotopic signatures
of the phyllosilicates presented in this study likely reflect lit-
tle alteration or isotopic exchange and preserve the isotopic
signature of the near surface environment in which the min-
erals formed. In addition, because we sampled airfall ashes
that show no evidence of reworking, we rule out the poten-
tial for detrital minerals to be incorporated into the samples
we analyzed.

Variations in the mole fraction of Al, Fe and Mg in the
octahedral layer of 2:1 phyllosilicates can affect mineral–
water isotope equilibrium fractionation factors (Savin and
Lee, 1988; Gilg and Sheppard, 1996). Due to the relative
lack of existing isotope data for well-characterized phyllo-
silicates, we compared two approaches for the smectite-
water hydrogen isotope fractionation factor. The first,
shown in our tables and figures here, utilizes the fraction-
ation factor of Capuano (1992) and follows the temperature
derivation of Delgado and Reyes (1996). In order to
account for variations in phyllosilicate elemental composi-
tion, we incorporated composition data for several samples
(Supp. Table 1) and calculated temperatures following a
bond-model approximation (e.g., Savin and Lee, 1988;
Tabor and Montañez, 2005; Rosenau and Tabor, 2013).
The bond-model calculations yield mineral-formation tem-
peratures that are �3 to 4 �C cooler than the temperatures
calculated using the traditional Capuano (1992) approach
(Supp. Table 2). One particularly Fe-rich sample (HM08-
CV7) however, produces a calculated temperature 7 �C
warmer than the Capuano (1992) fractionation factor
(Supp. Table 2). These results indicate that differences up
to several �C in calculated mineral formation temperature
are possible due to changes in phyllosilicate composition.
Given the spatial and temporal breadth of our samples
and the relative similarity among the temperatures
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calculated via these two approaches, we continue to interpret
the first-order trends in temperature in the context of paleo-
climatic conditions. While we lack elemental composition
data for nearly all of our samples, substantial and systematic
decreases in octahedral Fe content among samples across
western North America would be required to produce the
observed 10–15 �C decrease in smectite temperatures since
the Middle Miocene. Nonetheless, variation in phyllosilicate
composition cannot be ruled out as a possible source of
change in calculated temperature and is yet another source
of complexity for this geothermometry approach.

6. CONCLUSION

We conclude that the smectite records presented here are
consistent with prior interpretations of paleoclimatic
change in western North America. Our assessment of mete-
oric water relationships in western North America matches
patterns existing in the modern. Basins exhibiting steep
ancient meteoric water line slopes occur in present day
Idaho, Nebraska and South Dakota, while those with shal-
low inferred ancient meteoric water line slopes exist within
the arid, inwardly-drained Basin and Range. The smectite
paleotemperature record is congruent with deep-ocean tem-
perature records to a first order. Composite temperature
records from the Basin and Range as well as the Rocky
Mountains and Great Plains indicate cooling on the order
of 10–15 �C since the Middle Miocene Climatic Optimum.
We argue that the exaggerated nature of this shift in com-
parison to the marine record is indicative of continentality
and is consistent with existing geochemical estimates from
carbonate in Cenozoic western North America.
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