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Abstract. The early Paleogene hyperthermals, including the Paleocene-Eocene Thermal Maximum and the hyperthermals of
the Early Eocene Climatic Optimum, were the warmest periods of the Cenozoic Era. Due to the similar continental
configuration and drivers of extreme warmth, this period serves as an analogue for how precipitation is altered by extreme
warming driven by greenhouse gases. Through high resolution geochronology and construction of a bulk organic carbon
isotope curve, we identify up to 11 different hyperthermals in the Uinta Basin, Utah, adding to the small number of terrestrial
sites where the lower magnitude Paleocene and Eocene hyperthermals have been recognized. We use paleosol bulk
geochemistry methods to quantify changes in precipitation during these extreme warming events. We find no significant
changes in mean annual precipitation during the warming events. However, paleosol mass balance results track increased
clay illuviation, accumulation of redox-sensitive elements, and carbonate leaching during many of these events. These
results, along with shifts in fluvial stratigraphy, provide evidence for increased intensity and seasonality or intermittency of
precipitation that may be related to poleward shifts in global circulation. These results are compared to the state-of-the-art
DeepMIP model ensemble, composed of the same models used for future climate simulations. The model ensemble
overestimates mean annual precipitation and underestimates the seasonality or intermittency of precipitation compared to
this proxy record. These differences may be a function of the coarse model resolution, missing processes, or incorrect

boundary conditions that should be investigated further.

1 Introduction

Climate change is expected to alter hydroclimate in the coming centuries. On a global scale, climate models show a wet-
gets-wetter, dry-gets-drier response where the mid-latitudes are expected to become wetter and the subtropics drier
(Cramwinckel et al., 2023; Held and Soden, 2006). On a regional and continental scale this response can be complicated by
atmospheric circulation changes, such as latitudinal shifts in the storm tracks, especially when precipitation extremes are
considered (Byrne and O’Gorman, 2015; Carmichael et al., 2018; Slawson et al., 2025a, b; Zhang et al., 2024). In Europe

and North America, observational studies already indicate an increase in extreme precipitation events (Dittus et al., 2015;
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Donat et al., 2019). Model studies suggest future increases of extreme precipitation, surpassing the Clausius-Clapeyron
scaling, and decoupling of temperature increases from mean annual precipitation changes (Bao et al., 2017; Slawson et al.,
2025a).

Given that dramatic increases in temperature are expected under even intermediate climate change scenarios, there
is an increasing need to turn to the past to test models and inform about future climate (Burke et al., 2018; Tierney et al.,
2020). The most extreme examples of greenhouse gas-induced warming and hydroclimate alterations in the last 60 million
years occurred in the early Paleogene period (Carmichael et al., 2017; Mcinerney and Wing, 2011; Zachos et al., 2008). The
early Paleogene is characterized by the warmest temperatures of the Cenozoic Era with superimposed rapid global warming
events or hyperthermals (Cramer et al., 2003; Littler et al., 2014; Westerhold et al., 2018, 2020; Zachos et al., 2008) . The
best known hyperthermal is the Paleocene-Eocene Thermal Maximum (PETM) 55.9 to 55.7 Ma, caused by the largest
carbon release of the Cenozoic era, leading to global temperatures with estimates up to ~18°C warmer than the preindustrial
mean (Inglis et al., 2020; Mcinerney and Wing, 2011). The PETM was followed by the Early Eocene Climatic Optimum
(EECO) from 53.26 to 49.14 Ma (Westerhold et al., 2018). The EECO is characterized by the warmest sustained
temperatures of the Cenozoic Era and a series of superimposed hyperthermals (Lauretano et al., 2015, 2018; Westerhold et
al., 2018; Zachos et al., 2008), making it a good temperature analogue for the worst case climate change scenarios in the
coming centuries (Burke et al., 2018). In addition, the EECO is favorable for climate studies due to the similar continental
configuration (Matthews et al., 2016), availability of terrestrial proxies in multiple sedimentary basins (e.g. Foreman et al.,
2012; Hyland et al., 2018; Kraus et al., 2013), and large-scale modeling studies (e.g. Cramwinckel et al., 2023; Lunt et al.,
2021; Williams et al., 2022).

The Uinta Basin, located in northeastern Utah, USA, contains a terrestrial record of the early Paleogene in a 1000 m
section of fluvial and lacustrine strata (Birgenheier et al., 2020; Slawson et al., 2025b). Previous work identifies the PETM in
the Uinta Basin and demonstrates decoupling of precipitation intensity and intermittency from mean annual precipitation
(MAP), possibly linked to the moisture transport capability and seasonality of the North American Monsoon (Slawson et al.,
2025b). Other studies of the PETM have also noted similarly complex changes in hydroclimate (e.g. Foreman et al., 2012;
Payros et al., 2022; Schmitz & Pujalte, 2007), but relatively little is known about the drivers of these changes or the response
of hydroclimate to the lower magnitude hyperthermals. Here we explore the response of hydroclimate to the more extreme
hyperthermals, such as the PETM, and the lower magnitude hyperthermals of the late Paleocene and early Eocene
(Westerhold et al., 2018; Zachos et al., 2008). We use paleosol-based bulk geochemical proxies and a mass-balance
approach to quantify mean annual precipitation (MAP) and changes in chemical weathering throughout the early Paleogene
period, spanning approximately ten million years. Negative carbon isotope excursions (NCIEs) together with
magnetostratigraphy and absolute age dates are used to identify the hyperthermals. These results are compared to other proxy
records in the US Intermountain West and the DeepMIP ensemble results from the newly available web-based application
(Steinig et al., 2024) to compare model performance and assess potential atmospheric drivers of spatial shifts in

precipitation.



65

70

75

80

https://doi.org/10.5194/egusphere-2026-1804
Preprint. Discussion started: 4 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

1.1 Geologic setting

The Uinta Basin is an asymmetric, intermountain basin spanning central and northern Utah into northwestern Colorado over
an area of 20,000 km? (Figure 1) (Dickinson et al., 1988). It was formed during the Laramide Orogeny from the Late
Cretaceous to Eocene as part of a series of intermountain sedimentary basins (Dickinson et al., 1988). The basin is bound by
the Laramide Uinta Mountains to the north, San Rafael Swell to the southwest, Douglas Creek Arch to the east, and the
eastern terminus of the Sevier Orogeny to the west (Figure 1) (Dickinson et al., 1988). This study focuses on the
Colton/Wasatch and Green River Formations. The term “Colton Formation” is typically used to describe the fluvial deposits
west of the present-day Green River (Spieker, 1946) and “Wasatch Formation” east of the Green River (Hayden, 1869). The
Colton/Wasatch Formation is a dominantly fluvial wedge interpreted as a fluvial fan deposited by the variable discharge
California Paleoriver from the late Paleocene to the early Eocene (Carraro et al., 2023; Dickinson et al., 2012; Jones, 2017,
Plink-Bjorklund et al., 2014). Both terms refer to one genetically related lobate wedge of dominantly fluvial deposits. For
simplicity and to match the terminology of other recent publications (Carraro et al., 2023), we use “Wasatch Formation”
hereafter.

The Wasatch Formation can be divided into two major types of deposits. Floodplain mudstone deposits are brown
to red and include immature to moderately developed paleosols, which alternate vertically and laterally with fine to medium
grained lenticular sandstones and amalgamated sandstones, interpreted as main trunk channel and crevasse splay deposits
(Carraro et al., 2023; Jones, 2017). Age control of the Wasatch Formation is provided by biostratigraphy (Fouch et al., 1987)
and magnetostratigraphy (Slawson et al., 2025b) (Figure 1). Previous work identifies the PETM as a 43 m fluvial section
marked by a lithologic shift to amalgamated channel sandstones and mud clast conglomerates, dominated by upper flow
regime sedimentary structures, and sandier paleosols that persisted for 70 m beyond the end of the CIE (Plink-Bjorklund et
al., 2014; Slawson et al., 2025b).
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Figure 1: (a) Map showing the exposure of the Colton/Wasatch (orange) and Green River Formations (red) in the Uinta Basin. The
white stars mark the locations where samples were collected in Nine Mile Canyon, and the white circle indicates the sampling
locations in roadcuts along highway 191. The black square in the inset map marks the location of the Uinta Basin relative to the
United States. Map abbreviations: SRS: San Rafael Swell; DCA: Douglas Creek Arch; UU: Uncompahgre Uplift. Modified from
Fouch et al. (1987), Dickinson et al. (2012), and Wang and Plink-Bjorklund (2019). (b) Stratigraphic column showing the
formation names, stratigraphic markers, and their ages based on absolute age dates with sources noted by superscripts (‘Smith et
al., 2010, *Smith & Carroll, 2015), magnetostratigraphy (*Slawson et al., 2025b, using reversals with ages from Ogg, 2020), and
biostratigraphy (‘Fouch et al., 1987).

The Green River Formation is a mixed fluvial-lacustrine deposits where dominantly fluvial facies transition to
lacustrine facies further north in the deeper portion of the basin (Birgenheier et al., 2020; Fouch et al., 1994). The Green
River Formation is subdivided into three informal units: the lower, middle, and upper (Figure 1). This designation is relative
to the lacustrine intervals, including the Uteland Butte, the Carbonate Marker Unit, and the Mahogany Oil Shale, where the
Uteland Butte marks the beginning of the lower Green River Formation, and the Carbonate Marker Unit and Mahogany Oil
Shale mark the top of the lower and middle Green River Formation, respectively (Figure 1) (Fouch et al., 1987; Fouch, 1975;
Remy, 1992). The lacustrine intervals are separated by fluvial units known as the Colton Tongue, the Renegade Tongue, and
the Sunnyside Delta Interval. Age control of the Green River Formation is constrained by magnetostratigraphy (Slawson et
al., 2025b) and absolute age dates in the C Marker (49.58 + 0.28 Ma) and at the base and top of the Mahogany Interval
(49.32 £ 0.30 and 48.66 £ 0.23 Ma; Figure 1). Similar to the Wasatch Formation, previous work has led to the identification
of the fluvial units as a series of fluvial fans (Plink-Bjorklund et al., 2014; Wang & Plink-Bjorklund, 2019).This study will
focus on the fluvial portions of these formations deposited in the central and western Uinta Basin and exposed in both Nine

Mile Canyon and along the highway 191, about 10 km northeast of the town of Price, Utah (Figure 1).
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The fluvial successions of the lower and middle Green River Formation are composed of similar deposits to the
Wasatch Formation. The floodplain mudstone deposits are yellow-brown to red and similarly include immature to
moderately developed paleosols that are commonly reduced (green-gray) at the base and top. These alternate vertically and
laterally with fine to medium grained sandstones of channel and crevasse splay deposits (Birgenheier et al., 2020; Wang &
Plink-Bjorklund, 2019). The Green River lacustrine units are composed of carbonate siltstones and grainstones, lacustrine
siliciclastics and mixed facies, interfingered with deltaic deposits (Birgenheier et al., 2020; Melstrom and Birgenheier,
2021).

2 Materials and methods
2.1 Field methods

Two composite sections were created through physical correlation of the Wasatch Formation in a continuous cliff, and
correlation of the Green River Formation along marker beds between Nine Mile Canyon and US Highway 191 (Figure 2)
(Morgan, 2003). Samples from the Wasatch Formation through the Colton Tongue of the lower Green River Formation were
collected in Nine Mile Canyon. The remainder of the samples in the middle Green River Formation were collected from
exposures along US Highway 191 for easier sampling access. The stratigraphic sections were measured using a Jacob’s
Staff, and the paleosols and floodplain facies were trenched to obtain unweathered samples for bulk geochemistry and stable
isotopic analysis. Paleosol morphologic descriptions are based on grain size, redoximorphic features, abundance and type of
nodules, and presence/absence of vertic features using a standard soil description (Scheffe et al., 2015) and a Munsell soil

color scheme (Munsell Color (Firm), 2010).
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Figure 2: Correlated measured sections collected in Nine Mile Canyon and US Highway 191. Sampling was completed in Nine Mile

Canyon through the Colton Tongue and at the US Highway 191 outcrops from the Renegade Tongue and Sunnyside Delta
intervals.

In the floodplain sections, samples were collected from each paleosol, and both weathered (B-horizon) and unweathered
parent materials were sampled for geochemical comparisons (Figure 3). Morphologic indicators such as ped development,

soil horizons, and composite or compound soil profiles (Kraus, 1999) were used to assess whether the soils were developed
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enough to be considered in equilibrium with climate. Composite paleosols containing relict bedding were likely buried
before they could be equilibrated with climate (Kraus et al., 2013; Stinchcomb et al., 2016), and thick, cumulative paleosols
were likely exposed at the surface for too long and thus overprinted by multiple climate states (Kraus, 1999). Therefore, bulk

geochemical proxies for paleosols with these features were not included in paleoclimate reconstructions.

a) b)

Paleosol B
and C
horizons

Rhizolith

Oxidized
paleosols
Weathered
sandstone/R
horizon

Ch
sandstones and| @
in-cl ud S Oxidized

sandstone

Unweathered
sandstone

Figure 3: Representative photos fluvial and floodplain environments from the Uinta Basin. a) An outcrop of channel sandstones,
in-channel muds, and paleosols from the Green River Formation. b) An oxidized paleosol with a rhizohalo from the Green River
Formation, overlying a partially oxidized fluvial channel.

The samples were finely ground using a tungsten-carbide ring mill at Colorado School of Mines and commercially
analyzed for major element oxides via X-ray fluorescence at ALS Geochemistry. Three paleosol-based proxies: 1) CIA-K
(Sheldon et al., 2002), 2) PPMi (Stinchcomb et al., 2016), and 3) RF-MAP 2.0 (Lukens et al., 2019), were applied to
reconstruct MAP throughout the early Paleogene. Additionally, constitutive mass-balance (t) was performed to understand
changes in elemental concentrations (C) between the weathered material (w) and the unweather parent material (p) in an
immobile (7) element and element of interest (7). This technique provides a more nuanced understanding of the relationship
between climate and soil development because it compensates for changes in parent material (Anderson et al., 2002;

Brantley and Lebedeva, 2011; Brimhall and Dietrich, 1987). The 1 of an element of interest (j) is calculated as:

Ciw Ci
7= e g )]
Cj,p Ciw

and when 1 = -1 there has been 100% depletion of the element and where t > 0 additions have occurred.

Potential parent materials were evaluated using plots of oxides and ratios of TiO2, ZrO2, and Al2Os of parent
materials and paleosols. The deviation between the parent and weathered material should be relatively small for immobile
elements like Ti, Zr, Si, and Al (Maynard, 1992; White et al., 2008). Titanium is generally the preferred element because of
its greater abundance in soils compared to Zr (wt % vs ppm) (Sheldon and Tabor, 2009; Stiles et al., 2003). Aluminum is
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generally not preferred because it is mobile under certain soil forming conditions (Ashley and Driese, 2000; Beverly et al.,

2014).

2.3 Carbon isotope stratigraphy

The NCIEs that mark the hyperthermals are commonly located in fluvial stratigraphy using carbon isotopes of bulk organic
material in floodplain sediments (3'*Csom) (e.g. Foreman et al., 2012; Schmitz & Pujalte, 2007). Samples were collected
from floodplain sediments at 0.5 m resolution wherever possible. Approximately 20 mg of powdered sample was loaded into
individual glass vials and treated with ten mL of 10% HCI until all inorganic carbon was removed. Samples were then
washed with Milli-Q water until they reached a neutral pH and then were dried in an oven at 55°C. The dried samples were
weighed into tin capsules and analyzed on an elemental-analyzer isotope ratio mass spectrometer at the Stable Isotope
Laboratory at University of Colorado Boulder. The results were corrected based on comparison to in-house standards and are
reported in d-notation relative to the VPBD standard. The analytical standard deviation is +0.36%o based on comparison to
in-house standards, and replicate analysis resulted in a standard deviation of +0.28%o.

8"3Cpomrecords in terrestrial environments contain greater variation than marine isotopic records due to changes in plant
community composition, sediment transport processes, and/or microbial activity (Baczynski et al., 2013; Foreman et al.,
2012; Smith et al., 2007). Therefore, data are reported as both individual measurements and as a five-point rolling average;
however, raw data is available in Table S1 and Figure S1. Values <-18%o were not included in the five point rolling average
(n = 15) because they are unrealistically heavy for C; plants that would have existed at this time (Arens et al., 2000; Kohn,
2010). These values are likely a result of samples that were not fully acidified and thus still contained inorganic carbon at the

time of combustion (Koénitzer et al., 2012).

3 Results
3.1 Paleosol morphology

The paleosols in the Wasatch and Green River Formations are relatively immature and range from paleo-Inceptisols to
paleo-Vertisols (Figure 4). Normal grading from very fine sand in the R-horizon to sandy silt in C-horizon and clayey silt in
the B-horizon is commonly observed. No A-horizons were observed, as is common in the geologic record (Beverly et al.,
2018; Myers et al., 2014). The paleosols have subangular to angular blocky peds and in rare cases wedge peds. In places,
channel sandstones were altered to form deep red paleosols. Seven major categories of paleosols, or pedotypes, are
recognized (Figure 4 and Table 1) and classified following USDA Soil Taxonomy (Scheffe et al., 2015). Pedotypes A-D
occur both in the Wasatch and Green River Formations, while Pedotypes F and G are unique to the Green River Formation.
Pedotypes B and E are more common at stratigraphically higher intervals within the Wasatch Formation, beginning at the
PETM onset (Figure 5c) (Slawson et al., 2025b). Pedotypes A-D are common throughout the first 150 m of section, and the

rest of the Wasatch Formation is dominated by Pedotypes E and B which remain a deeper red (hue 10R) and coarser grained.
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The Green River Formation paleosols differ from the underlying Wasatch paleosols in that they are primarily composed of

Pedotypes F and G, and paleo-Vertisols are slightly more common (Figure 5c). No vertical trends were observed within the
Green River Formation.
a)
21

c) d)

N« Slickensides

@ FeMn nodule

' Gray-blue depletion zone
(O Carbonate nodule

= Primary bedding lamination

190 Figure 4: Representative measured sections of Pedotypes A to G. a) Red-brown paleo-Vertisol with minor gray-blue
redoximorphic features; b) Red-brown paleo-Inceptisol with laminated relict bedding in the C-horizon; ¢) Red paleo-Inceptisol
with carbonate nodules and gray-blue redoximorphic features; d) Gray-brown, clay-rich paleo-Inceptisol; e) Deep red, sandy
paleo-Inceptisol with carbonate nodules and FeMn nodules; f) Deep red paleo-Inceptisol with a gleyed upper B-, C-, and R-
horizon; g) Deep red paleo-Vertisol with a gleyed upper B-, C-, and R- horizon.
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195 Table 1. Summary of the pedotype characteristics and the interpreted soil types.

EGUsphere\

Munsell Color Observations Soil Type Paleoclimate
Interpretation
Pedotype A 2.5YR 4/4 (reddish Red-brown, clay-rich, Paleo-Vertisol Dry, oxidizing
brown) slickensides, wedge conditions with a
texture, and occasional seasonal change in
carbonate nodules. soil moisture.
Pedotype B 2.5R 4/4 (reddish Red-brown, silty, and Paleo-Inceptisol Dry, oxidizing
brown) angular blocky peds. No conditions.
carbonate nodules.

Pedotype C 2.5YR 3/4 (reddish Red-brown, silty, Paleo-Inceptisol Dry, oxidizing
brown to dark subangular to angular conditions.
reddish brown) blocky texture, and

carbonate nodules

Pedotype D 5YR 4/3 (dark Gray-brown, clay-rich, Paleo-Inceptisol Dry, oxidizing
reddish gray to subangular to angular conditions.
reddish brown) blocky texture. No

carbonate nodules.
Pedotype E 10R 3/6 (dark red) | Deep red, very fine sand Paleo-Inceptisol Dry, oxidizing
to sandy silt, subangular conditions with a
to angular blocky texture, seasonal change in
and yellow-brown soil moisture.
nodules.
Pedotype F 10R 3/6 (dark red) | Deep red, very fine sand Paleo-Inceptisol Dry, oxidizing
to clayey silt, and conditions.
subangular to angular
blocky texture. No
carbonate nodules.
Pedotype G 10R 3/6 (dark red) Deep red, grey-green at Paleo-Vertisol Dry, oxidizing
the top and base ,very fine conditions with a
sand to clayey silt, and seasonal change in
wedge texture. No soil moisture.
carbonate nodules.

Pedotype A is a red-brown (2.5YR), clay-rich soil forming on top of tan, very fine sandstones (Figure 4a and Table

1). The uppermost B-horizon is marked by slickensides and minor zones of gray-blue redoximorphic features showing a

10
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downward tapering structure. Carbonate nodules are rarely observed in these paleosols. Due to the high abundance of
smectitic clay and slickensides, these paleosols are identified as paleo-Vertisols (Mack et al., 1993; Retallack et al., 1993).

Pedotype B is a red-brown (2.5R) and coarser grained soil than Pedotype A (Figure 4b and Table 1), consisting of
dominantly silt sized particles. It typically has C- and R- horizons of laminated mudstone or very fine sandstone. There are
no pedogenic features aside from angular blocky peds in the B-horizon. Due to poor development and no evidence of vertic
features, these paleosols are identified as paleo-Inceptisols (Mack et al., 1993; Retallack et al., 1993).

Pedotype C has a similar grain size to Pedotype B that grades from very fine sand in the C- and R- horizons to silt
in the B-horizon. The paleosols have a red-brown hue of 2.5YR (Figure 4c and Table 1). These paleosols are slightly more
developed than Pedotype B, commonly containing carbonate nodules and downward tapering zones of gray-blue
redoximorphic features. The B-horizons commonly show subangular to angular blocky peds with relict bedding in the C-
horizon. The lack of vertic features and relatively minor presence of carbonate nodules (<5%) leads us to identify these
paleosols as paleo-Inceptisols (Mack et al., 1993; Retallack et al., 1993).

Pedotype D is clay-rich and typically has a gray-brown (hue 5YR) colored B-horizon (Figure 4d and Table 1). It is
composed of angular to subangular blocky peds, but no other pedogenic features were observed. The gray-brown color and
presence of clay may be indicative of slightly greater pedogenesis than the other pedotypes. Due to the lack of pedogenic
features observed in these paleosols, they are identified as paleo-Inceptisols (Mack et al., 1993; Retallack et al., 1993).

Pedotype E comprises the coarsest paleosols observed (Figure 4e and Table 1) with very fine sand grading upward
to sandy silt in the B-horizon. Subangular to angular blocky peds were commonly observed with laminated relict bedding in
C-horizons. These paleosols are deep red (hue 10R) and commonly have yellow-brown nodules and minor carbonate nodules
throughout the thick B-horizons. Similar to the other pedotypes, the coarse grain size and presence of easily weatherable
minerals has led to the identification of these paleosols as paleo-Inceptisols (Mack et al., 1993; Retallack et al., 1993),
although the presence of nodules indicates greater pedogenesis that in the other paleo-Inceptisols.

Pedotype F grades from very fine sand in the C- and R- horizons to clayey silt in the B-horizon (Figure 4f and Table
1). Subangular and angular blocky peds were common with laminated relict bedding in the C-horizon. Similar in color to
Pedotype E, they are a deep red (hue 10R) in the center of the soil. However, the lower ~0.25m and upper ~0.25m of the
paleosols are often gleyed and exhibit a green-gray color (gley 1, pale green). The lack of pedogenic features has led us to
identify these as paleo-Inceptisols (Mack et al., 1993; Retallack et al., 1993).

Pedotype G is very similar to Pedotype F but is composed of wedge peds (Figure 4g and Table 1). The C- and R-
horizons grade from very fine sand to laminated silt. The B-horizon is composed of a clayey silt that is presumably rich in
smectitic clays given the presence of wedge peds. Slickensides were not readily observed, but the wedge peds are vertic

features, leading us to identify these soils as paleo-Vertisols (Mack et al., 1993; Retallack et al., 1993).

11
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3.2 Carbon isotopes and stratigraphy

EGUsphere\

3!3Cpom results from 375 samples and a five-point rolling average from the Wasatch to middle Green River Formations are
plotted below alongside a measured section from Nine Mile Canyon and the corresponding age data (Figure 5b). The
3!3Cpom averages -21.6%o and ranges from -18%o to -29.20%o with values between -18%o and -19%0 common between 300
and 500 m and 850 and 900 m. No data between 500-700 m and 720-830 m is due to lithologic changes (lacustrine deposits

and thick amalgamated channel sandstones) or covered section (Figures 2 and 5).
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Figure 5: a) Global stable carbon isotopes and interpreted hyperthermals from Westerhold et al. (2018). The yellow and blue
curves represent comparison to other Ocean Drilling Program cores, and the black curve is the curve described in the text and
used for comparison; b) Stable carbon isotope results and five-point rolling average plotted alongside the Nine Mile Canyon
measured section and age control. The Wasatch-Green River Formation contact is at approximately 395 m. Superscripts refer to
ISmith et al. (2010), 2Smith & Carroll (2015), 3Slawson et al. (2025b), and “Fouch et al. (1987). Chron ages were provided in Ogg
(2020); c¢) Simplified measured section detailing the common pedotypes throughout the stratigraphy.

3.3 Mean annual precipitation estimates

The mean annual precipitation estimates result from the three climofunctions, CIA-K, RF-MAP2.0, and PPM 1.0, are shown for

53 paleosols (Figure 6, Table S2) (Sheldon et al., 2002; (Lukens et al., 2019; Stinchcomb et al., 2016). Mean annual

precipitation (MAP) ranges between 300 and 1200 mm yr™', 300 to 1100 mm yr!, and 5 to 1300 mm yr! with average values
0f 595+ 51 mm yr', 441 = 30 mm yr'', and 414 £+ 66 mm yr"' for the CIA-K, RF-MAP-,, and PPM o models, respectively.

All three models indicate arid to sub-humid conditions throughout the Paleogene and show a brief increase in MAP at 115,

165, 300, and 425 m, but these increases are within proxy error, with the exception of the anomalously wet paleosol at 115
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m. No long-term trends were observed.

a) CIA-K b) RF-MAP 2.0
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c) PPM 1.0
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Figure 6: Mean annual precipitation estimates based on bulk soil geochemistry results from a) Chemical Index of Alteration minus
Potassium (CIA-K) (Sheldon et al., 2002), b) Random Forest Mean Annual Precipitation 2.0 (RF-MAP 2.0) (Lukens et al., 2019),
and c) Paleosol Paleoclimate Model 1.0 (PPM;.) (Stinchcomb et al., 2016). The associated root mean square predictive errors are
plotted as 299 mm yr'!, 209 mm yr, and 512 mm yr’\, respectively (Lukens et al., 2019; Stinchcomb et al., 2016).

3.4 Mass-balance geochemistry

3.4.1 Parent material identification

Unweathered parent materials of the paleosols range from laminated mudstones to very fine sandstones. In the Wasatch

Formation, one very fine sandstone and two mudstones were collected from 153.3 m, 44.7 m, and 352.5 m. In the Green

River Formation, similar grain size samples were collected from 441.5 m, 692.2 m, and 885.2 m. It was not possible to

collect and analyze every potential parent material, and therefore, these samples are used as representative parent materials

for paleosols in the mass-balance calculations.
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These calculations were performed to provide a more nuanced understanding of soil forming processes and improve
our interpretations of MAP proxy results. TiOz vs. ZrOa plots indicate both sandstones and mudstones are potential parent
materials (Figure 7). However, the unweathered mudstones tend to have higher values of Al and Fe oxides (between 6 and
14 wt %) than the paleosols (between 4 and 10 wt %), leading to mass-balance calculations indicative of extremely
weathered soils, which do not match our field observations (Tables 2 and S3). The very fine sandstones contain slightly more
ZrO2 by weight percent than the mudstones, suggesting a concentration of zircon minerals in the sand-sized fraction (Stiles et
al., 2003). These results suggest that the true parent material may be a mixture of mudstone and sandstone but based on this
evidence we conclude that the very fine sandstones are the best matching parent materials available.

TiOz is generally preferred as the immobile element for mass-balance geochemistry calculations because it is more
abundant than ZrO2 (wt % vs ppm), resulting in lower relative error (Driese et al., 2016). Therefore, TiO2 was chosen as the
immobile index element. The Wasatch Formation very fine sandstone at 153.3 m was chosen as the parent material for all
mass-balance calculations because the Green River Formation very fine sandstone at 441.5 m resulted mass-balance
enrichments of up to 600% that indicate an unrealistic amount of weathering for these paleosols based on our field
observations (Figure 7 and Table S3). Using a single parent material for more than 900 m of stratigraphy is not ideal;
however, thin section inspection of the sandstones indicates consistent mineralogy (Dickinson et al., 2012). The selection of
coarser parent material (very fine sandstone) in comparison to the paleosols (very fine sandstone to siltstone) may affect the
results of elements related to the translocation of clay, but clay-rich paleosols (Pedotype D) are rare and distributed evenly

throughout the section. Therefore, we do not expect these decisions to introduce any systematic biases into our calculations.

0.040 Paleosol 0.80
® Parent
0.035 0.75 °
0.030 O 070 ®
X X
0.65
% 0.025 %
,% 2 060
[ ]
0.020 @@ @ O
0.55
0.015 050
0.010 0.45 .
0.02 0.03 0.04 0.05 0.06 0.07 0.08 10 20 30 40 50 60
ZrO,[TiO, TiO3/Zro,

Figure 7: ZrO; vs. TiO; plots for the Wasatch and Green River Formation paleosols and potential parent materials. The chosen
parent material (very fine sandstone from the Wasatch Formation) used in the mass-balance calculations is circled in red. Ideally,
the best matching parent material should plot similarly, or be slightly lower, in the wt % of immobile elements compared to the

paleosol samples.
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3.4.2 Mass-balance results

EGUsphere\

The results of the mass-balance calculations are shown in Figure 8. A vertical line at zero indicates no gains or losses of an

element relative to the parent material. A horizontal line at 395 m marks the Wasatch-Green River Formation contact. We

grouped elements, which respond similarly to soil-forming processes, into three categories: 1) clay illuviation (Na:0, K20,

Al203, and SiOz; Figure 8a), 2) redox-sensitive elements (Fe2O03 and Cr203; Figure 8b), and 3) calcium carbonate formation

(MgO, CaO, and SrO; Figure 8c) (Ashley and Driese, 2000; Brantley et al., 2007). The redox-sensitive elements are helpful

for determining the paleohydrology and water table fluctuations. MgO can either be grouped with calcium carbonate

elements or clay elements in depositional systems with abundant Mg-rich smectite (Beverly et al., 2014); however, our

results indicate that MgO best tracks calcium carbonate formation.
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Figure 8: Mass-balance results with elements characteristic of a) clay illuviation (Na, K, Al, and Si) interpreted as precipitation

intensity, b) redox-sensitive elements (Fe and Cr) interpreted as precipitation intermittency, and c) carbonate translocation (Ca,

Sr, and Mg) interpreted as precipitation intermittency. The horizontal dashed line corresponds to the boundary between the

Wasatch and Green River Formations, and the vertical dashed line at zero indicates no gains or losses of a mobile element relative

to the parent material.

Figure 8a shows high clay illuviation, tracked primarily by K.O and Al>Os, throughout the Wasatch and Green

River Formations, particularly between 160 m and 350 m, near the end of the Wasatch Formation. The oxides tracking clay
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River Formation. NazO is weathered relatively quickly from soils (Sheldon et al., 2002) and thus, records consistent losses
throughout the study section that are increased during the NCIEs. Surprisingly, SiO2 shows no trend throughout the section
with consistent losses of around 25%.

Based on the extent of enrichment, the redox-responsive elements indicate oxidizing conditions throughout the
stratigraphy (Figure 8b). The paleosols are generally enriched in Fe2O3 and Cr20; throughout the entire section, with
enrichments of 100 to 200% Fe203 and >50% Cr20s. The trends in the redox-responsive elements are similar to the clay
accumulation, which increases up to 200% at 125 m and persists with enrichments of ~150% until the top of the Wasatch
Formation at 350 m. The redox-state of the paleosols around 700 m returns to values similar to values below 200 m (late
Paleocene) (Figures 5b and 8b). Carbonate translocation in the Wasatch and Green River paleosols consistently records
background losses of ~50% with larger losses up to 90% when redox-responsive and clay accumulation elements increase
(Figure 8c), namely 160 m and 300 m in the Wasatch Formation, and throughout the Green River Formation from 400 to 900

m.

4 Discussion
4.1 Pedotype relationship to climate

Previous research shows that soil formation in the floodplain deposits of fluvial fans may change down-fan as fan toes are
potentially closer to the water table (Plink-Bjorklund, 2021; Weissmann et al., 2013). This could result in misinterpretations
of paleosol morphology and geochemistry due to local hydrological conditions as climate rather than a function of their
position within the fan system (Ashley and Driese, 2000; Jenny, 1941). However, prior work shows no systematic
downstream increase in soil moisture in the Uinta Basin fluvial fans. Although paleosols tend to be more reduced adjacent to
channels and there are a greater proportion of floodplain deposits down-fan, no downstream changes in paleosol
morphology, such as more reduced paleosols, were observed (Golab, 2010; Slawson et al., 2025b; Wang and Plink-
Bjorklund, 2019). Based on this, we interpret the observed changes in paleosol geochemistry and morphology to be primarily

a function of climate.

The presence of red matrix colors indicates that the paleosols in Pedotype A were well to moderately well drained with
evapotranspiration outweighing precipitation (Kraus et al., 2013; Schwertmann, 1993; Vepraskas et al., 1993) and
precipitation seasonality due to presence of vertic structures. Modern Vertisols form in seasonally wet and dry soil moisture
conditions, leading to the shrinking and swelling of smectite clays that form slickensides (Scheffe et al., 2015). However, the
zones of blue-gray depletion indicate periodic water saturation and are interpreted as root traces, based on the downward-
tapering structure and tendency for depletion to occur adjacent to water-saturated rooting structures (Kraus and Hasiotis,
2006). Taken together, Pedotype A paleosols are paleo-Vertisols formed in oxidizing conditions with a seasonal change in

soil moisture.
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Pedotypes B and C have little evidence of pedogenesis beyond weak horizonation and ped structures. The red soil color
observed in Pedotypes B and C, and the carbonate nodules in Pedotype C, are indicative of oxidized, well drained conditions
(Schwertmann, 1993). Modern Inceptisols form in a variety of environments and climates across the globe today with minor
horizon development (Scheffe et al., 2015).

Despite a greater abundance of clay, soil characteristics of Pedotype D are not significantly more mature than the other
pedotypes. The higher proportion of clay reflects parent material rather than soil development. The gray-brown matrix colors
indicates of moderately drained conditions compared to Pedotypes A to C (Beverly et al., 2018; Kraus et al., 2013;
Vepraskas et al., 1993). The soil classification as a paleo-Inceptisol is not particularly informative for climatic interpretation
since they form across the globe today in a variety of environments with poorly developed soils (Scheffe et al., 2015).

The carbonate nodules and deep red color indicates that Pedotype E was well drained (Schwertmann, 1993) and
experienced primarily oxidizing condition, but the yellow-brown FeMn nodules found in these paleosols form due to
fluctuating soil moisture conditions (Kraus et al., 2013; Macedo and Bryant, 1989). Pedotype E is indicative of dry,
oxidizing conditions with perhaps higher amplitude fluctuations in the water table than Pedotypes A-D. Similar to the other
paleo-Inceptisol pedotypes, the soil classification does not enable further climatic interpretation based on modern analogues
due to its immature nature and presence across the globe today.

Pedotypes F and G are deep red, indicating generally well-drained, oxidizing conditions (Schwertmann, 1993), but differ
from the other pedotypes with gleyed horizons at the base and top of the paleosols. The gleying at the base of the paleosols is
interpreted to reflect groundwater processes (Duchaufour, 2012), but gleying at the top of the paleosols is likely due to
anoxic conditions during river channel reoccupation (Driese and Ober, 2005; Kraus, 1999), known as “pseudogley” to
distinguish it from water table saturation (Beverly et al., 2018). These paleosols are commonly found underneath channel or
crevasse-splay deposits where water flowing through the river would be expected to interact with the buried paleosols,
forming a reducing environment. We interpret the gleying of Pedotypes F and G to indicate a higher groundwater table
unique to the Green River Formation, as they were not observed in the Wasatch Formation. Pedotypes F and G are indicative
of oxidizing conditions with seasonal variations in soil moisture. This is especially true for the paleo-Vertisol, Pedotype G
(Scheffe et al., 2015).

Overall, Pedotypes A through G are relatively immature and contain features indicating dry, oxidizing conditions.
Slickensides, redoximorphic features, and FeMn nodules are indicative of seasonality and soil moisture fluctuations (Beverly

et al., 2018; Kraus, 1999; Schwertmann, 1993).

4.2 Hyperthermal identification

With the chronology and five-point rolling average, we identify 11 NCIEs potentially representing hyperthermals in this 900
m section (Figure 9b). We use the naming conventions and ages of hyperthermals from Westerhold et al. (2018). Although
hyperthermals are defined by paired negative carbon and oxygen isotope excursions of greater than one standard deviation in

marine sediments (Kirtland Turner et al., 2014), bulk organic carbon isotope records in terrestrial environments are highly
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variable (Baczynski et al., 2013). Therefore, we identify NCIEs based on the presence of prominent peaks of greater than or

equal to 1.5%o in the five-point rolling average and age compared to Westerhold et al. (2018).
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Figure 9: Summary figure containing all the paleoclimate data from this study. a) Measured section and geochronology from Nine
Mile Canyon with superscripts corresponding to the sources described in Figures 1 and 5. b) Stable carbon isotope results from the
Uinta Basin with a five-point rolling average. Hyperthermals denoted by gray shading. Data from this study is shown in blue and
data from lacustrine Green River Formation (Birgenheier et al., 2020) shown in yellow. c¢) Simplified stratigraphic section with
pedotype distribution. d) RF-MAP 2.0 mean annual precipitation results. e) Simplified summary of precipitation intermittency

and intensity interpreted based on the paleosol mass balance results.

We identify one late Paleocene hyperthermal during Chron 25n (Ogg, 2020). The B1 and B2 hyperthermals
occurred between 57.4 to 57.2 Ma (Figure 5a) and coincide with an excursion from -20.5%o to -22.5%0 and a maximum
negative value of -26.79%o (Figure 9b). We identify this excursion as either B1 or B2, or both hyperthermals. Our
geochronology does not allow us to differentiate between B1 and B2, which hereafter we refer to as B1/B2. B1/B2 are
followed by an unidentified NCIE immediately preceding the PETM. This excursion, hereafter referred to as “X1”, is
marked by a shift from -21.5%o to -23%o0 and a maximum negative value of -26.7%o. Due to chronological constraints, we

cannot determine which excursion this pre-PETM onset excursion corresponds to (Bowen et al., 2015).
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The PETM is identified near the base of C24r as a 4%o NCIE from background values of -21%o to -25%o (Figure 9b)
(Slawson et al., 2025b). Both ETM2 (H1) and H2 hyperthermals are identified at the end of C24r (Figure 9b). The ETM2
excursion of -23%o is muted in comparison to the PETM with a NCIE between 1%o and 2%o. Following ETM2, baseline
conditions return to -20.5%o. Similar to ETM2, H2 is marked by a muted NCIE of ~1.5%o. The next NCIE of ~2%eo is
identified as the I1 and/or 12 hyperthermals (hereafter 11/12), which we cannot differentiate with the current geochronology.

An unnamed NCIE, hereafter referred to as “X2,” is the first excursion identified within the Colton Tongue of the
Green River Formation (Figures 1 and 2). This excursion corresponds to a similar excursion in the Westerhold et al. (2018)
record with a similar magnitude as events 11/12, shifting from -20%o to -22%o (Figures 5a and 9b). In addition, the top of the
Colton Tongue contains the base of ETM3 (K) hyperthermal before transitioning into lacustrine facies in the Carbonate
Marker Unit. The ETM3 excursion in the Colton Tongue ranges from -21%o to -22.8%o with a maximum of -27.19%o;
however, the entirety of the hyperthermal may not captured be captured, due to a lithology change in the Carbonate Marker
Unit, which contains no paleosols for comparison.

Although we identify additional hyperthermals, we could not correlate them to named hyperthermals (e.g.
Westerhold et al., 2018) due the lack of age control in the middle section of the Green River Formation. The absolute ages
from the C marker and Mahogany Interval and the magnetostratigraphy in the Carbonate Marker Unit constrain the
hyperthermals to 52.54 to 49.58 Ma, but further age constraint is not possible. Our first unnamed hyperthermal in the Green
River Formation (X3) is marked by a dramatic NCIE of 3.5%o, from -24%o to -27.5%o (Figure 9b). However, the full
hyperthermal may not captured here because this section of the stratigraphy is dominated by channel sandstones that could
not be used for this analysis (Figure 9a).

No data is available between 725 and 850 m due to covered section and amalgamated channel sandstones without
paleosols. We identify two more NCIEs in the Green River Formation (X4 and X5) between 825 and 855 m and 880 and 8§90
m, respectively (Figure 9b). The X4 excursion reaches a maximum of -25%o from baseline values around -22.5%o, indicating
a 2.5%o excursion. The X5 excursion is similar, reaching a maximum of -24%o and representing a 3%o excursion. Overall,
through analysis of floodplain organic carbon isotopes, previously published geochronology data (Slawson et al., 2025b),
and comparison to marine carbon isotope curves, we identify 11 NCIEs in the Wasatch and Green River Formations

representing up to 11 hyperthermals.

4.3 Mean annual precipitation proxy comparison

All MAP proxies show similar trends when errors are considered. RF-MAP 2.0 is most sensitive to CaO, TiO2, and MgO,
and although CaO (wt %) differs between hyperthermal paleosols and baseline paleosols, TiOz2 and MgO do not (Table S3).
As aresult, MAP changes are more muted than other proxies. In contrast, CIA-K, which is dependent on changes in wt %
Na2O and CaO (Sheldon et al., 2002), shows greater losses of CaO and NaxO during hyperthermals than baseline paleosols
(Figure 8 and Table S3). Although PPM o uses the same oxides (with the addition of Zr) as RF-MAP 2.0, PPM, it is more
dependent on Na>O, K20, Fe203, and TiO2 than RF-MAP 2.0 (Lukens et al., 2019; Stinchcomb et al., 2016). PPM1.,0 does not
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estimate a large increase in MAP for the paleosol near 115 m because it is not as dependent on CaO as RF-MAP 2.0 and
CIA-K (Table S3). Because RF-MAP 2.0 is the most recent model with a larger database of modern soils and produces
results with the lowest RMSPE, the remainder of our discussion uses reconstructed values from RF-MAP 2.0, although all

values are available in Table S2.

4.4 Mass-balance interpretations

Overall, the paleosol morphology, such as red coloration and carbonate nodules (Figure 4), and MAP reconstruction for the
early Paleogene indicate an arid to semiarid environment (441 £+ 30 mm yr™!) (Figure 9¢ and 9d), which is supported by the
mass-balance geochemistry. The losses of CaO, SrO, and MgO in the paleosols are also indicative of an arid environment
with fluctuating water tables (Ashley and Driese, 2000; Beverly et al., 2018). Dry and warm conditions, would be expected
to lead to a lower and/or seasonally fluctuating water table, commonly associated with carbonate leaching and
reprecipitation. In dry conditions, the leached carbonates rapidly become supersaturated in solution and reprecipitate as
carbonate nodules (Breecker et al., 2009; Wieder & Yaalon, 1982). The accumulation of up to 200% more redox-sensitive
elements relative to the parent material during the early Paleogene is also indicative of oxidizing and dry conditions.

Arid conditions also lead to a lower and/or more highly fluctuating water table, causing the decreased mobility and
leaching of redox-sensitive elements under oxidizing conditions (Beverly et al., 2014, 2018). There are slight increases in the
redox-sensitive elements during 8 of 11 hyperthermals except for 11/12, H2, and ETM2 (Figure 9f). This increase indicates
more oxidizing conditions, which we interpret to be a function of shorter wet seasons and/or greater evaporation rates in the
absence of MAP change, during these extreme warming events.

The average loss of ~35% SiO:z throughout the section is surprising, given the immobility of Si in soils except in
very wet or low pH conditions (Stinchcomb et al., 2016; White et al., 2008). The loss of SiO2 and Na:O indicates the
breakdown of sodium-bearing feldspars like albite (White et al., 2008). Although dissolved Si tends to be reincorporated into
clay minerals (Chamley, 1989), moderate losses may track transport out of the system in solution (Stinchcomb et al., 2016).
Furthermore, the illuviation of clay minerals could explain the loss of SiO2 and Na2O via hydrolysis of feldspars like
plagioclase, while Al203 and KO results track increased clay illuviation via physical weathering. This discrepancy between
elemental translocation of Si and Na versus Al and K could be further resolved by more detailed studies of the clay
mineralogy and petrography of the paleosols in future work.

Soil geochemistry is also sensitive to changes in parent material and time forming on the landscape; however
neither of these variables were observed to change throughout the section (e.g. (Slawson et al., 2025b). Temperature likely
increased chemical weathering and evaporation rates (Gibson et al., 2000; Tateo, 2020), but cannot account for the high rates
of clay illuviation. Instead, increased clay illuviation was likely driven by increased intensity of extreme precipitation events
capable of enhanced erosion and infiltration of clay particles into the soil column (Ji et al., 2023; Slawson et al., 2025b). In
addition, evidence of fluctuating redoximorphic conditions and increased loss of carbonates, indicating a seasonally variable

water table, support our interpretation of less frequent, more intense extreme precipitation events with an overall constant
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MAP. This interpretation is supported by the prevalence of upper flow regime structures indicative of flash flood events
throughout the sandstones of the Wasatch and Green River Formations (Birgenheier et al., 2020; Gall et al., 2017; Plink-
Bjorklund et al., 2014; Wang and Plink-Bjorklund, 2020). Previous work on ichnofossils of the Wasatch and Green River
Formations report traces of ant nests, indicating seasonally low water tables, and Steinichnus ichnofacies, indicating high
water tables, suggesting seasonal soil moisture extremes (Golab, 2010; Hasiotis, 2002). Other mid-latitude paleoclimate
reconstructions at this time also document sedimentary evidence, such as upper flow regime structures, of high precipitation
intensity and intermittency (Foreman et al., 2012, 2024; Schmitz and Pujalte, 2007; Slawson et al., 2025a; Zellman et al.,
2020).

4.5 Precipitation change through the early Paleogene

High rates of clay illuviation, oxidizing conditions, and loss of carbonates prior to the PETM (Figure 9e-9g) are indicative of
high precipitation intensity and intermittency prior to the PETM onset. High intensity precipitation has been invoked to as a
consequence of the PETM in the Uinta and other mid-latitude basins (Foreman, 2014; Schmitz and Pujalte, 2007; Slawson et
al., 2025b), but the length of this record allows us to make the observation that precipitation was already prone to high
intensity and intermittency prior to the PETM. Rather than indicating a “state change” where mean annual precipitation
decreased or shifted from more perennial to intermittent and intense at the PETM, we suggest the PETM represents an
intensification of trends already present. This is further supported by the redox conditions, which were high throughout the
late Paleocene with little response to the B1/B2 hyperthermals or the X1 NCIE (Figure 9f). However, redox conditions
became even more oxidizing during the PETM, indicating that the water table was low but fluctuating enough to dissolve
carbonates (Figure 9f and 9g).

Further describing pre-PETM precipitation results, due to the lack of an association with a NCIE in our record, the
anomalously wet paleosol at 115 m may be an erroneous result. Such a rapid increase and decrease in MAP with no onset or
offset is unusual as the NCIE record shows these excursions occurred over several paleosols; however, we cannot rule out
that the result is at least in part related to MAP increase. This paleosol was exposed beneath a large, amalgamated channel
sandstone complex. Water flowing through the overlying channel could have resulted in weathering the paleosol out of
equilibrium with climate (Stinchcomb et al., 2016). Alternatively, the paleosol could have been exposed at the surface for an
anomalously long period of time due to a pause in deposition, which could also lead to disequilibrium with climate
(Stinchcomb et al., 2016). Because the paleosol does not show pseudogleying at the top, the second hypothesis is the more
likely of the two. This abrupt change in MAP roughly lines up with unnamed NCIEs prior to Chron C25n in Westerhold et
al. (2018) (Figure 5a); however, this NCIE is not identified in our §'3Corg results (Figure 9b).

Of the overlying hyperthermals, only ETM2 and X2 indicate slightly higher MAP, but all are within error (Figure
9d). Post-PETM section, from 205-275 m, indicates a similar MAP to the PETM, ~400 mm yr™!, and persistently high clay
illuviation and redoximorphy, suggesting high intensity precipitation and shorter wet seasons (Figure 9d,e,f). In contrast, the

carbonate translocation values returned to pre-PETM conditions at 220 m. Post-PETM, the fluvial stratigraphy indicates
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intense, intermittent precipitation (upper flow regime structures and amalgamated channel sandstones), continued for another
70 m after the PETM recovery (Figure 9a) (Slawson et al., 2025b). The onset of less amalgamated channel sandstones and
lower clay illuviation and redoximorphy, indicating lower precipitation intermittency and intensity, correspond to the ETM2
recovery at 330 m (Figure 9a). The persistence of highly intermittent and intense precipitation despite a decrease in
temperatures between the PETM and ETM2, at least on a global scale, highlight the presence of inertia and non-linearities in
the Earth system, likely related to persistent change in precipitation systems due to the extreme warmth of the PETM
(Piedrahita et al., 2024; Slawson et al., 2025b).

ETM2 was followed by a thin interval of fluvial deposits before the onset of H2 and 11/12 (Figure 9a). The mass-
balance and MAP values for H2 through ETM3 return to values in the late Paleocene, indicating a weaker response to
warming than during the PETM and ETM2. Sea surface temperatures varied drastically on a global scale in their response to
the early Paleogene hyperthermals (Lauretano et al., 2015; Westerhold et al., 2018). However, terrestrial temperature change
during hyperthermals other than PETM is poorly resolved and currently only available from the Bighorn Basin (Snell et al.,
2013). It is possible that the response to hyperthermal events was not uniform in western North America and that smaller
temperature responses during hyperthermal events other than the PETM generate a smaller precipitation and weathering
response.

The X3 through X5 NCIEs in the middle Green River Formation exhibit similar mass-balance and MAP results to
the PETM and ETM2 (Figure 9d-9g). We interpret X3 to X5 to have static MAP but increased temperatures and
precipitation intensity and intermittency due to observed mass balance changes in clay illuviation, redoximorphy, and
carbonate translocation, and the abundance of upper flow regime sedimentary structures.

Higher intensity precipitation is expected to increase sediment transport and thus fluvial fan progradation (Carraro
et al., 2023; Foreman, 2014; Pujalte et al., 2022; Zellman et al., 2023). Previous work proposed that fluvial deposition in the
Uinta basin correlates with hyperthermals (Birgenheier et al., 2020), and lacustrine deposition correlates with non-
hyperthermal periods in the Green River Formation (Birgenheier et al., 2020; Melstrom and Birgenheier, 2021). Our record
supports this interpretation in some cases, as the middle Green River fluvial deposits are marked by the X3 through X5
excursions (Figure 9a and 9b). However, ETM3 was not associated with increased precipitation intensity in this record and
appears to have started just prior to deposition of the lacustrine Carbonate Marker Unit (Figure 9b), suggesting that the
responses of both the depositional systems and precipitation to warming may not be linear (Carmichael et al., 2018; Foreman
et al., 2012; Piedrahita et al., 2024; Slawson et al., 2025b, a). Furthermore, the lack of samples from the lacustrine units
results in a sampling bias towards the fluvial portions of the system; samples could not be collected from the lacustrine units
to reliably identify hyperthermals due to internal carbon cycling in lacustrine systems (Bowen et al., 2008).

In conclusion, this record contributes to the small but increasing number of basins that record the terrestrial
response to the lower magnitude Eocene hyperthermals (Abels et al., 2016; Chen et al., 2014; Honegger et al., 2020; Hyland
et al., 2013), indicating the potential for fluvial environments to record high-resolution paleoclimate changes. Contrary to

other Laramide Basins (Abels et al., 2016; Hyland et al., 2017; Kraus et al., 2013), the early Paleogene hyperthermals did not
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result in significant changes in MAP in the Uinta Basin. However, the hyperthermals, especially the PETM and ETM2,
coincide with increases in precipitation intensity and a shorter wet season (Figure 9). These changes in precipitation intensity
and intermittency persisted from the PETM through the ETM2, but were not as pronounced during some of the lower
magnitude hyperthermals such as H2 and 11/12, suggesting non-linearity and highly spatially dependent response of the Earth
system to these global warming events (Honegger et al., 2020; Piedrahita et al., 2024). These complexities highlight the need
for more spatially and temporally continuous multi-proxy datasets to more fully understand the effects of hyperthermals on

precipitation.

4.6 Unnamed negative carbon isotope excursions

In an attempt to identify the X3-X5 events in the absence of high-resolution age model, the sedimentation rate between the
bottom of Chrons C23r and C22n (Figure 9b), identified based on an absolute age date (Smith & Carroll, 2015), was
calculated. We did not attempt to identify X1 and X2 in the same manner due to the lack of global, named NCIEs in these
sections (e.g. Westerhold et al., 2018). While the current age controls do not support the assumption of a linear
sedimentation rate (Figure 9a and 9b), this calculation is done simply as a rough estimate. Deposition of approximately 400
m between 52.54 and 49.58 Ma results in a sedimentation rate of 135 m/My. Accordingly, X3, X4, and X5 began around
51.49 Ma, 50.44 Ma, and 50.07 Ma, and each lasted approximately 150,000 Ky. Based on the dates provided in Westerhold
et al. (2018), this age model suggests that X3 corresponds to the N hyperthermal, X4 to the S hyperthermal, and X5 to a pre-
U NCIE (Figure 5a and 5b).

We compare our results to the stable carbon isotope record based on bulk organic matter from Birgenheier et al.
(2020), also collected in Nine Mile Canyon, plotted in yellow in Figure 9b using a five-point rolling average. The record
from Birgenheier et al. (2020) fills in some of the gaps from 500-700 m and 720-830 m (Figure 9b). The records show strong
agreement through the H1 excursion near 320 m (Figure 9b). However, the Birgenheier et al. (2020) record alone would not
result in the identification of H2, X4, or X5, and the I1/12 hyperthermal is marked by a broader peak continuing higher in the
stratigraphy. This may be due to the lower sample resolution, reworking of old carbon via sediment transport processes, or
microbial activity that can differ from one site to another (Baczynski et al., 2013). Furthermore, there is a systematic shift to
the right, towards isotopically heavier values, in our record compared to Birgenheier et al. (2020). This systematic shift is
likely a result of the corrections that were made to our values based on the results of in-house standards run at the same time

and does not impact the identification of hyperthermals.

4.7 Regional comparison of carbon isotope excursions and precipitation
4.7.1 Negative carbon isotope excursions

The 3'*Cgom record presented here indicates that this method can be used to identify lower magnitude hyperthermals in

fluvial environments. However, it also emphasizes the importance of a high-resolution age model given the often noisy and
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muted signal (Figure 9b). This is particularly the case for the ETM2, H2, and 11/12 hyperthermals where the NCIEs are not
nearly as negative as the other hyperthermals and there is little if any return to baseline values between the excursions
(Figure 9b). The noisiness and muted response of the record is likely a function of local factors like vegetation change,
microbial activity, or reworking of old carbon (Arens et al., 2000; Foreman et al., 2024; Kohn, 2010). Floodplain deposition
is also inherently dynamic as a function of river position and flood frequency, where some sections are likely to not record
the entirety of the hyperthermals, contributing to the lack of a return to baseline values, a muted isotope record, or simply
missing peak excursion values.

Other records of early Paleogene hyperthermals in similar sedimentary basins commonly rely on the carbon isotope
values of carbonate nodules instead of bulk organic matter to avoid the problems of reworked carbon (e.g. Abels et al., 2016;
Bowen & Bowen, 2008; Hyland et al., 2013; Schmitz & Pujalte, 2007). Although pedogenic carbonate nodules are preferred
to study carbon cycling (Abels et al., 2016; Honegger et al., 2020), they are not found in every paleosol in the Uinta Basin,
limiting their utility.

One trend identified in this organic carbon isotope record and nearly ubiquitous in similar terrestrial and marine
records is the long term shift to more negative carbon isotope values in the peak of the EECO (53.26-49.14 Ma) (Figure 9b)
(Lauretano et al., 2018; Westerhold et al., 2018). This signal is not present in our record from the 11/12 through ETM3
hyperthermals, but we find the most negative 8'*Csom values (down to -29.20%o) in the ETM3 through S excursions (Figure
9b).

4.7.2 Regional hydroclimatic response to hyperthermals

The suggested changes in mean annual precipitation during the PETM and subsequent Eocene hyperthermals in other
Laramide basins are varied and incomplete with some records indicating slight drying (Bataille et al., 2019; Kraus et al.,
2013; Zellman et al., 2020, 2023), wetting (Foreman et al., 2012), or no response (Abels et al., 2016; Wilf, 2000). Many of
the recorded MAP increases or decreases are within the reported errors of the proxy models, indicating that the lack of a
change in MAP in our record may not be anomalous. The most robust response of hydroclimate in the mid-latitudes to the
early Paleogene hyperthermals is an increase in the intensity of precipitation (Foreman, 2014; Foreman et al., 2012, 2024;
Payros et al., 2022; Pujalte et al., 2015), which our results support for the PETM, ETM2, and some of the other lower
magnitude Eocene NCIEs.

In a warming climate, precipitation extremes are driven by both the thermodynamic response (Held and Soden,
2006) and the dynamical response that is often altered over land, potentially resulting in super-Clausius-Clapeyron scaling
(Bao et al., 2017; Byrne and O’Gorman, 2015; Carmichael et al., 2018; Lenderink et al., 2017; Slawson et al., 2025a). This
dynamical response may be non-linear in these sustained, extremely warm Paleogene climates, resulting in prolonged
hydroclimate change locally to regionally despite a decrease in temperature globally (Slawson et al., 2025b, a). This record,
particularly changes during the PETM and ETM2, support this hypothesis given the persistence of increased precipitation

intensity and intermittency evidenced by 1) increased accumulation of redox-sensitive elements and clay illuviation (Figure
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9e and 9f), and 2) abundance of upper flow regime sedimentary structures throughout the stratigraphy (Birgenheier et al.,
2020; Melstrom and Birgenheier, 2021; Plink-Bjorklund et al., 2014). However, this interpretation is complicated by a lack
of proxies that can quantitatively measure precipitation intensity and seasonality. The continued expansion of high-resolution
records in terrestrial environments is paramount for further testing this hypothesis.

The currently limited record of precipitation change during the early Paleogene hyperthermals records indicate
wetting in more northern Laramide basins (Abels et al., 2016; Hyland et al., 2013) and aridification, potentially related more
to changing precipitation extremes and seasonality than MAP, in southern basins (Bowen and Bowen, 2008; Kelson et al.,
2018; Zellman et al., 2020). This pattern may indicate a poleward shift in global circulation, and the subtropical jet and storm

tracks, similarly predicted for future climate (Reichler, 2016; Tierney et al., 2022; Zhang et al., 2024).

4.8 Paleoclimate model comparison

To test the paleoclimate model community’s understanding on these extremely warm climates, we compare our proxy record
to the DeepMIP ensemble results using the newly available web-based application, which converts modern latitude and
longitude to the paleo-location (Table 2 and S4) (Steinig et al., 2024). A latitude-longitude of 39.8, -110.3 was used as the
modern location of Nine Mile Canyon, where our samples were collected (Figure 1). COz estimates for this time period have
considerable uncertainty (Lunt et al., 2017; The Cenozoic CO Proxy Integration Project (CenCOPIP) Consortium*7 et al.,
2023; Wang et al., 2020). We use the parameters provided in Lunt et al. (2017) to select CO2 concentrations representative of
the late Paleocene, PETM, post-PETM, and EECO (Table 2 and S4). For the late Paleocene and post-PETM, the 3x CO2
concentration (840 ppm) was used. For the PETM and EECO, the 6xCOz concentration (1680 ppm) was used. We also
calculated the monsoon precipitation index (MPI) (Wang & Ding, 2008) to estimate the model ensemble’s precipitation
variability for comparison to the seasonal nature of precipitation revealed in this proxy record and others (Birgenheier et al.,
2020; Carraro et al., 2023; Melstrom & Birgenheier, 2021; Wang & Plink-Bjorklund, 2019). The high precipitation
intermittency and intensity in this record is supported by regional climate modeling that shows the Uinta basin was arid (0-
360 mm yr!) and received most of the annual precipitation from a summer monsoon (Sewall and Sloan, 2006).

The formula for MPI is,
MPI = (summer precipitation — winter precipitation) - annual precipitation 2)
where MPI > 0.5 and a summer-wet and winter-dry hydroclimate indicates monsoon-derived moisture sources and a
seasonally variable hydroclimate. The precipitation estimates provided by the DeepMIP web application are in mm day™! and
we calculated MAP by multiplying by 365. The standard deviations of the model precipitation estimates were calculated
based on the individual model outputs (Steinig et al., 2024). Following Wang and Ding (2008), we computed the annual
range of precipitation by summing the summer (MJJAS) and winter (NDJFM) precipitation and calculating the difference
(Table S4).
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Table 2. Atmospheric CO; concentrations and the correspondingly selected DeepMIP model ensemble results from Steinig et al.
(2024). The monsoon precipitation index (MPI) was calculated using the formula from Wang and Ding (2008) to estimate

precipitation variability.

Time periods Model Model Model MAP £ Proxy MAP+  Model summer Model winter MPI
CO; SD (mm yr') = SE (mm yr?) precipitation precipitation
(ppm) (mm) (mm)
Late Paleocene, 840 (3x ensemble 803+175 441+30 564 132 0.54
Post-PETM CO») mean
PETM, EECO 1680 (6x ensemble 9494214 441+30 669 129 0.56
COy) mean

Our analysis shows a poor agreement between the DeepMIP MAP and this proxy record even after accounting for
the RMSPE of RF-MAP 2.0 (209 mm yr™) (Table 2). Modeled MAP is >350 mm yr! higher than proxy reconstructed
MAP during the Paleocene and post-PETM and >500 mm yr™! higher during the PETM and EECO (Table 2). MPI ranges
from 0.5 to 0.6 regardless of the COz concentration, indicating moderate precipitation variability (Table 2). If the Sewall and
Sloan (2003) regional model and our proxy-based interpretations are correct, MPI should be closer to 1.0 because of the
proxy evidence for extreme wet and dry seasons (Birgenheier et al., 2020; Melstrom and Birgenheier, 2021; Plink-Bjorklund
et al., 2014). Although the DeepMIP model overestimates MAP, the model results indicate a summer-wet climate for all of
the selected time periods, suggesting monsoon-derived precipitation (Table S4).

Global climate models are run at a coarse resolution, and thus have difficulty realistically representing precipitation
in complex terrain (Rahimi et al., 2024; Rummukainen, 2010), such as the Rocky Mountain West. In addition, global climate
models struggle to simulate extreme precipitation events (Birgenheier et al., 2020; Foreman et al., 2012, 2024; Rahimi et al.,
2024; Rummukainen, 2010). Updated regional climate models in the Rocky Mountain West run during the early Paleogene
hyperthermals would be beneficial for further understanding the drivers of spatial shifts in precipitation, changes in
precipitation intensity and seasonality, and future precipitation change in this region. Importantly, climate models need to be
tested with the paleoclimate data from the mid-latitudes to understand the discrepancies between their results and the proxy
estimated MAP and seasonal precipitation. Additional data is needed on boundary conditions to accurately represent these

extreme climates both in the past and future.

5 Conclusions

Using bulk stable carbon isotope methods, we identify 11 hyperthermals from the late Paleocene and early Eocene in the
Uinta Basin using NCIEs from floodplain bulk organic matter. Paleosol major element geochemistry and changes in fluvial
sedimentology indicate a decoupling of extreme precipitation from MAP during hyperthermals in the Uinta Basin. Our
paleosol-based proxy record suggests that MAP remained constant at 441 + 30 mm yr'!, but both temperature and

precipitation intensity increased, leading to shorter wet seasons and changes in soil formation, especially during the PETM
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and ETM2. This was reflected by consistent MAP estimates and mass-balance geochemistry changes related to weathering
process such as clay illuviation, accumulation of redox-sensitive elements, and carbonate translocation. Comparison of our
proxy record to the DeepMIP model ensemble indicates MAP 400 to 500 mm yr! higher than our proxy reconstructions. In
addition, sedimentary structures identified in the Uinta Basin indicate much greater seasonality of precipitation, both in

intensity and intermittency than identified in the DeepMIP model - both of which require future investigation.
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