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Greenhouse climates such as the Late Cretaceous period provide important reference frames for understanding
modern anthropogenic climate change. Upper Cretaceous terrestrial climate proxies have been interpreted as
evidence for “equable” climates with reduced seasonal variations in temperature. However, climate models have
largely failed to reproduce these reconstructions unless parameters such as atmospheric CO, concentrations are
set to unreasonable values. To help resolve such model-proxy disagreements, we reconstruct mean annual range
in temperature (MART) for the Campanian (~75Ma) Kaiparowits (south-central Utah) and Two Medicine
(northwest Montana) Formations using warmest mean monthly temperature reconstructions from the clumped
isotope composition of paleosol carbonate nodules, and reconstructions of local mean annual air temperatures
from other methods. An evaluation of the applicability of bulk elemental soil geochemistry temperature proxies
in these deposits supports the use of previous leaf physiognomy-based estimates of mean annual temperature for
our MART reconstructions. We test the validity of several common assumptions made in reconstructing MART in
two novel ways. First, MART is commonly calculated as twice the difference between local mean annual air
temperature and warmest mean monthly temperature, and we validate this method by estimating modern MART
for a range of environments using climate reanalysis data. Second, we constrain the effect of radiative soil
heating on our soil carbonate temperature estimates by showing that for most environments likely to be pre-
served in the geologic record, summer soil temperatures are < 3 °C higher than air temperatures. Our findings
suggest that warmest mean monthly temperatures were 30 to 35 + 4 °C at the two study sites, and that MART
was 21 to 29 °C for the Kaiparowits Formation, and 21 to 27 °C for the Two Medicine Formation. Mid-latitude
Late Cretaceous MARTSs were similar to modern ranges in mid-latitude seasonal temperature, and much (> 9 °C)
larger than previous proxy reconstructions of Late Cretaceous MART. These results add to a growing body of
literature showing that terrestrial MART during ancient greenhouse periods was not significantly different from
modern seasonal temperature variations. Finally, the similarity in MART between the Kaiparowits and Two
Medicine formations suggests that latitudinal changes in MART did not contribute to the faunal provincialism
that has been proposed by some paleontologists.

1. Introduction

Periods of elevated earth surface temperatures (e.g., greenhouse
episodes) like the Late Cretaceous are natural laboratories for studying
how the Earth's climate system behaves under elevated atmospheric
CO,, concentrations. However, our understanding of terrestrial climate
conditions during these greenhouse periods is hampered by long-

standing disagreement between proxy reconstructions and model si-
mulations (e.g., Donnadieu et al., 2006; Huber, 2008; Sloan and Morrill,
1998; Sloan and Barron, 1990; Barron, 1987 and 1983). One of the
most well-known of these proxy-model discrepancies is the inability of
climate models to simulate the mean annual range of temperature
(MART) evidenced by terrestrial proxy records, which show above-
freezing winter temperatures and warm mean annual temperatures at
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mid- to high-latitudes during the Late Cretaceous and Early Paleogene
(Upchurch et al., 2015). This issue is a key component of the “equable
climate problem”, and is considered a classic unsolved question in pa-
leoclimatology (Huber and Caballero, 2011; Spicer et al., 2008;
DeConto et al., 2000). Additionally, beyond resolving the disagreement
between proxy reconstructions and model simulations of MART, char-
acterizing changes to MART during different climate states is also of
interest because 1) the ancient and modern biogeography of many
plants and animals (e.g., palms [Reichgelt et al., 2018] and crocodiles
[Markwick, 1998]) are controlled by seasonal temperatures; and 2)
characterization of MART during greenhouse periods may also provide
insight into how temperature seasonality may evolve under future
scenarios of human-induced climate change.

The Campanian (~75Ma) sedimentary record of western North
America is an exceptional continental-scale record of climatic, geologic,
and biologic changes during the Late Cretaceous, and provides an op-
portunity to constrain MART during a greenhouse period. The western
margin of the Western Interior Seaway contains numerous well-dated
and correlated formations that contain abundant carbonate-bearing
paleosols (e.g., Foreman et al., 2015, 2011; Roberts, 2007; Nordt et al.,
2006; Rogers, 1995). These carbonate-bearing paleosols are an archive
of changing paleoclimate conditions, and can provide quantitative re-
constructions of key climate parameters such as Earth-surface tem-
perature and mean annual precipitation (Sheldon and Tabor, 2009).
Importantly, these formations also contain an extensive, intensively
studied fossil record (Gates et al., 2010), making it possible to not only
reconstruct Late Cretaceous paleoclimate conditions, but to examine
the impact of climate parameters like MART on the evolution and dis-
tribution of terrestrial flora and fauna.

The main objective of this study is to revisit the question of seasonal
equability in greenhouse climates and to place new constraints on
MART during the Late Cretaceous by using carbonate clumped isotope
paleothermometry of pedogenic (formed in soil) carbonate nodules.
Specifically, we reconstruct warmest mean monthly soil and air tem-
peratures using paleosols from two Campanian (~75 Ma) sedimentary
deposits along the western margin of the Western Interior Seaway
(WIS): the Kaiparowits Formation (KF), which crops out in modern
south-central Utah, USA, and the Two Medicine Formation (TMF), in
modern northwestern Montana, USA. We present new MAT and MAP
estimates based on the paleo-weathering index (PWI) and chemical
index of alteration without potassium (CIA—K) bulk geochemistry
proxies, which we evaluate in the context of paleosol characteristics
and previous quantitative reconstructions based on leaf margin analysis
(LMA), CLAMP, and vertebrate phosphate §'%0. These comparisons
establish that the PWI and CIA-K methods are not appropriate for the
KF and TMF paleosols, and that leaf physiognomy and vertebrate
phosphate 8180 proxies provide more reasonable estimates of MAAT for
the KF and TMF. Our new Ay4,-based reconstructed summer estimates
and these previous MAAT reconstructions are paired to calculate MART
based on the assumption that the annual distribution of air tempera-
tures is symmetrical about the MAAT. In addition to providing new
constraints on climate in western North America during the Late
Cretaceous, we examine the errors and uncertainties associated with
several common assumptions made when calculating summer air tem-
peratures and MART with clumped isotope data. Taken together, our
results provide a framework for more accurate estimates of paleo-MART
during greenhouse periods, and more reliable climate interpretations of
paleosol carbonates. Our MART reconstructions for the Late Cretaceous
expand the available estimates of seasonality during greenhouse per-
iods, providing a new point of comparison for similar work in the
Paleocene and Eocene (e.g. Hyland et al., 2018; Snell et al., 2013).
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2. Background
2.1. Global and North American climate during the Late Cretaceous

Previous proxy reconstructions have characterized Late Cretaceous
global climate as warm and highly equable, with a reduced latitudinal
temperature gradient and—of particular interest with respect to this
study—reduced MART. Globally averaged mean annual air temperature
(MAAT) was 6 to 14 °C warmer during the Late Cretaceous than the
modern (Niezgodzki et al., 2017; DeConto et al., 1999; Barron et al.,
1995). Proxy reconstructions of terrestrial latitudinal temperature
gradients during the Campanian and Maastrichtian (latest Cretaceous)
range from 0.3 to 0.4°C “latitude ™! (Upchurch et al., 2015; Amiot et al.,
2004; Wolfe and Upchurch, 1987) and are much lower than the modern
temperature gradient (~0.6 to 1.0°C ‘latitude™!; Hay, 2008;
Greenwood and Wing, 1995). Quantitative estimates of Late Cretaceous
MART are scarce, but suggest reduced MART (Hunter et al., 2013;
Wolfe and Upchurch, 1987).

In western North America, numerous studies have presented pa-
leotemperature reconstructions during the Campanian. Some of these
studies have focused on specific formations (e.g., Miller et al., 2013;
Nordt et al., 2011; Nordt et al., 2003), and others focused on regional
paleoclimate/latitudinal temperature trends (e.g., Wolfe and Upchurch,
1987). Miller et al. (2013) reported a MAAT of 20 = 2°C for the KF
based on leaf-margin analysis (LMA), and Wolf and Upchurch (1987)
estimated a MAAT of 16 = 4 °C for the TMF based on reconstructions
from the climate leaf analysis multivariate program (CLAMP). Ad-
ditionally, Snell et al. (2014) reported three carbonate clumped isotope
temperatures for the TMF (two lacustrine samples and one paleosol
nodule) ranging from 29 to 32 °C. After accounting for a Late Cretac-
eous latitudinal temperature gradient of 0.3 to 0.4°C °latitude *,
temperature reconstructions from other coeval formations in relatively
close proximity to the KF and TMF suggest that MAAT was between 17
and 21 °C for the KF (Upchurch et al., 2015; Miller et al., 2013; Wolfe,
1990), and 14 to 19 °C for the TMF (Barrick et al., 1999; Van Boskirk,
1998; Wolfe and Upchurch, 1987).

Precipitation rates are notoriously difficult to constrain, but some
quantitative and qualitative proxy and model mean annual precipita-
tion estimates for Late Cretaceous North America do exist. Based on the
distribution of leaf sizes from multiple North American fossil leaf as-
semblages, precipitation appears to have been fairly constant
throughout the year below paleolatitude ~40 °N, but more seasonal at
higher latitudes (Falcon-Lang, 2003; Wolfe and Upchurch, 1987). No
quantitative estimates of MAP exist for the TMF; however, studies using
evidence from Maastrichtian paleosols in Montana suggest that Late
Cretaceous MAP was 900-1200mmyr~' at ~49°N (Falcon-Lang,
2003; Retallack, 1994). Miller et al. (2013) estimated MAP to be
1780 mm yr ' (1240 to 2550 mm yr ') for the KF based on the leaf size
distribution of multiple KF fossil leaf assemblages. Falcon-Lang (2003)
showed that the TMF likely experienced large seasonal changes in
precipitation based on an analysis of growth interruptions in fossil
trees, which is consistent with modeling work done by Fricke et al.
(2010) and Sewall and Fricke (2013) suggesting that there was a sig-
nificant seasonal (monsoonal) pattern to North American precipitation
during the Late Cretaceous.

2.2. Estimating Late Cretaceous MART in North America

Available proxy reconstructions for North America during the Late
Cretaceous suggest MART values that are significantly smaller than
modern MART at similar latitudes. Early leaf physiognomy studies
suggested that during the Late Cretaceous, MART in North America was
just 8°C at a paleolatitude of 52 to 55° N (Wolfe and Upchurch, 1987),
and CLAMP analyses summarized by Hunter et al. (2013) (see Tables 2
and 3) suggest a similarly small North American MART (~10 °C). These
MART estimates are comparable to the mean MART of 13.5°C
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reconstructed for Eocene North America (Greenwood and Wing, 1995),
and much lower than the ~25 to 30 °C MART estimated for modern
North America at 50 to 55° N from ERA-Interim climate reanalysis data
(Dee et al., 2011). The low MARTSs estimated for both the Late Cre-
taceous and Eocene have been interpreted as being consistent with
semi-quantitative evidence for winter temperatures above 5 °C based on
the presence of fossil crocodilians and palms at high latitudes during
these time periods (Markwick, 1998; Greenwood and Wing, 1995).

However, these proxy-based reconstructions of an equable Late
Cretaceous/Eocene climate clash with model simulations that fail to
reproduce such low MARTs. For example, Spicer et al. (2008) presented
a detailed proxy-model comparison of Late Cretaceous Siberian sea-
sonal temperatures, reporting CLAMP-derived MAAT, coldest mean
monthly air temperature, and warmest mean monthly temperature
values of 13.1, 5.8, and 21.1 °C, respectively (MART = 15.3 °C). They
found that model simulations using a range of orbital configurations,
atmospheric CO, and CH,; concentrations, oceanic heat transport
schemes, and vegetation conditions produced significantly larger MART
estimates (~55 °C). Similarly, Hunter et al. (2013) conducted a model-
proxy comparison of North American Late Cretaceous temperatures and
showed that their model simulations underestimated CLAMP coldest
month mean air temperature reconstructions by up to 12 °C depending
on model parameters.

The inability of climate models to reproduce equable MART during
greenhouse periods has been attributed to issues with both proxy re-
cords and climate models (Huber, 2008; Deconto et al., 1999). For
example, leaf physiognomy proxies (LMA, CLAMP, and digital leaf
physiognomy) of MAAT must take into account non-climate factors that
affect leaf physiognomy (Peppe et al., 2011; Kowalski and Dilcher,
2003; Gregory-Wodzicki, 2000), as well as (in the case of CLAMP)
methodological issues (Royer, 2012). However, despite these chal-
lenges, the relationship between MAAT and leaf margin morphology
has been shown to be robust and statistically significant across a range
of geographic areas (Peppe et al., 2017; Royer, 2012). In contrast, leaf
physiognomy reconstructions of coldest and warmest month tempera-
tures suffer from all of the same challenges as MAAT reconstructions,
and face additional problems as well. For example, coldest and warmest
month temperatures are more likely to be regionally dependent than
MAAT, and are susceptible to covariation (Peppe et al., 2011, 2010;
Jordan et al., 1996, Jordan, 1997). With respect to paleoclimate model
simulations, the proposed issues appear to be less well defined, but are
thought to include: 1) limited model spatial and temporal resolution
(Snell et al., 2013; Sewall and Sloan, 2006); 2) unrealistic or undefined
land cover schemes (Thrasher and Sloan, 2010); and 3) inaccurate or
poorly resolved boundary conditions (e.g., the presence of oceanic
gateways; Hunter et al., 2013; Donnadieu et al., 2006).

We provide new insight into this question of greenhouse seasonality
by calculating Late Cretaceous MART as twice the difference between
previous MAAT estimates and soil carbonate clumped isotope formation
temperatures, following the methods of Snell et al. (2013). In addition
to generating new estimates of Late Cretaceous MART, we provide
important constraints on this method's accuracy by: 1) constraining the
errors associated with calculating MART from just warmest month air
or soil temperatures and MAAT; and 2) employing long term modern
soil and air temperature datasets to estimate the typical range of ra-
diative soil heating (STgry) caused by direct solar radiation, allowing for
more accurate conversion of soil temperatures to air temperatures.

2.3. Geologic setting

The Upper Cretaceous non-marine sedimentary rocks of the TMF
and KF are part of a large, north-south trending clastic wedge that was
deposited into the subsiding Cordilleran foreland basin (e.g., the
Western Interior Basin) by eastward-flowing fluvial systems beginning
in the middle Jurassic and extending through the Eocene (Fig. 1;
Foreman et al., 2011; Roberts, 2007; Kauffman and Caldwell, 1993).
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This body of sedimentary rocks formed a broad alluvial and coastal
plain between the fold-and-thrust belt and the western margin of the
WIS that stretched from the southern United States into northern Ca-
nada. Broadly speaking, both the TMF and the KF represent alluvial
plain depositional environments; however, the TMF was characterized
by relatively lower sedimentation rates and a semi-arid environment
(Rogers, 1995), while the KF is notable for having the highest calcu-
lated sedimentation rates of any Upper Cretaceous formation along the
WIS, and is characterized by an extremely humid, wet environment
(Roberts, 2007). We note that the similarity in depositional environ-
ments for the two sites, as well as their similar position on the margin of
the WIS suggest that they formed at similar elevations. Evaluation of
seasonality in these two distinct environments allows us to explore the
sensitivity of our proxies to different pedotypes, and make robust MART
estimates.

The TMF is composed of alluvial sediments that were deposited
during two third-order regressive/transgressive cycles (R7-T8 and R8-
T9) of the WIS (Foreman et al., 2011, 2008; Rogers, 1998). The for-
mation is characterized by laterally extensive fluvial fine- to medium-
grained sandstones (braided and meandering channel facies) that al-
ternate with siltstone interfluvial facies characterized by well-devel-
oped paleosols and rare lacustrine units (Foreman et al., 2011; Rogers,
1998). The paleosols are relatively well developed and are character-
ized by meter scale red horizons that are typically mottled and contain
root traces (Foreman et al., 2011). Numerous bentonitic ash layers are
intercalated between the TMF paleosols. These bentonites were de-
scribed and dated by Rogers et al. (1993) and Foreman et al. (2008),
yielding “°Ar/3?Ar ages ranging from 79.72 + 0.03 Ma at 80 m above
the base of the TMF, to 77.52 + 0.03 Ma at 265 m above the base of
the TMF. The latter age comes from a bentonite sample collected from
the Hagan's Crossing locality measured and sampled as part of this
study (Fig. 1).

The KF is characterized by freshwater and terrestrial depositional
environments, as well as a minor section of tidally influenced en-
vironments (Roberts, 2007) that were deposited under high sediment
accumulation rates (~40cmka™! compared to ~7 cmka™! for the
TMF). The KF paleosols are typically weakly developed, with drab gray
colors, incipient horizon development, and various pedogenic features
typical of hydromorphic soils (e.g., gleying, siderite/pyrite accumula-
tions). Roberts (2007) classified most of the KF paleosols as early En-
tisols, with rare calcite-nodule-bearing Inceptisols suggestive of more
prolonged pedogenic activity. These poorly developed paleosols are
consistent with the high sedimentation rates, high water table, and
overall humid conditions estimated for the KF. Age constraints for the
KF come from four bentonite ash layers sampled by Roberts et al.
(2005), which yielded “°Ar/3°Ar ages ranging from 75.96 + 0.02Ma
at 80 m above the base of the KF, to 74.21 + 0.11 Ma at 790 m above
the base of the KF.

3. Methods
3.1. Paleosol mapping and sampling methods

At both the KF and TMF sampling sites (Table 1), individual pa-
leosols were identified and their depth profiles described based on
pedogenic features such as horizonation, grain size, color, and clay
accumulation, as well the as presence/absence of specific features such
as carbonate nodules, mottling, root traces, and slickensides. Paleosols
were characterized within the context of previously measured strati-
graphic sections (see Roberts, 2005, for a detailed description of the KF
stratigraphy and Rogers, 1995, for the TMF stratigraphy). Each paleosol
profile was measured and described after trenching to expose fresh
material and avoid modern sediment and soil contamination. Paleosol
types were classified based on the descriptive schemes of Mack et al.
(1993) and Retallack et al. (1993). Where present, multiple carbonate
nodules were collected to ensure adequate characterization of the
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Fig. 1. A) The western margin of the Western Interior Seaway during the late Campanian (~75 Ma; paleogeography based on Gates et al., 2010 and Roberts and
Kirschbaum, 1995). The Kaiparowits Formation (KBC — Kaiparowits Blues Ceratopsian) and Two Medicine Formation study areas are marked with white circles (WB —
Western Butte, HC — Hagan's Crossing, FB — Flag Butte). White triangles show the position of active volcanic centers. Paleolatitudes from Miller et al. (2013). B)
Locator map; dashed black line shows the location of A. C) Two Medicine Formation study area near Cut Bank and Browning, Montana. D) Kaiparowits Formation

study area near Bryce and Escalante, Utah.

clumped and stable isotope variability in each paleosol. Additionally,
samples of bulk soil sediment were collected from the identified soil
horizons (e.g., A, Bt, Bk, etc.) for whole rock geochemistry analysis. The
KF samples were collected from the formation's proposed type locality
(KBC locality) as identified by Roberts (2007), while the TMF samples
were collected from three sections (Hagan's Crossing, Flag Butte, and
West Butte) that were previously correlated by Rogers (1995) based on
the stratigraphic position of a through-going regional unconformity and
a distinct, widespread interval of lacustrine deposits.

Table 1
Basic information for the measured Kaiparowits and Two Medicine sections.

3.2. Clumped and stable isotope analyses

Carbonate clumped-isotope thermometry is a thermodynamics-
based measurement of carbonate formation temperature based on the
ratio of multiply substituted isotopologues in a carbonate sample (e.g.,
the number of carbonate molecules that contain both a heavy *°C and
heavy '80 isotope; Ghosh et al., 2006; Eiler, 2007, 2011; Eiler et al.,
2014). Using this method, the clumped isotope composition (written as
A47) of soil carbonates can be used to estimate the carbonate formation
temperature (T[A47]).

Clumped and stable isotope analyses (A4, 8180, and 8'°C) of car-
bonate nodules (53 samples) were conducted at the University of

Formation Section name Section abbreviation Latitude® (°N) Longitude ("W) Paleolatitude” (°N) Number of Paleosols
Kaiparowits Blue Ceratopsion KBC 37.625 111.887 46.2 19
Two Medicine Flag Butte FB 48.441 112.489 56.5,53.4 12
Two Medicine Hagan's Crossing HC 48.455 112.502 56.5,53.4 15
Two Medicine Western Butte WB 48.461 112.527 56.5,53.4 16

@ Coordinates mark the location of the section base.
b paleolatitude from Miller et al. (2013).
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Washington's IsoLab (detailed methods in Burgener et al., 2016; Kelson
et al., 2017; and Schauer et al., 2016). Micritic carbonate was sub-
sampled from each nodule using a Merchantek micro-mill. For some of
the diagenetically altered samples, only a single replicate measurement
was performed. For the remaining samples, 2 to 6 replicate analyses
were performed. Carbonate samples were digested in a common phos-
phoric acid bath at 90 °C, and the evolved CO, was then cryogenically
separated from water and cleaned on an automated vacuum line. Car-
bonate standards or equilibrated CO, reference gases were processed
between every 4-5 sample unknowns. The purified CO, was analyzed
on a Thermo MAT253 configured to measure m/z 44-49 inclusive.
A4z, 8'3C, and 880 values were calculated for all samples following
the methods of Huntington et al. (2009) and He et al. (2012), and were
corrected for 170 interference using the parameters described in Brand
et al. (2010) (see Daéron et al., 2016 and Schauer et al., 2016). The
carbonate A, values were calibrated to the carbon dioxide equilibrium
scale, or Absolute Reference Frame (ARF), following the methods of
Dennis et al. (2011) using CO, gas equilibrated at 4, 60, and 1000 °C,
with the exception that no acid fractionation factor was applied to
correct the values to a 25 °C reference frame. We also analyzed two
internal clumped isotope standards (C64 and Coral) and four inter-la-
boratory standards (ETH-1, ETH-2, ETH-3, and ETH-4, Bernasconi
et al., 2018; Meckler et al., 2014) (see Table 2 for the associated §'%0,
8'3C, and A4, values). 8'3C was referenced to international standards
NBS-19 and LSVEC, and §'%0 was referenced to NBS-18 and NBS-19.
The Pierce outlier test was used to identify and remove statistical out-
liers in the A4, values for each of the samples (Ross, 2003; Zaarur et al.,
2013). Carbonate formation temperatures (T[A4;]) were calculated
from the A4, results using the A4,-T calibration of Kelson et al. (2017),
which was produced in the same laboratory using the same methods:

6
0.0417 + 0.0013 X 10 +0.139 + 0.014
T2 (1)

where T is temperature in Kelvin.

Ay =

3.3. Diagenetic screening methods

Alteration of the primary clumped and stable isotope compositions
of soil carbonate nodules via diagenesis can potentially destroy or
modify any climate signals preserved in the samples. To avoid sampling
altered material, the carbonate nodules collected for this study were
assessed for alteration based on textural, cathodoluminescence (CL),
and isotopic evidence. We assigned each thin-sectioned nodule to one of
three categories (micritic, mixed, or sparry) based on the observed
abundance, spacing (e.g., distributed evenly throughout the nodule or
restricted to isolated veins), and luminescence of diagenetic sparry
calcite (Fig. 2). Optical and CL observations of the thin sections were
made using a Nikon Optiphot-2 microscope and Luminiscope ELM-3R
CL system. Nodules were assigned to the micritic category if they were
composed of homogenous micrite with a low luminescence. Nodules
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if the spar was restricted to isolated veins or zones and the remaining
micrite was easily sub-sampled, or to the sparry category if the nodule
was composed completely of highly luminescent spar or if spar was
pervasive throughout the nodule.

3.4. Mean annual temperature and precipitation calculations from whole
rock geochemistry

Several past studies have attempted to reconstruct MAAT and MAP
from paleosol bulk geochemistry using the PWI and CIA-K methods,
respectively (e.g., Driese et al., 2016; Schatz et al., 2015; Smith et al.,
2015); accordingly, we apply these methods to KF and TMF to evaluate
their utility in these deposits. The major-element composition of 25
bulk paleosol sediment samples from 12 individual Bt horizons and 5
well-developed soil profiles were measured by X-ray fluorescence (XRF)
at the ALS Chemex Laboratory in Reno, Nevada. The Bt horizon com-
positions were used to calculate estimates of the time-averaged mean
annual temperature (MAT) and mean annual precipitation (MAP) for
each sample. MAT was calculated using the PWI method described by
Gallagher and Sheldon (2013). The PWI is a modified version of the
index of weathering developed by Parker (1970) that estimates the
extent of soil weathering based on the abundance of two cations that
are highly susceptible to leaching during chemical weathering (Na and
K) and two resistant cations (Mg and Ca). To calculate PWI, the relative
molar abundance of each of these cations is divided by the cation's bond
strength and percent ionic character, and the resulting values are then
summed, resulting in the following equation:

PWI = 100 X [(4.20 X Na) + (1.66 X Mg) + (5.54 x K) + (2.05 x Ca)]
2

The PWI value of a Bt horizon can then be related to MAT by the
following empirically-derived expression:

MAT(’C) = —2.74 x In(PWI) + 21.39 3)

The PWI paleothermometer should not be applied to paleosol hor-
izons with a PWI over 60, because such high PWI values indicate little
to no chemical weathering has taken place (Gallagher and Sheldon,
2013).

MAP was calculated using the CIA-K proxy, which was first devel-
oped by Maynard (1992). This proxy is based on the observation that
modern soils that receive higher MAP also experience higher degrees of
chemical weathering (Sheldon et al., 2002). CIA-K is calculated based
on the molar ratio of Al,O3 to Al,O3, CaO, and Na,O as follows:

AL O3
A1203 + CaO + Nazo

CIA — K =100 x(
G

The Bt horizon CIA-K value can then be related to calculate MAP
using the empirically-derived expression (Sheldon et al., 2002 (right?)):

. . ; . . -1y — 0.0197(CIA—K)
containing high luminescence spar were assigned to the mixed category MAP(mm yr~) = 221.1e (5)
Table 2
Clumped isotope calcite standards, accepted and measured values.
Standard Accepted 813C (%0) Measured §'°C (%o) +1SE Accepted 880 (%0) Measured 820 (%o0) +1SE Accepted Ay7 Measured A4, =+ 1 SE (%0)
VPDB VPDB (%o0) VPDB VPDB (%0) (%o0) (%o0)
Cc64° —-2.05 —2.05 0.01 —15.54 —15.66 0.02 0.5250 0.5250 0.0160
c2’ —48.93 —48.93 0.013 —16.49 —16.48 0.015 0.5200 0.5337 0.0326
Coral” —-2.14 -2.30 0.015 —4.50 —4.51 0.018 0.6220 0.6274 0.0239
ETH-1¢ 2.14 2.10 0.015 —-2.18 —-2.18 0.029 0.2050 0.2089 0.0361
ETH-2° —-10.10 -10.11 0.029 —-18.76 —18.48 0.074 0.1990 0.2458 0.0550
ETH-3¢ 1.81 1.75 0.031 -1.77 -1.79 0.023 0.6120 0.6236 0.0282
ETH-4¢ —10.11 —10.20 0.013 —18.82 —18.66 0.022 0.4530 0.4513 0.0215

@ University of Washington Isolab in-house standard.

> University of Washington Isolab in-house standard, Merck Suprapur Calcim carbonate product number 1020590050.

¢ Interlaboratory clumped isotope standard.
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KBC-142

KBC-105

Fig. 2. Optical (left) and cathodoluminescence (right) thin section images for micritic (A, B), mixed (C, D) and sparry (E,F) samples. Scale bars are 500 pm. White
dashed lines highlight spar-filled voids and fractures in the mixed and sparry samples.

3.5. Modern climate, soil, and land cover data

To provide context for our Late Cretaceous MART reconstructions,
we analyzed modern climate reanalysis output and soil and tempera-
ture data from the soil climate analysis network (SCAN). To calculate
modern MART, we used mean monthly 2-meter air temperature output
(1981 to 2016) from the ERA-Interim climate reanalysis project (spatial
resolution = 0.75° Dee et al., 2011; https://www.ecmwf.int/en/
forecasts/datasets/reanalysis-datasets/era-interim). This modern re-
analysis dataset was also compared to different land cover types using
the MODIS land cover dataset developed by Channan et al. (2014) and
Friedl et al. (2010), to understand how MART varies by environment.
We calculated soil radiative heating (STry) by taking the difference
between SCAN station soil and air temperatures for three different
summer periods: 1) mean summer temperature (June, July, August); 2)
warmest-month mean temperature; and 3) warmest-month mean
maximum daily temperature. We used long-term soil and air data from
199 SCAN weather stations in the continental United States and Alaska
(Supplementary Table 1; SCAN is maintained and distributed as a joint
project of the National Water and Climate Center and the Natural
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Resources Conservation Service; https://www.wce.nres.usda.gov/scan/
). We note that there is a significant bias to the location of the SCAN
weather stations, with just seven states (Alaska, Alabama, California,
Mississippi, Nevada, Texas, and Utah) containing 59% of all stations.
Despite this, the stations cover a wide range of environments over a
latitudinal range from 20 to 66 °N, with a gap from 48 to 59 °N.

4. Results
4.1. Paleosol mapping results

We identified 19 individual paleosols (2 truncated) from the type
stratigraphic section in the KF, and 43 paleosols (13 truncated) from
three correlated stratigraphic sections (Figs. 3 and 4; Supplementary
Table 2) in the TMF. The KF section shows a distinct evolution in pa-
leosol morphology with stratigraphic height. The first paleosol-bearing
portion of the section (221 to 355 m) is ~130 m thick and contains just
three widely spaced but well-developed paleosols that are relatively
thick (> 200 cm), and contain distinct A, Bt, and Bk horizons. The
middle 65 m of the section (361 to 426 m) are typified by much thinner


https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.wcc.nrcs.usda.gov/scan
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paleosols (~120 cm) with 10 to 20 cm A horizons and Bk or Bkt hor-
izons characterized by weak or completely absent clay accumulation.
The upper paleosol-bearing portion of the section is ~68 m thick (460
to 528 m), and shows a return to well-developed paleosols with A, Bt,
and Bk horizons, though these upper paleosols are generally thinner
(~150 cm) than the lowermost KF paleosols. All of the KF paleosols are
drab gray or gray-green in color, contain abundant but small (maximum
size < 1.5cm) carbonate nodules, rare mottling and root traces, and
rare ped development (though ped surfaces are commonly oxidized).
Based on these observations, we organize the KF paleosols into two
taxonomic groups: the Powell Point (Calcic Argillisol/Calcic Alfisol)
and Blues Amphitheater (Calcic Protosol/Calcic Inceptisol) pedotypes
(Fig. 5A and B; e.g., Retallack, 1994). Qualitative estimates of the
minimum duration of pedogenic activity for the KF paleosols based on
the average size of the carbonate nodules yield values of 3 to 4 ka for
the KF paleosols (e.g., Retallack, 2005).

The TMF section is distinguished by abundant truncated paleosols
(30% of the identified TMF paleosols), and by a higher proportion of
non-calcic paleosols compared to the KF section (~40% of TMF pa-
leosols versus ~10% of the KF paleosols). The first 25 m of the Western
Butte section are characterized by three well-developed carbonate
bearing paleosols with distinct A, Bt, and Bk/Bkt horizons interspersed
with five truncated Bk/Bkt horizons and a single thin argillic paleosol.
The section abruptly transitions from this carbonate nodule-rich section
to a 17m sequence of predominantly purple argillic paleosols with
complete A and Bt horizons. The lower 30 m of the Hagan's Crossing
section contain alternating carbonate-bearing and clay-rich paleosols
topped by two truncated Bkt horizons. The upper portion of the Hagan's
Crossing section contains predominantly carbonate-bearing paleosols,
as well as two relatively thick Histosols. The first four paleosols in the
Flag Butte section are truncated Bk or Bkt horizons, while the re-
mainder of the section is characterized by relatively well-developed
paleosols with distinct A, Bt, and Bk horizons, usually argillic paleosols
with either Bt or Bk horizons. At all three TMF sections, the Bk and Bkt
horizons are particularly well developed and yield abundant carbonate
nodules that are typically much larger than those found in the KF pa-
leosols (up to 2.4 cm). Slickensides and organic plant matter are rela-
tively rare in the TMF paleosols, while mottling, ped development, and
root traces are more common than in the KF paleosols. We classify the
TMF paleosols into three taxonomic groups: the Western Butte
(Argillisol/Alfisol), Hagan's Crossing (Calcisol/Aridisol), and Flag Butte
(Calcic Argillisol/Calcic Alfisol) pedotypes (Fig. 5C, D, and E). The
minimum duration of pedogenic activity for the TMF paleosols based on
the average size of the carbonate nodules ranges from 2 to 5ka.

4.2. Clumped and stable isotope results

Based on the diagenetic assessment described in Section 3.5 of this
study, we assigned the KF and TMF carbonate nodules to one of three
categories: micritic, mixed, or sparry (Table 3). The micritic KF (n = 4)
and TMF (n = 12) paleosol carbonate 880 (VPDB) values range from
—7.7 to —7.5%0 ( = 0.1%0) and from —11.9 to —9.0%0 ( = 0.1%o0),
respectively (Table 3, Supplementary Tables 3 and 4). Their §'3C
(VPDB) values range from —9.6 to —8.5%o ( = 0.1%o0) and from —8.6
to —6.7%o ( = 0.1%o), respectively. These values are indistinguishable
from 880 and 8'°C values reported for KF and TMF paleosol carbonates
by Foreman et al. (2011, 2015) and Snell et al. (2014). The mean T(A47)
value for the micritic KF is 35 + 4°C, and 33 + 4°C for the micritic
TMF. With only four pristine carbonate samples, the KF record is too
sparse to determine if there is a temporal trend in the data, and the TMF
T(A47) values for the micritic nodules (n = 12) show little variation
with stratigraphic height (Supplementary Figs. 1 and 2). We note that
the TMF T(A47) values are consistent with the single paleosol carbonate
and two lacustrine carbonate clumped isotope temperatures reported
by Snell et al. (2014) (mean T(A4;) = 31 °C). The KF and TMF carbo-
nates classified as mixed or sparry samples yield §'80 (VPDB) values
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that range from —9.1 to —7.3%o ( = 0.1%0) and — 11.4 to —9.8%o
( + 0.2%0), respectively, while the 8'3C (VPDB) values range from
—9.4 to —7.4%o0 ( £ 0.1%0) and — 9.1 to —7.1%o ( £ 0.1%o), respec-
tively. The mixed samples yield a mean T(A47) value of 43 + 6°C and
40 * 5°C for the KF and TMF samples, respectively. The mean T(A4;)
value of the KF sparry samplesis 41 + 5°C,and 42 + 6 °C for the TMF
sparry samples (Supplementary Fig. 3).

The spar from one KF and three TMF carbonate nodules (KBC-137s,
TM-HC-1s, TM-HC-7s, TM-WB-6s) was subsampled to characterize its
isotopic composition. The §'80, §'3C, and T(A4) values of the KF spar
sample was not distinguishable from those of the other KF samples. Due
to the small size of the KF nodules and the observed heterogeneous
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mixture of micritic and sparry calcite in the KBC-137s nodule, we
suspect that some micritic material was accidentally incorporated into
this “spar” sample. In contrast, the TMF spar samples yield high T(A4,)
values (L = 62 = 10°C) and show a clear pattern of decreasing 80
values and increasing 813C values relative to the micritic, mixed, and
sparry TMF carbonates (Fig. 6). The variability in the §'%0 and 8'3C of
the sparry, mixed, and micritic carbonates, as well as the variability in
luminescence observed during the CL analysis (Fig. 2B, D, and F) may
suggest that multiple, chemically distinct fluids caused the alteration
observed in the sparry and mixed carbonates.
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4.3. Late Cretaceous MAAT and MAP from paleosol bulk geochemistry

The paleosol bulk geochemistry analyses for the KF and TMF pa-
leosols yield Ti/Al ratios that are constant with stratigraphic height (KF:
u = 0.05, o = 0.004; TMF: u = 0.03, 0 = 0.009), indicating that both
locations experienced little or no provenance change over the measured
interval (Hyland et al., 2017; Sheldon and Tabor, 2009). MAAT was
calculated only for those Bt horizons that had PWI values that were
both < 60 and lower than the PWI of the underlying parent material
(Gallagher and Sheldon, 2013). The KF and TMF both yield a mean PWI
MAAT value of 11 + 2°C (Table 4). For the CIA-K proxy, mean MAP
values for the KF and TMF are 960 + 190 and 860 + 200 mmyr~*,
respectively (Table 4). Sample TM-HC-2-Bt yielded CIA-K values that
were too similar to the underlying parent material (CIA-K differ-
ence < 8), indicating that the soil had not experienced enough
weathering to apply the CIA-K proxy. This sample was not included in
the MAP calculations.

5. Discussion

In the following sections, we present our interpretations of the pa-
leosol carbonate and bulk geochemistry data and our subsequent esti-
mates of Late Cretaceous MART. The T(A4,) values of our pristine
(micritic) and altered (mixed and sparry) paleosol carbonate nodules
are reviewed, and the SCAN data results are used to constrain the
amount of radiative heating the KF and TMF paleosols likely experi-
enced during soil carbonate formation. The accuracy of our new MAT
and MAP reconstructions based on the PWI and CIA-K proxies are dis-
cussed in the context of paleosol characteristics and previous quanti-
tative and qualitative proxy estimates. Possible causes for the un-
expectedly low PWI and CIA-K values are discussed, and previous proxy
MAT and MAP values are selected to use in the MART calculations. We
discuss the uncertainties associated with our Late Cretaceous MART and

cold-month mean temperature estimates in light of modern MART es-
timates based on ERA-Interim climate reanalysis data. We compare our
Late Cretaceous MART estimates to previous leaf physiognomy MART
estimates and to model simulations for the same period. Finally, we
compare these Late Cretaceous MART estimates to modern MART and
discuss the implications of our findings for understanding greenhouse
climates.

5.1. Interpreting Late Cretaceous summer air temperatures from paleosol
carbonate T(A,4;) values

The mixed and sparry KF and TMF samples show textural and
clumped isotopic evidence of being compromised to some degree by
diagenetic alteration. In both the mixed and sparry samples, our pet-
rographic analysis shows that void spaces and fractures have been filled
to varying extents by coarse-grained, sparry calcite indicative of post-
burial diagenesis. Supplementary Fig. 3 shows that the mixed and
sparry samples have more negative §'%0 values relative to the micritic
samples, and more variability in T(A4;) values. Additionally, the mixed
and sparry KF and TMF samples yield high mean T(A4;) values of
42.1 + 5.3 and 41.3 = 5.8°C, respectively, which are 7 to 9 °C hotter
than the mean T(A4) values of the micritic carbonates (Supplementary
Fig. 3E and 3F).

Based on the evidence presented above, we chose to treat all of the
mixed and sparry KF and TMF samples as being compromised by some
degree of diagenesis, and did not include those samples in our calcu-
lations of MART. In contrast, the remaining samples 1) have a fine-
grained, micritic texture consistent with unaltered pedogenic carbo-
nate, and 2) yield consistent, reasonable Earth-surface T(A47) values
(< 40°C), which leads us to classify them as unaltered, pristine car-
bonate.

We interpret the mean KF and TMF T(A4,) values of the micritic
carbonates (35 + 4°Cand 33 + 4°C, respectively) as being consistent
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Fig. 6. Paleosol nodule carbonate 8'80 versus §'C (VPDB), colored by fabric
classification: micritic samples (green squares), mixed samples (yellow dia-
monds), sparry samples (red circles), and samples of exclusively void-filling
spar (gray triangles). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

with soil carbonate formation during the warmest month of the year
(e.g., equivalent to warmest month mean soil temperature) for two
reasons. First, multiple model simulations (Poulsen et al., 2007; Fricke
et al.,, 2010; Kump and Slingerland, 1999; Poulsen et al., 1999) have
suggested that the western margin of the WIS experienced a pro-
nounced monsoon-like climate in both the middle and Late Cretaceous,
with most precipitation falling during the warm season. The bulk
oxygen isotope compositions of various carbonate materials (e.g., pa-
leosol nodules, fossil bivalves, etc.) have been interpreted as consistent
with this monsoon hypothesis (Dennis et al., 2013; Foreman et al.,
2011; Fricke et al., 2010). In the modern, soil carbonate formation in
hot monsoon climates is believed to occur in the warmest month just
before the wet season begins (Breecker et al., 2009; Quade et al., 2013).
We suggest that like modern soil carbonates in India or the south-
western United States, our Upper Cretaceous paleosol nodules formed
during the warmest month of the year just prior to the beginning of
monsoonal precipitation, when soils were likely at their driest. Second,
studies of modern plants show that at temperatures > 35°C, plants
begin to die due to photorespiration dominating over photosynthesis
(Huber, 2008; Matthews et al., 2007; Sharkey, 2000; Berry and
Bjorkman, 1980), suggesting that in regions with well-established floral
records such as the KF and TMF (Miller et al., 2013; Falcon-Lang,
2003), summer temperatures were likely < 40 °C. Thus maximum sur-
face temperatures at the KF and TMF could not have been much higher
than the observed T(A4;) values from our paleosol carbonate samples.
Our interpretation agrees with the interpretation presented in Snell
et al. (2014), which is that carbonate clumped isotope temperatures
from the TMF and from the Upper Cretaceous North Horn and Sheep
Pass Formation (Member B) yielded a summer season bias.

Modern studies (Ringham et al., 2016; Hough et al., 2014; Quade
et al., 2013; Passey et al., 2010) have suggested that the soil
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temperatures recorded by pedogenic carbonate clumped isotopes can
be significantly higher than overlying air temperatures due to the ef-
fects of radiative soil heating. This has implications both for our in-
terpretation of the KF and TMF T(Ay4;) values as well as for our calcu-
lations of MART. Past studies have either converted soil carbonate
T(A47) values to air temperatures by subtracting an assumed STy value
up to 6 °C in order to account for radiant ground heating (e.g., Quade
et al., 2013, 2007; Snell et al., 2013), or assumed that soil carbonate
T(A47) values are equivalent to air temperatures in certain locations
because STgy is minimized due to vegetation shading (e.g., Hyland
et al., 2018; Ghosh et al., 2016; Suarez et al., 2011).

Our review of the SCAN soil and air temperature data show that in
all but the most arid environments, STry is generally much smaller than
has been assumed by previous studies like Quade et al. (2013) and Snell
et al. (2013), regardless of whether it is calculated using mean summer,
warmest month, or warmest-month maximum air and soil tempera-
tures, particularly at depths relevant to carbonate proxy reconstructions
(Supplementary Table 1). Mean STry decreases with soil depth, and the
maximum STgry observed for any station is 10°C at 5cm depth. At
50 cm depth—commonly cited as the minimum depth at which soil
carbonate samples should be collected for paleoclimate analysis
(Burgener et al., 2016; Quade et al., 2013; Breecker et al., 2009)— 96%
of the SCAN stations have a mean warmest month STry of < 3 °C. Im-
portantly, the SCAN data show that only soils from arid to sub-arid
environments (MAP < 600 mm yr‘l), where vegetation shading is
limited, routinely experience warmest-month mean STgy; values =5 °C,
and this is typically limited to depths < 50 cm (Fig. 7). Previously re-
constructed MAP values for the KF and TM ranging from ~900 to
~1780mmyr~! are significantly higher than this threshold (Miller
et al,, 2013; Falcon-Lang, 2003; Buck and Mack, 1995; Retallack,
1994), and the SCAN data show that for soils experiencing a similar
range of MAP (900 to 1500 mm yr_l), STry at 50 cm is negligible or
actually negative (i.e., warmest summer month soil temperatures are
slightly cooler than air temperatures; Fig. 7). We note that radiant
heating cannot cause negative STry values; rather, the negative STry
values we report are the result of soil processes such as soil moisture
effects, or the time lag in the response of a soil at depth to surface
temperature changes, which lead to cooler soil temperatures relative to
air temperatures (Supplementary Fig. 4). We suggest the higher STry
values observed in previous clumped isotope studies of modern soil
carbonates (e.g., Burgener et al., 2016; Hough et al., 2014; Peters et al.,
2013; Quade et al., 2013) were likely due to a significant sampling bias
towards arid and semi-arid sites where soil carbonates are abundant
and easily collected. However, these arid sites should not be taken as
representative of the STry in most soils.

Although some past clumped isotope-based studies of soil carbo-
nates have assumed larger degrees of STry, the relatively small degree
of excess soil heating reported here is consistent with previous direct
measurements of STry (Supplementary Table 5). Passey et al. (2010)
report STry values of < 3°C from Narok, Kenya, and negative STry
values (—1.4 to —0.4°C) for several sites in Ethiopia and California
(soil depths not reported). Cermak et al. (2016) reported a maximum
STgry of 3°C at 2 cm soil depth for three different land cover types (bare
clay, bare sand, and short grass). Finally, Bartlett et al. (2006) reported
long-term STy values of < 4 °C at 2.5 cm soil depth, and negative STry
values for vegetated soils at depths > 10 cm.

Based on these findings regarding modern STgy, we calculate MART
using both STy = 0°C and the maximum warmest month STry cor-
rection (3 °C at 50 cm) observed for modern soils in environments with
MAP values similar to the KF and TMF. Based on these two different
assumptions regarding STry, we suggest that the long-term warmest
mean monthly air temperatures for the KF and TMF were 32 to
35 + 4°Cand 30 to 33 + 4°C, respectively. These KF and TMF T(Ay4;,)
values show that summers along the western margin of the WIS—even
at paleolatitudes as high as 53 to 56 “N—were extremely hot, consistent
with the global greenhouse conditions that existed at the time
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Fig. 7. Soil excess temperatures from incident solar radiative heating (STgry) calculated from SCAN station (n = 205 stations) soil and air temperature data binned by:
A) mean annual temperature (MAAT) and B) mean annual precipitation (MAP) at soil depths from 5 to 100 cm. In both A and B, the gray boxes indicate the MAAT
and MAP conditions most similar to the climate conditions of the KF and TMF during the Late Cretaceous. Red lines represent median values for each bin, while blue
boxes indicate 20 and vertical dashed lines indicate full range of values. Horizontal dashed line indicates an STgy value of 0°C (i.e., identical soil and air tem-
peratures). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

(Niezgodzki et al., 2017). To put these summer temperatures in per-
spective, climate reanalysis data (ERA-Interim) shows that cur-
rently, < 8% of the Earth's surface experiences warmest month mean
air temperatures =35 °C, and these areas are restricted to arid and
semi-arid regions in the sub-tropics (e.g., North Africa, the Middle East,
and parts of the Indian subcontinent).

5.2. Soil geochemistry estimates of MAAT and MAP compared to previous
reconstructions

Geochemistry-based paleosol proxies of MAAT and MAP, such as
PWI and CIA—K, have proven challenging to apply to certain soil types
because they can be compromised by a variety of factors such as high
sediment accumulation rates, insufficient soil development, and in-
appropriate application to certain soil classes. For example, the
CALMAG proxy, which was developed by Nordt and Driese (2010) to
reconstruct MAP for Vertisols cannot be applied to the Alfisols and
Inceptisols described in this study. A comparison of our PWI and CIA-K
values for the KF and TMF shows that they underestimate MAAT and
MAP relative to previous estimates and model simulations (e.g., Sewall
and Fricke, 2013) and suggests that they are inappropriate for use in
calculating MART for our study sites. For both the KF and TMF, the
mean PWI MAAT values underestimate other proxy reconstructions by
~7 to 11 °C for the KF and ~3 to 8 °C for the TMF (Table 5; Upchurch
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et al., 2015; Miller et al., 2013; Barrick et al., 1999; Van Boskirk, 1998;
Wolfe, 1990; Wolfe and Upchurch, 1987). Likewise, CIA-K MAP pre-
dictions for the KF are roughly half the 1780 mm yr ~! predicted from
fossil leaf size (Miller et al., 2013). MAP estimates for the TMF are less
well constrained, but our CIA-K estimates are at the lower end of the
range of estimated values from fossil leaves (900 to 1200 mm yr~?;
Falcon-Lang, 2003). Gallagher and Sheldon (2013) note that high
abundance of Ca in a Bt horizon will result in artificially low PWI-based
MAT estimates. However, except for one Bt horizon from the KF, our
paleosol Bt horizons have relatively low Ca abundances, suggesting that
some other factor(s) is affecting paleoclimate estimates based on the Bt
horizon geochemistry.

We suggest that three factors influenced the KF and TMF soils
during formation, leading to higher (lower) PWI (CIA—K) values and
unrealistically low MAT and MAP estimates. First, the extremely high
sediment accumulation rates during deposition of the KF (39 to
41 cmka™?'; Roberts et al., 2005) may have provided a nearly con-
tinuous supply of fresh sedimentary material to the forming soils. If this
input of fresh material (and the associated cations used to calculate PWI
and CIA—K: Al, Ca, K, Mg, and Na) kept pace with soil weathering and
leaching, the resulting PWI and CIA-K values would not reflect local
MAT and MAP. Second, due to the high sedimentation rates described
above, the KF paleosols may have simply been too weakly developed to
have achieved geochemical equilibrium with their environment
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Kaiparowits Formation MART Estimates
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Fig. 8. Mean annual range in tempera-
ture (MART) for the KF (upper panel)
and TMF (lower panel). Winter cold
temperature limit (purple small dashed
line) estimated from the presence of

a0l d40 fossil crocodilians (Markwick, 1998).
Previous MAAT estimates for the KF and
,.\30- =TT == } — e e e o _- =T - == 'L - —— = = =354 TMF from LMA, CLAMP and vertebrate
g [ | g fossil 8'80 denoted by the gray dotted
v Lo line. Warmest month mean soil tem-
320— T ————— 203 perature reconstructed from paleosol
© = carbonate T(A4;) (red large dashed line)
] c
Q.m'__ I | e e 4103 calculated assuming an STRH of either
g L DL L] AR R R R L L L LT --.-:-.-_-.-:-.-_-.--_-.-; ’g 0°C or 3°C. Estimated COldeSt mean
= o} ——————— <40 — month temperature denoted with blue
dot-dashed line. White stars indicate the
~10 -10 favored MART estimates that produce
CMMT values consistent with the pre-
sence of fossils crocodilians in the KF and
Two Medicine Formation MART Estimates TMF. (For interpretation of the refer-
ences to color in this figure legend, the
reader is referred to the web version of
this article.)
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(from Markwick, 1998)

(Stinchcomb et al., 2016). Third, many of the paleosols in both the KF
(58%) and TMF (30%) display vertic features such as well-developed
slickensides and distinct clay accumulations. While these features are
not developed enough to classify these soils as Vertisols, Buol et al.
(2011) note that the presence of such features in other soil types in-
hibits the leaching of cations from the soil, which would in turn result
in high (low) PWI (CIA-K) values and unrealistically low MAT and MAP
estimates.

Based on these considerations, we attribute the high (low) PWI
(CIA—K) values from our paleosols to physical processes such as sedi-
ment deposition rates and soil structural features rather than climate-
dependent weathering conditions. Because of this, we choose to cal-
culate MART based on previous estimates of MAT from the KF and TMF
(see Section 2.1). In order to provide a range of possible MART values
we utilize latitude-adjusted MAT reconstructions from formations that
formed coevally with, and in close proximity to, our study areas, and
that represented similar alluvial or coastal plain settings along the WIS
(see Table 5 and the online Supplementary Information; Upchurch
et al., 2015; Barrick et al., 1999; Van Boskirk, 1998; Wolfe, 1990). The
MART estimates that result from using these ranges of MAT re-
constructions are discussed in the following section.

5.3. Calculating Late Cretaceous MART and cold month mean air
temperature

Modern MART is calculated by subtracting local winter
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temperatures from local summer temperatures (Peppe et al., 2011;
Bailey, 1966); however, because quantitative winter temperature esti-
mates are unavailable for the KF and TMF, we calculate Late Cretaceous
MART as twice the difference between warm month mean air tem-
perature (from our paleosol T(A4;) values) and MAAT from previous
paleobotanical (Upchurch et al., 2015; Miller et al., 2013; Van Boskirk,
1998; Wolfe and Upchurch, 1987) and fossil phosphate oxygen isotope
reconstructions (Barrick et al., 1999). The use of paleobotanical MAAT
reconstructions is justified for two reasons: 1) LMA and CLAMP re-
constructions of MAAT are considered more robust than paleobotanical
reconstructions of warmest and coldest month mean temperatures (see
Section 2.2 and Jordan et al., 1996, Jordan, 1997); and 2) for both the
KF and TMF, we estimate the range in MAAT from at least two studies
using different proxy methods. In order to take into account the possible
uncertainties associated with our various assumptions, we calculate
four different MART and cold month mean air temperature values for
each study area. First, we make use of the warmest and coldest MAAT
estimates available for the KF and TMF formations, or for coeval for-
mations in close proximity (Table 5), which provides a window of
possible MAAT values. MAAT estimates for the various formations
listed in Table 5 were adjusted based on the north/south latitudinal
distance between the given formation and the KF or TMF, and the
predicted Late Cretaceous latitudinal temperature gradient (0.3 to
0.4 °C “latitude ~'; Amiot et al., 2004; Wolfe and Upchurch, 1987). All
of the formations used for these MAAT estimates come from coeval, low
elevation, coastal or alluvial plain depositional environments along the
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WIS (Miller et al., 2013; Foreman et al., 2011; Barrick et al., 1999; Van
Boskirk, 1998; Wolfe, 1990; Lozinsky et al., 1984). For example,
Upchurch et al. (2015) reported a MAT of 22 °C for the late Campanian/
early Maastrichtian McCrae Formation in southwestern New Mexico,
which is located 4.2° south of the KF. Thus, the adjusted MAT for the KF
based on the Upchurch et al. (2015) MAAT reconstruction is 21 to
20 °C, consistent with the Miller et al. (2013) MAT estimate for the KF.
We note that the latitudinal corrections made here are generally smaller
than the uncertainty reported for the MAAT estimates, suggesting that
these corrections are not a significant source of bias. Second, we assume
two different values of warm month mean air temperature: first, we
calculate MART and cold month mean air temperature assuming there
is no radiative soil heating, such that warmest month mean air tem-
perature is equal to warmest month mean soil temperature (e.g., our
mean T(A47) values); second, we perform the same calculations, but we
assume a maximum STgry value by subtracting 3°C from our T(A4;)
values. For each of these calculations there are three sources of quan-
tifiable uncertainty: 1) the mean analytical uncertainty of the sample
T(A4;) estimates ( = 1 SE = 4 °C for both the KF and TMF samples); 2)
the uncertainty on the mean of the KF and TMF samples ( + 2 and *
4°C, respectively); and 3) the analytical uncertainty of the MAAT es-
timates from each site, as reported in Table 5.

The initial MART estimates for the KF range from 21 * 5 to
35 + 4°C, and from 21 * 4 to 37 * 6°C for the TMF (Fig. 8;
Table 6). Coldest month mean air temperature estimates based on these
MART values are —1 = 4 to 10 = 5°C for the KF, and — 5 *= 6 to
8 + 4°C for the TMF. As discussed in Section 2.2, the presence of
crocodilian fossils in both the KF (e.g., Farke et al., 2014; Boyd et al.,
2013; Getty et al., 2010) and TMF (e.g., Horner et al., 2001; Varricchio,
1995) place a lower limit of ~5°C (Markwick, 1998) on long-term
coldest month mean air temperature. If this temperature tolerance was
conserved in Cretaceous crocodilians, it would indicate that our lowest
coldest month mean air temperature estimates for the KF (—1 4°C)
and the lowest two estimates for the TMF (=5 = 6 and —2 6°C)
are likely too cold. This suggests that the best estimate of coldest month
mean air temperature for the KF is ~2 to ~10°C, and ~5 to ~8°C for
the TMF.

Ruling out those MART reconstructions that result in coldest month
mean air temperature estimates below 5 °C leads to a narrower range of
~21 to ~29 °C for the KF MART values, and ~21 to ~27 °C for the TM
MART values. Because our review of SCAN station soil and air tem-
perature data shows that STgy values of 3°C or higher are extremely
rare in humid environments, we suggest that the high end of our range
of MART estimates are the most plausible, since they assume no ra-
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The MART estimates for the KF and TMF are significantly larger
than past reconstructions derived mainly from leaf physiognomy
proxies (MART = 8 to 10 °C; Hunter et al., 2013; Wolfe and Upchurch,
1987), and suggest that mid-latitude seasonal temperature changes
during the Late Cretaceous were of similar magnitudes to modern mid-
latitude sites. The smaller MART estimates from leaf physiognomy
could be due to the inaccuracies in warmest and coldest month tem-
perature estimates from CLAMP and other leaf physiognomy proxies
capable of reconstructing seasonal temperatures, as described by pre-
vious studies (e.g., Spicer et al., 2004, Jordan et al., 1996, Jordan,
1997). Such inaccuracies can be caused by a variety of climate, bio-
logic, and geologic processes, including: 1) taphonomic loss of leaf
physiognomic characters (Spicer et al., 2005); 2) evapotranspiration
cooling of forest canopies (Spicer et al., 2011); 3) the weak relationship
between leaf size and warmest mean monthly temperature (Spicer and
Yang, 2010); 4) high regional dependence of warmest and coldest
month mean temperatures; or 5) covariance between warmest and
coldest month mean temperatures, and a lack of independence between
seasonal temperatures and MAAT (Jordan et al., 1996; Jordan, 1997).

5.4. Evaluating paleosol carbonate T(A4,;) MART reconstructions

In order to further evaluate the uncertainties associated with these
MART reconstructions, we use ERA-Interim climate reanalysis data to
1) test our basic assumption that the annual distribution of tempera-
tures is symmetrical about MAAT; and 2) compare modern MART es-
timates calculated first as the difference between modern warmest
month mean air temperature and coldest month mean air temperature
(hereafter referred to as MARTs ), and second—following our method
for calculating Late Cretaceous MART—as twice the difference between
warmest month mean air temperature and MAAT (MARTs vaT)-

For most low- and mid-latitude environments, our assumption that
annual temperatures are distributed symmetrically about local MAAT
holds true. We tested this assumption by calculating latitudinal changes
in seasonal asymmetry for a variety of terrestrial land cover types
identified from the MODIS land cover dataset. For the purposes of this
paper we define seasonal asymmetry as the difference between WMMT
and MAAT minus the absolute value of the difference between CMMT
and MAAT. For this calculation, MAAT is specifically calculated as the
mean of monthly mean temperatures. Following this definition, a lo-
cation with a seasonal asymmetry value of 0 °C would have a symme-
trical (i.e., normal) distribution of temperatures about MAAT. In con-
trast, sites with positive seasonal asymmetry values have annual
temperature distributions that are skewed towards CMMT, and sites

diative soil heating. with negative seasonal asymmetry values have temperature
Table 6
Mean annual, warmest mean month, coldest mean month, and mean annual range in temperature results.
MAAT estimate (°C)* =+ 1 SE (°C) Reference STgry (°C) WMMAT ("C)" +1SE(°C) CMMAT (°C) =*=1SE(°C) MART ("C)d + 1 SE (°C)
Kaiparowits Formation
21 2 Upchurch et al., 2015 0 35 4 7 5 27 5
21 2 Upchurch et al., 2015 3 32 4 10 5 21 5
17 1 Wolfe, 1990 0 35 4 -1 4 35 4
17 1 Wolfe, 1990 3 32 4 2 4 29 4
Two Medicine Formation
19 1 Barrick et al., 1990 0 33 4 5 4 27 4
19 1 Barrick et al., 1990 3 30 4 8 4 21 4
14 5 Barrick et al., 1990; Van Boskirk, 1998 0 33 4 -5 6 37 6
14 5 Barrick et al., 1990; Van Boskirk, 1998 3 30 4 -2 6 31 6

& Mean annual air temperature (MAAT).

> Warmest month mean air temperature (WMMAT). Lower WMMAT values calculated by subtracting 3 °C from the mean paleosol carbonate T(A4;) results in order

to account for maximum radiative soil heating.

¢ Coldest month mean air temperature (CMMAT). Italicized values are interpreted as too cold to be reasonable based on the presence of crocodilian fossils in both

the Kaiparowits and Two Medicine Formations.

4 Mean annual range in temperature (MART). Italicized values are interpreted as too cold to be reasonable based on the presence of crocodilian fossils in both the

Kaiparowits and Two Medicine Formations.
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Fig. 9. Seasonal asymmetry calculated for thirteen different terrestrial biomes by latitude using ERA-Interim climate reanalysis data. A seasonal asymmetry value of
0 °C indicates that the annual distribution of air temperatures is symmetrical about local MAAT. In contrast, seasonal asymmetry values > 0 °C shows that the annual
distribution of air temperatures is skewed towards the winter season, and values < 0 °C shows that temperatures are skewed towards the summer season. Note that all
of the biomes present at high latitudes show increasingly positive seasonal asymmetry values, while the most negative seasonal asymmetry values are found in the
subtropics (mainly in deserts). The vertical gray bands show the minimum uncertainty associated with carbonate clumped isotope thermometry (seasonal asymmetry
values within this band would not be distinguishable from a seasonal asymmetry value of 0 °C. This data suggests that for most mid-latitude environments where
paleosol carbonates are likely to be preserved, the distribution of temperatures about MAAT is symmetrical.

Table 7
Latitudinal trends in seasonal asymmetry values® for thirteen different land cover types".
Latitude ()  Evergreen Evergreen Deciduous Deciduous Mixed  Closed Open Woody Savannas Grasslands Wetlands Snow Deserts
Needle Leaf Broad Leaf  Needle Leaf Broad Leaf  Forest  Shrubland  Shrubland Savannas and Ice

90 to 80 - - - - - - - - - 5.02 - 6.20 6.69
80 to 70 - - - - - - 3.29 2.90 2.70 3.01 3.02 4.61 3.89
70 to 60 0.39 - 0.07 0.64 0.65 0.30 1.98 1.29 1.80 1.62 1.55 2.51 1.32
60 to 50 —0.09 - —0.41 —0.66 —0.62 —0.63 -0.76 —0.51 —0.54 —0.30 —0.82 0.96 -
50 to 40 1.74 - 0.56 —-0.81 —0.98 1.44 —-0.12 —0.45 —0.52 —0.16 -0.39 - —-1.61
40 to 30 1.51 - -1.16 0.22 —-0.50 0.25 0.42 0.20 -0.15 —0.01 -0.18 —-0.04 -0.98
30 to 20 - —-2.11 —1.52 —-0.92 —-1.82 -1.39 -1.47 —-1.31 -1.73 —0.03 -1.62 —2.42 —-2.56
20 to 10 - —0.45 —-0.78 —0.34 0.22 0.21 —0.16 0.03 —0.49 0.00 -0.19 -1.62 -1.19
10 to O - -0.15 - - 0.97 -0.14 -0.14 0.50 0.37 0.49 0.23 - -0.76
0to —10 - —0.08 - —0.08 0.55 0.22 -0.11 0.25 0.35 0.04 0.46 0.17 0.46
—10to —20 - -1.17 —-1.55 -1.72 -0.51 -0.82 -1.33 0.18 —-0.04 -1.17 -0.17 - -1.19
—20 to —30 - —1.48 —2.53 -1.85 —-1.34 -1.31 -1.78 -1.79 —-1.84 —2.00 -1.80 - -1.63
—30to —40 - 0.07 - 0.32 0.11 0.25 -0.16 0.08 -0.25 -0.12 —0.34 - 0.62
—40 to —50 - 0.33 - 0.64 0.11 0.25 0.37 0.26 0.31 0.18 0.38 —0.05 -
—-50 to —60 - - - - 0.33 - 0.09 0.12 0.06 0.10 - - -
—60 to —70 - - - - - - - - - - - 3.37 -
—~70to —80 - - - - - - - - - - - 6.40 -
—80to —90 - - - - - - - - - - - 8.38 -

2 Temperatire data from the ERA-Interim climate reanalysis project (Dee et al., 2011).
> Tand cover data from MODIS imagery (Channan et al., 2014; Friedl et al., 2010).

distributions skewed towards WMMT. Fig. 9 and Table 7 show that for
all low- and mid-latitude land cover types except ice-covered terrain
and deserts, seasonal asymmetry is small (u= —0.3 = 1.2°C). In
contrast, high latitude sites (latitude > 60 °N/°S) show much larger
seasonal asymmetry values (U = 4.0 = 2.1 °C), regardless of the land
cover type. Finally, deserts show distinct negative seasonal asymmetry
trends in the sub-tropics (see Fig. 9). We suggest that the large seasonal

asymmetry values calculated for high latitude sites may be due to a
combination of the unique annual solar insolation pattern (prolonged
summer light and winter darkness) as well as albedo effects associated
with ice sheets and deserts. This observation aside, the seasonal
asymmetry values presented above suggest that at low- and mid-lati-
tudes, annual temperatures are typically distributed symmetrically
about local MAAT, consistent with our assumption.
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Fig. 10. Mean annual range in temperature (MART) calculations, based on: A) summer minus winter temperatures (MARTs.w), and B) twice the difference between
summer and mean temperatures (MARTs yat). Panel C shows the temperature difference between MARTs yat and MARTg . Temperature data from ERA-Interim

reanalysis output.

These constraints on the degree of seasonal asymmetry in different
environments suggest small effect on the accuracy of our paleo-MART
reconstructions. As shown in Fig. 10, the two different methods of
calculating MART (i.e., WMMT minus CMMT versus twice the differ-
ence between WMMT and MAAT) produce very similar results, espe-
cially at for the mid-latitudes. The mean effect of calculating MART as
twice the difference between WMMT and MAAT is —0.03°C, with a
max and min of 3.60 and — 5.05°C residual from MART calculated
from summer-winter, respectively. We attribute the larger differences
between the two methods of calculating MART at high latitude to the
higher seasonal asymmetry these sites experience. These findings sug-
gest that calculating MART from just warmest month mean air tem-
perature and MAAT should produce accurate estimates of the actual
range in seasonal temperatures for nearly all mid-latitude terrestrial
environments, providing additional confidence that our Late Cretaceous
MART calculations are accurately capturing the true range in seasonal
temperatures.

We note that the potential error on our MART estimates is non-
trivial ( = 4 to 6 °C) despite careful screening and a large number re-
plicate carbonate analyses. In view of this fact, we suggest that future
MART reconstruction studies will benefit from both a larger number of
samples and replicate measurements than is traditionally collected for
paleosol carbonate studies, and from the recalculation of older MAAT
estimates from LMA (e.g., those presented in Wolfe and Upchurch
(1987) and used in Foreman et al. (2011) and this study) using modern
methods (see Peppe et al., 2011) to reduce associated uncertainties.

5.5. Implications for seasonality in greenhouse climates

Having calculated Late Cretaceous MART values and evaluated their
accuracy and uncertainties, we now compare the reconstructed MARTSs
to modern seasonal variability. This can be challenging because there
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are no perfect modern analogs for our study areas due to the fact that
modern locations with similar MAAT and MAP (e.g., the Gulf Coast of
the United States; Miller et al., 2013) are restricted to much lower la-
titudes than the Late Cretaceous paleolatitudes of the KF and TMF, and
no major interior seaways exist in the modern. However, a comparison
of our Late Cretaceous MART results to a suite of modern MART values
shows that our estimates are consistent with the range of MART seen in
North America today (Fig. 11). In the modern, MARTSs between 45 and
55 °N (the approximate paleolatitude of the KF and TMF) are highly
variable. Globally, mean MART calculated from ERA-Interim climate
reanalysis data at 55 °N/S is 31 °C, while the mean North American
MART at the same latitude is 28 °C and the mean MART at the modern
longitude of the KF and TMF formations is just 23 °C. This range of
MART values is consistent with our range of KF reconstructions; how-
ever, the TMF MART reconstructions are more consistent with the lower
MART values calculated at the same longitude (248 °E) as the modern
study site (red line in Fig. 11). Lower-latitude environments like the
Gulf Coast—despite being similar to the KF in terms of temperature and
precipitation (Miller et al., 2013; Tidwell et al., 2007)-experience sig-
nificantly lower MART than our reconstructions due to their lower la-
titude positions. These findings may suggest that latitude and elevation
has a larger impact on terrestrial seasonality than global mean surface
temperatures, regardless of whether the climate is in a greenhouse or
icehouse state (Sloan and Barron, 1990).

In addition to a comparison against modern MART values, we
evaluate our KF and TMF MART, warmest month mean air temperature,
and coldest month mean temperature estimates against MART values
calculated from Late Cretaceous climate model output generated by
Sewall and Fricke (2013). Due to differences in the longitudinal posi-
tion of the paleogeographic reconstructions used in this study versus
the reconstruction used in the Sewall and Fricke (2013) model, we
compare our results to the output from three model grid cells located
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Fig. 11. Mean annual range in temperature (MART) versus latitude. The green
line and band show global mean MART at the 95% confidence interval, the blue
line and band show North American mean MART at the 95% confidence in-
terval, and the red line and band show mean MART at the longitude of the KF
and TMF study sties. Note that the variability in MART along the longitude of
the study sites is mainly due to variability in topography, since the transect
passes over the Colorado Plateau and the eastern edge of the Rocky Mountains.
Black error bars show MART reconstructions for the KF and TMF and the thick
gray dashed bars are the simulated MART for the KF and TMF using model
output from Sewall and Fricke (2013) and their reconstructed paleolatitudes
(Miller et al., 2013). White squares show modern MART values for various
related locations. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

around the KF study area, and four model grid cells around the TMF
study area. Grid cells were chosen to avoid cooler upland and ocean
areas (Fig. 12). The mean model estimates of coldest month mean air
temperatures for the KF study area are 3°C warmer than our re-
constructions, but our TMF coldest month mean air temperature esti-
mates agree well with modeled winter temperatures, regardless of the
exact MAAT and STy values used in our MART calculations. The model
underestimates warmest month mean temperature relative to our proxy
reconstructions by ~4 °C at both sites—a common issue with model
simulations of both the Late Cretaceous and Eocene greenhouse periods
(Snell et al., 2013; Spicer et al., 2008). Calculations of MART using the
model output yield mean values of 20 = 2 and 23 = 2°C for the KF
and TMF, respectively. The model MART estimates for the KF are
consistent with the lower limits of our KF MART reconstructions, while
the model MART estimates and our MART reconstructions for the TMF
are in very good agreement.

We interpret the minor differences between the model simulations
and our proxy reconstructions and estimates to be the result of some
combination of: 1) spatial averaging of warmest and coldest month
mean air temperatures due to the relatively coarse model resolution
(~2.8° latitude x 2.8° longitude; Sewall and Sloan, 2006); 2) the ac-
cidental inclusion of cooler upland regions in estimates of average
model temperatures; and 3) uncertainty in the exact location of the KF
and TMF study sites relative to the model grid due to differing paleo-
geographic reconstructions. We note that in addition to being consistent
with the Sewall and Fricke (2013) simulation of Late Cretaceous North
America, our results are in general agreement with past global or other
regional modeling studies suggestive of a modern range in seasonality
during the Late Cretaceous and other greenhouse periods (e.g., Hunter
et al., 2013; Huber and Caballero, 2011; Valdes, 2011; Spicer et al.,
2008; Deconto et al., 1999).

Our Late Cretaceous MART reconstructions add to a growing body
of proxy evidence suggesting that terrestrial environments experience
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Fig. 12. Visualization of Sewall and Fricke (2013) Late Cretaceous (Campa-
nian) global climate model output. The grid cells used for comparison with our
Kaiparowits (KF) and Two Medicine Formation (TMF) paleoclimate re-
constructions are highlighted with dashed black lines. Panel A shows warmest
mean monthly air temperatures (WMMAT), panel B shows mean annual air
temperatures (MAAT), and panel C shows coldest mean monthly air tempera-
tures (CMMAT). Additional text in panel B provides the name of relevant pa-
leogeographic locations.

similar magnitudes of seasonal temperature change in both greenhouse
and icehouse conditions (Hyland et al., 2018; Kelson et al., 2018;
Suarez et al., 2017; Snell et al., 2013). Additionally, our results provide
evidence that during greenhouse periods like the Late Cretaceous and
Paleogene, MAAT is shifted to higher values, but MART remains es-
sentially unchanged. Our MART reconstructions are similar in magni-
tude to model MART simulations (Sewall and Fricke, 2013; Snell et al.,
2013; Sloan and Barron, 1990), which may indicate that disagreements
between model simulations and proxy reconstructions of MART are
likely due primarily to proxy shortcomings such as: 1) the effect of non-
climate factors on leaf physiognomy proxies (e.g. Peppe et al., 2011),
and 2) uncertainties regarding the climatic constraints of fossil plants
and animals that are used as qualitative paleoclimate proxies. We note
that uncertainties in model paleogeographic reconstructions may also
limit the accuracy of proxy-model comparison studies (Kelson et al.,
2018).

The presence of modern-magnitudes of MART in the Late
Cretaceous also has implications for the geographic distribution and
lifestyles of dinosaur and non-dinosaur faunal communities in western
North America, and our understanding of vertebrate speciation pat-
terns. There has been a long-standing debate regarding the degree of
provincialism (regional partitioning) of northern and southern faunal
communities along the western margin of the WIS during the Late
Cretaceous (e.g., Leslie et al., 2018; Lucas et al., 2016; Morrone, 2014;
Nydam et al., 2013; Gates et al., 2010; Sampson et al., 2010; Lehman
et al., 2006; Lehman, 2001). Faced with a lack of known geographic
barriers to animal migration, studies in favor of faunal provincialism
have often cited latitudinal changes to unspecified climate parameters
(e.g., temperature and/or precipitation) as the driving force behind
regionally discrete animal populations (e.g., Gates et al., 2010;
Sampson et al., 2010). The approximate latitudinal position of this
climate interface between the northern and southern provinces has
been speculated to be near the present day northern borders of Utah
and Colorado (Sampson et al., 2010), placing it between our two study
areas. However, when paired with previous estimates of MAAT for both
the KF and TMF, our warmest month mean temperature, MART, and
coldest month mean temperature reconstructions indicate that en-
vironmental conditions were similar in southern Utah and northwestern
Montana during deposition of the KF and TMF, with only slightly cooler
conditions characterizing the TMF during the winter. The difference in
MAAT between the two sites was < 5°C, and MART was essentially
identical. These findings suggest that there were no distinct MART-re-
lated environmental changes between the KF and TMF that would have
promoted geographic partitioning of large terrestrial animals in western
North America during the Late Cretaceous. This may suggest that if
some sort of climate barrier did exist between the northern and
southern provinces of the western margin of the WIS, it may have been
related to changes in precipitation and/or water availability rather than
changes in temperature (e.g., Fricke et al., 2010; Wolfe and Upchurch,
1987; Hallam, 1985, 1984; Parrish et al., 1982). Better quantitative
constraints on the spatial variability of Late Cretaceous MAP and pre-
cipitation seasonality are needed to resolve this question.

6. Conclusions

Our findings show that Late Cretaceous MART along the mid-
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latitude region (paleolatitude: ~46 to 56 °N) of the western margin of
the WIS was similar to mid-latitude MART in modern North America,
and that no distinct change in MART or warmest and coldest month
temperatures exists between the southern and northern limits of this
area. Additionally, we show that: 1) reconstructing paleo-MART from
warmest mean monthly temperatures and independent MAAT estimates
should yield accurate results for most vegetated environments, and 2)
in all but the driest environments, soil heating from incident solar ra-
diation is typically < < 3°C (96% of SCAN stations) for commonly
sampled soil types and depths (50-100 cm).

Using paleosol carbonate clumped isotope thermometry, modern-
magnitude MARTs have now been reconstructed for both the Late
Cretaceous and the Paleogene, suggesting that modeling efforts to si-
mulate greenhouse climates are more accurate than has previously been
argued, and increasing confidence in future predictions of MART under
a range of climate change scenarios. Future studies of Late Cretaceous
MART should focus on true continental interior environments and low-
latitude sites to provide a more complete picture of how MART varied
between different Late Cretaceous sites, as well as providing additional
evidence for the limited effect of climate on faunal provincialism in
North America during this period.
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