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ARTICLE INFO ABSTRACT

Editor: A Dickson The Paleocene-Eocene Thermal Maximum (PETM) global warming event at ~56 million years before present
changed catchment weathering and erosion. Increased chemical weathering of silicate minerals is thought to be
an important process removing COy from the atmosphere. However, changes in clay mineralogy can often be
explained by enhanced erosion of catchment laterites during the event. Here, we investigate chemical and
physical weathering and erosive flux changes through the PETM interval in the Bighorn Basin, Wyoming, a
Laramide foreland basin, in a proximal continental-interior alluvial setting. These show an increase of detrital
smectite with a lag time of 20-kyr after the main onset the PETM. The smectite increase continued for at least 50-
kyr after the event. In-situ, post-depositional pedogenic clay mineral formation is similar between pre-PETM and
PETM soil profiles, despite large macroscopic differences between soils that formed before and during the event.
Drier, hotter summers during the PETM probably caused decreased vegetation cover that, in concert with more
frequent and heavier rainstorms, intensified the erosion of smectite-rich Cretaceous bentonites on the margins of
the catchment, which exceeded changes in chemical weathering within the catchment. The lagged response in
reaching full PETM clay mineral values can be explained by the time required for upstream sediment to reach the
catchment basin floodplain. The prolonged nature of smectite enhancement after the PETM event may again
relate to signal propagation times that are now even longer due to lower fluvial recycling rates. Our results
indicate that chemical weathering changes were probably superceded by enhanced physical weathering and clay-
mineral transport from basin margins at this continental-interior study site.
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1. Introduction

In a series of transient hyperthermal events in the Cenozoic Era, the
Paleocene-Eocene Thermal Maximum (PETM; ca. 56 Ma) and Eocene
Thermal Maximum 2 (ETM2; ca. 53.5 Ma) have been considered to be
the prominent warming events (Kennett and Stott, 1991; Zachos et al.,
2001; Lourens et al., 2005; Zeebe et al., 2016), The PETM was docu-
mented both in marine and terrestrial archives with distinct carbon
isotope excursion (CIE) by —3%o and — 7%o (Kennett and Stott, 1991;

Koch et al., 1992; McInerney and Wing, 2011), respectively, and with
the total duration spanning ~94 kyr to ~231 kyr (Giusberti et al., 2007;
Rohl et al., 2007; Murphy et al., 2010; Zeebe and Lourens, 2019; Van der
Meulen et al., 2020). During the PETM, an estimated 2000-12,000 Gt
13C.depleted carbon was rapidly pumped into the ocean-atmosphere
system (Giusberti et al., 2007; McInerney and Wing, 2011; Gutjahr
et al., 2017). As a consequence, the global mean temperature dramati-
cally increased by ~5 to 8 °C, accompanied by mass extinction of marine
organisms, ocean acidification, turnover of flora and fauna, and
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dwarfing of mammal taxa (Kennett and Stott, 1991; Clyde and Ginger-
ich, 1998; Gingerich, 2003; Wing et al., 2005; Zachos et al., 2005;
Bralower et al.,, 2018; Inglis et al., 2020). The PETM, as a global
warming caused by greenhouse gases, parallels ongoing anthropogenic
warming. Hence, despite occurring at times of different climate and
geographic backgrounds, the PETM is generally considered the best
geological analogue to understand climate change and earth system
response to rapid, large emissions of CO,.

The mechanism of carbon removal during the PETM is the key to
better understand how the earth recovered from the high CO5 concen-
tration in the atmosphere-ocean system. Chemical weathering of silicate
minerals was thought to be one of the vital negative feedback mecha-
nisms to sequester atmospheric CO,, apart from the regrowth of organic
carbon stocks (Bowen and Zachos, 2010), enhancement of primary
production (Ma et al., 2014), and carbonate dissolution and subsequent
limestone deposition (Penman et al., 2016). Clay minerals as chemical
weathering products of silicates have widely been used as an index for
global warming and enhanced chemical weathering. In some marine and
coastal sediments, the increased proportion of kaolinites and indices of
clay assemblage coeval with the CIE have been interpreted as intensified
chemical weathering, such as sedimentary records from the Antarctica
(Robert and Kennett, 1994), the North Atlantic (Gibson et al., 1993,
2000; Zachos et al., 2006), the Tethys (Bolle and Adatte, 2001), and the
Arctic Ocean (Dypvik et al., 2011). However, this point of view has been
challenged as evidence points to simultaneous increases of terrestrial
sediment input coeval with the increase of kaolinite during the PETM
(Sluijs et al., 2008; Zacke et al., 2009; Soliman et al., 2011). Alterna-
tively, these findings have been attributed to intensified physical
weathering (John et al., 2012; McInerney and Wing, 2011), as observed
higher seasonal precipitation and greater surface runoff increase sup-
plies of terrigenous sediments from adjacent landmasses during the
PETM (Soliman et al., 2011; Handley et al., 2012). Other weathering-
sensitive proxies such as Li, Os, and Si isotope records, have been
documented for marine and coastal sediments. The Os and Li isotope
records documented an enhanced weathering and erosion (Wieczorek
et al., 2013; Pogge von Strandmann et al., 2021), while the Si isotope
record revealed a low intensity of continental chemical alteration (Rad
et al., 2009). Identifying chemical weathering over physical weathering
plays a vital role on understanding the mechanisms the carbon removal,
as the chemical weathering is considered to increase the uptake of car-
bon from the atmosphere, while the physical weathering controls the
organic carbon burial. Such evidence of continental weathering is still
lacking, thus impeding the evaluation of the efficiency of carbon
removal by chemical weathering.

The Bighorn Basin is a remote intermontane basin filled by alluvial
sediments spanning the Paleocene to Eocene (Kraus et al., 2015; Abels
et al., 2016) and providing a good opportunity to study the effect of
hyperthermal on continental weathering during the PETM. The PETM in
the series is depicted by strong changes in paleosol development in
PETM outcrops throughout the Bighorn Basin (Kraus et al., 2015). PETM
paleosoils are thicker, show more pedogenic features, are more often red
and purple coloured, and contain more pedogenic carbonate. The PETM
is very well constrained in the floodplain stratigraphy by carbon isotope
records of pedogenic carbonate (Koch et al., 1992; Bowen et al., 2001;
Van der Meulen et al., 2020). In this paper, we report on new high-
resolution clay mineralogical and grain-size records from the Polecat
Bench section in the northern Bighorn Basin spanning the Paleocene-
Eocene Thermal Maximum. We evaluate the clay mineral changes in
view of grain-size sorting, in situ soil formation, and detrital influx in
these floodplain deposits based on the developed methodology of Wang
et al. (2017). The analysis offers the unique opportunity to ascribe
changes to physical weathering and/or chemical weathering during the
PETM and place these findings in a global paleoenvironmental and pa-
leoclimatic perspective.
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2. Geological setting

The Bighorn Basin, in northern Wyoming, was a foreland basin that
has experienced a series of tectonic activities in Mesozoic to early
Cenozoic times (Fanshawe, 1971). The basin was the part of the
Cordilleran foreland Basin during the Late Jurassic time, which was
subsequently partitioned as structural basin because of the Laramide
orogeny during the Late Cretaceous—early Eocene (Fan and Carrapa,
2014). The increased rock uplift rates during the late Paleocene—early
Eocene enhanced the intermontane basin subsidence in the region, such
as in the Bighorn Basin (Omar et al., 1994; Fan and Carrapa, 2014).

The current Bighorn Basin is bounded by the Bighorn Mountains in
the east, Owl Creek Mountains in the south, and the Beartooth and
Absaroka Mountains in the west, respectively (Fig. 1). In response to the
uplift, Cenozoic detritus grade from fan conglomerates at the basin
margins into channel and floodplain sandstones and mudstones in the
basin center. In the basin axis, the paleocurrent directions point north-
ward (Neasham and Vondra, 1972; Welch et al., 2022; Wang et al.,
2022a). Provenance studies have demonstrated that the source rocks
were granites, granite-gneiss, sandstones, shales, red siltstones, car-
bonates (dolomites and limestones) and evaporates (Neasham and
Vondra, 1972). These rock assemblages are similar to the exposed rocks
proximal to the Beartooth Mountains (Fig. 1, Thomas, 1965; Omar et al.,
1994; Welch et al., 2022).

The Bighorn Basin captures one of the most complete terrestrial
stratigraphic records across the Paleocene-Eocene boundary straddling
the transition from the grey-bedded Fort Union Formation to red-bedded
Willwood Formation (Kraus and Gwinn, 1997). The Fort Union For-
mation is widely distributed in the Bighorn Basin and mainly comprises
fluvial sandstones, drab mudstones, grey and green-grey paleosols,
carbonates, and occasional lignites (e.g., Kraus, 1998). The Willwood
Formation is dominated by fluvial deposits characterized by red, purple,
and yellow-brown paleosols, and heterolithic sandy deposits with
weakly pedogenic development, and mudstones with strong pedogenic
development, and channel and sheet sandstones (Kraus and Gwinn,
1997).

The Polecat Bench (PCB) section crops out below a Pleistocene river
terrace in the northern of the Bighorn basin. It is the first location that
recorded the carbon isotope excursion (CIE) of the Paleocene-Eocene
Thermal Maximum on land (Koch et al., 1992). The measured portion
of the PCB section (GPS: 43°15'30.4”N, 108°43'35.2”W) is ~140 m thick
and is composed of the uppermost Fort Union Formation and the lower
Willwood Formation across the Paleocene-Eocene boundary (Fig. 1).
Several studies have documented the PETM in the section using bulk
sediment organic and pedogenic carbonate isotopes (Magioncalda et al.,
2004; Bowen et al., 2001). The section studied here is described in detail
by Van der Meulen et al. (2020) who produced a high-resolution carbon
isotope stratigraphy using pedogenic carbonate nodules. A pronounced
513C shift from —10 %o to —14 %o at the ~65 m stratigraphic level that
marks the main PETM onset. In the main body, 8'3C remain light while
gradually increasing until at the ~100 m stratigraphic level where 5'3C
values rapidly increased, marking the start of the PETM recovery phase.
Between the step and the 120 m lever the full recovery occurs (Van der
Meulen et al., 2020).

3. Sampling and methods

A series of trenches were excavated at a depth of 25-100 cm and a
width of 50-100 cm along the terrain to yield a continuous floodplain
section and exclude samples influenced by present-day weathering.
Trenches were located in the field to avoid major channel sand bodies
and compile a composite where the terrain allows access and outcrop.
Samples were collected from the PCB section at 0.25 m spacing
measured using a Jacob's Staff. Field descriptions were in accordance
with the study of Abels et al. (2013) and follow Van der Meulen et al.
(2020).
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Fig. 1. (A) Location of the Bighorn Basin in northern Wyoming; (B) Simplified geological map of the Bighorn Basin and location of the Palecat Bench area, modified
from Fan and Carrapa (2014); (C) Satellite image map showing the location of Palecat Bench (PCB) section in the Bighorn Basin from the Google Earth.
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3.1. Grain size analysis

A total of 160 samples were selected with an interval of 1 m to
perform grain size in the sedimentological laboratory, Vrije Universiteit
(VU), Amsterdam, Netherlands. Five grams of sample material was used
for analyses before carbonate and organic matter were removed by 10
mL 30% Hy05 and 10 mL 10% HCl respectively, prior to the analysis. All
samples were treated with Na4P207-10H20 and an ultrasonic transducer
for 5 min to further disperse grains. Grain size statistics were gathered
using a Sympatec HELOS/KR laser-diffraction particle size measurer
with advanced wet disperser QUIXEL. The results of grain size distri-
butions were divided into 57 sections, ranging from 0.1 to 2000 pm.
Information of median (Dsp) and mean grain size, standard deviation,
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skewness, kurtosis, and percentages of clay, silt, and sand were calcu-
lated automatically. All particles <8 pm were determined to be clays.
The silts domain falls within the 8-63 pm interval, and sands fall within
the 63-2000 pm interval. In order to reflect the competence and infor-
mation of the hydrodynamic condition, median grain size (Dsg) was
applied to represent the distribution of each sample (Knighton, 1999).

3.2. XRD analysis

A subset of 166 whole-rock paleosol samples was manually ground to
powder (finer than 0.074 mm) using an agate mortar and pestle. Prep-
aration of oriented clay samples and ethylene glycol (EG) saturated clay
samples followed the method of Jackson (1975) and Zhao et al. (2021).

K- 550

Intensity (Counts)

4.25 ©

Ka+Ch o
X ™

Sample No. PCCS 130
108.25m

S: smectite

I-illite

Ka: kaolinite

Ch: chlorite

AD: air-dried

EG: ethylene-glycol saturated

K-350: K-saturated and
heated to 350 °C for 2h

K-550: K-saturated and
heated to 550 °C for 2h.

1+1S+Q

L

2-Theta (°)

Fig. 2. Paralleled XRD patterns of clay minerals in sample PCCS 130. The patterns a, b, ¢, and d, denote the XRD curves after AD, EG, K-350, and K-550 treatments.
The unit of valued peak position is angstrom (A). Notably, the peak swelled from 15.5 A (a)to 17 A (b) after EG treatment, and collapsed to 10 A after K-350 °C and K-
550 °C treatments, indicating the present of smectite in the sample. The peak positions stayed no shift in both AD (a) and EG (b) patterns at ~10 Aand ~ 54,
indicating the existence of illite. The emergence of the broad peaks in EG (b) pattern between the dgo; and dooz reflections of illite (10 ;\) and smectite (8.51 10\) as well
as the dgoz and doos reflections of illite (5 A) and smectite (5.66 A), respectively, compared with AD (a) pattern, reflected the existence of irregular mixed-layered
illite-smectite. The peaks at ~7.2 A and 3.58 A stayed the same in AD (a) and EG (b) patterns, and the ~7.2 A peak stayed at K-350 (c) patterns and collapsed after
heating at 550 °C, indicating the existence of Kaolinite. Small shoulder at the right of the 3.58 A peak in EG pattern and enhanced 14.5 A peak after K-550 °C
treatments reveal the presence of chlorite, even though it is less obvious indicating the less amount of chlorite.
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During the procedure, about 150 mLbuffer solution (CH3COONa-3H,0
and CH3COOH) and 15 mL 30% H30, were used to remove carbonates
and organic matter from the whole powder samples, respectively. <2 pm
fractions were disengaged from the sample using sequential centrifu-
gation with multiple times ultrasonic treatments dispersing clay aggre-
gation. Next, Na-bearing (NaCl) reagents were added to flocculate clays
overnight for further homogenization. To prevent peak overlaps of Na-
bearing from Ca-bearing clays between mixed-layer illite-smectite (I/
S) and mixed-layer illite-vermiculite (I/V), as well as between vermic-
ulite and Na-smectite in the XRD, the Ca-form clay species were ob-
tained by washing samples three times with 1 mol/L CaCl,, followed by
removal of Ca®* and Cl via dialysis using a semipermeable membrane.
We used four paralleled clay slides to identify clay minerals (Fig. 2): (1)
air-dried (AD) oriented clay slides, which was made by clay slurries
settling onto glass slides. (2) Ethylene-glycol (EG) saturation slides were
obtained by using AD slides treated with saturated ethylene glycol vapor
in a desiccator at 65 °C for 4 h, (3) K-350 slide was prepared by using
clay slurry, which was then saturated with 1 M KClI and heated at 350 °C
for 2 h, and (4) K-550 slide was obtained by heating K-350 °C slide for 2
h.

The clay mineral composition was measured by X-ray diffraction
(XRD) using a Dandong TongDa TDX-3500 X'pert PRO diffractometer
with Ni filtered Cu Ka radiation, at State Key Laboratory of Biogeology
and Environmental geology. Under 45 kV and 30 mA working
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conditions, XRD patterns of paralleled clay slides were recorded with a
step size of 0.02° 26/s and speed of 2 s/step, ranging from 3 to 47° 26 for
AD and EG slides and 3 to 15° 26 for K-heated slides, respectively.

Semi-quantification of clay minerals was achieved by using the
software Newmod II based on primarily identified clay mineral assem-
blages (Reynolds and Reynolds, 2012). Before best-fit can be obtained,
the crystal-chemical curves for each clay mineral were adjusted. The
detailed process for setting of parameters for smectites, illite, and I/S can
refer to Zhao et al. (2021). Peak of kaolinites at ~7.2 A was fitted by two
types of kaolinites with “smaller and larger” mean crystallite thickness
at 7.30 and 7.16 A, respectively. When a close match on EG pattern was
achieved between experimental and simulated XRD patterns, a best-fit
curve was generated and the proportions of each clay mineral were
obtained (Fig. 3).

3.3. Scanning electron microscopic (SEM)

Five samples of well-developed paleosols and non-pedogenically
modified mudstones from the three time intervals (the Pre-PETM,
PETM, and Post-PETM) were subjected to SEM analyses. These sam-
ples are PCTP-32 (49.625 m), PCCS-30 (83.125 m), PCCS-66 (92.125 m),
PCCS-130 (108.125 m), and PCCS-150 (113.125 m). Observations of
sediment and mineral morphologies and analyses of mineral element
composition were carried out on the equipment HITACHI FEG-SEM,
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Fig. 3. Examples of fitted XRD profiles with different grain-size and stratigraphic levels using program Newmod II based on the EG state. (A) PCTP-42 from the pre-
PETM with median grain size between 4 pm and 16 pm. (B) PCCS-10 from the PETM with median grain size larger than 16 pm. (C) PCCS-50 from the PETM with
median grain size <4 pm. (D) PCCS-134 m from the post-PETM with median grain size larger than16 pm. Both kaolinites with larger and smaller mean crystallite

thickness were used here to fit profiles well.
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equipped with an energy dispersive spectrometer (EDS) at China Uni-
versity of Geoscience, Wuhan. Freshly broken samples were applied and
preliminary Au-coated before measurements. The EDS used to identify
the elementary composition of minerals was operated at 10-20 kV
accelerating voltage and 3-5 nA beam current.

3.4. Statistical methodology for clay mineralogical data

In the Bighorn Basin, the proportions of clay minerals could be
affected by the lithology and the grain size of river floodplain sediments
deposited during and outside the PETM interval, which could be related
to overbank and avulsion sedimentation, pedogenesis and PETM event
(Kraus and Riggins, 2007; Abels et al., 2012, 2013; Foreman, 2014;
Kraus et al., 2015; Abels et al., 2016; Wang et al., 2017). To constrain
factors above, we tested the clay mineralogical distribution to evaluate
the proportions of clay minerals for their dependence on different grain-
size classes (median value <8 pm and > 8 um) of samples. Differentia-
tion was made between samples of sediments that show no or weak and
those that show strong pedogenesis, and samples from preceding, inside,
and post-dating the PETM interval. Grain-sizes were binned with an 8
pm boundary because clay fractions have a grain size up to 8 pm as
defined by the Laser Particle Sizer (Konert and Vandenberghe, 1997).
The influence of pedogenesis was analyzed using the soil development
index (SDI) as calculated by Van der Meulen et al. (2020). Binning of
samples based on SDI was done in accordance with the method of Wang
et al. (2017) who distinguish limited to intermediate paleosol develop-
ment with a SDI value <1.0 and intense pedogenesis with a SDI values
>1.0.

An analysis of variance (ANOVA) was performed by MS Excel 2010
to evaluate the proportional similarities /differences of clay minerals,
with statistical significance defined as p < 0.05. If p < 0.05, the simi-
larities/differences were accepted at a 95% confidence level.

4. Result
4.1. Floodplain grain-size distributions

The grain-size distribution of all floodplain samples of the PCB sec-
tion ranges between 2 pm and 170 pm, containing 51% clays, 38% silts,
and 11% sands on average (Table 1). The proportions of these grain sizes
reveal no statistical relevant variation among the Pre-PETM, PETM, and
Post-PETM stratigraphic intervals. The median grain size along the PCB
section exhibits no statistical significance, while displaying a slight
decrease during the PETM compared with Pre-PETM and Post-PETM
intervals (Table 1, Supplement fig. 1). Note that these samples were
sampled in a vertical stratigraphic composite through floodplain strata
and major sand bodies were excluded. The lack of grain-size changes
through the PETM event is thus valid for the floodplain sediments in this
part of the northern Bighorn basin.

Table 1
Grain size distribution of the PCB section showing no significant change of grain
size across the PETM.

Grain-size classes Clays (um) Silts (um) Sands (pm) Median (Dsg)
<8 8-63 63-2000 pm
Average 50.73 37.8 11.5 14.9
S.D. 19.9 12.3 14.1 15.5
Pre-PETM 50.6 37.4 12.0 15.2
S.D. 20.9 13.1 15.3 17.5
PETM 51.2 38.2 10.6 13.0
S.D. 16.3 9.1 13.5 12.2
Post-PETM 51.4 38.0 10.6 15.9
S.D. 21.4 13.2 11.5 12.0
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4.2. Floodplain sediment microtexture

Scanning Electron Microsopy (SEM) reveals that the floodplain sed-
iments of the Polecat Bench section display a matrix-supported, loose
texture. Mineral particles in sediments mainly occur as clastics and their
morphologies vary from subangular to subrounded (Fig. 4A). Most clay
minerals cover the surface of detrital particles or fill in the gaps between
these particles. Clay minerals exist as thin sheets with size ranges from
submicron to tens of microns. The basal (001) planes of clay particles
have smooth surfaces, and display random arrangements of directions
(Fig. 4B). Most smectites exhibit sheet-like morphology with irregular
and curly edges (Fig. 4C). The edges of the dissolved clay particles are
embayed and streamlined. Large aggregations of mica are rare and show
subangular shapes, diameters of up to 30 pm, and undissolved surfaces
(Fig. 4D).

There are two forms of smectites in soil B horizons observed under
SEM. The first one is most common and shows flake-shaped smectite
with grain sizes of 1 to 10 pm (Fig. 4C, D, and E). The second is un-
common and are smectite aggregations of <2 pm showing honeycomb
structures (Fig. 4F).

4.3. Floodplain clay mineral identification and composition at Polecat
Bench

Identification of clay minerals was mainly carried out based on the
characteristic reflections on combined XRD diagrams of paralleled clay
slides (Moore and Reynolds, 1997). In AD XRD pattern, dgg; reflection
peaks of smectite, illite, and kaolinite are identified at the peaks of 15.5
/7\, ~10 13;, ~7.2 f\, respectively (Fig. 2). The dgo; reflection peak of
smectite shifted to 17 A after EG treatment accompanied by obvious
occurrence of broad peaks of dyg2 and dgo3 reflections at 8.51 A and5.66
A, respectively, while the illite and kaolinite displayed no shift. The
chlorite can be identified based on emerged peak at 3.53 A for doos
reflection peak after EG treatment. Under the K-350 °C treatment, the
doo1 reflection peak of smectite collapses to 10 A, while the peaks of
other clay minerals remain unchange. The K-550 °C treatment further
caused the dgo; reflection peak at ~7.2 A of kaolinite and chlorite dis-
appeared (Fig. 2). Irregular I/S was measured at bumps between dgo1
and dg reflections of illite (10 A) and smectite (~8.51 A) as well as doo2
and dgo3 reflections of illite (5 ;\) and smectite (~5.66 }o\), respectively
(Fig. 2).

The clay mineral assemblage of the PCB section dominantly consists
of smectite, with minor contributions of interlayered illite/smectite, and
kaolinite (Supplement Table 1). Abundance of smectite ranges from 37
to 90% with an average of 66% (Fig. 5). I/S and kaolinite have contents
ranging from 1 to 28% and on average 12% and 4-45% and on average
13%, respectively. Illite and chlorite occur as minor components with
contents of 2-13% and on average 6%) and 1-7% and on average 3%,
respectively.

4.4. Floodplain clay mineralogy dependence on grain size

We divided the grain sizes into two grain-size classes by median
grain-size to facilitate the discussion of the relationship between particle
size and clay mineral content. In order to minimize the impacts of
pedogenesis and hyperthermal event of the PETM, samples from outside
the PETM are analyzed. The proportion of smectite increases by 4.0% on
average (p = 0.0372) from <8 pm to >8 pm median grain size samples
with limited soil development (SDI < 1) from outside the PETM
(Fig. 6a). Decrease of smectite by 3.7% (p = 0.4304) are observed from
samples of these two grain size classes with good soil development (SDI
>1) from outside the PETM (Fig. 6b). These increases of smectite both in
SDI < 1 and SDI >1 are significant in the ANOVA test, even though the
standard deviations of the smectite proportions display a large range.
Kaolinite shows a slight change with an increase of median grain size,
while illite and I/S show a decreasing trend with increasing grain size,
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which is the opposite of smectite. Chlorite shows no change (Fig. 6a).

4.5. Soil development impact on clay mineralogy

Sediments with the same median grain size sediments of <8 pm,
which should be less likely affected by grain-size sorting, are analyzed
for the impact of in situ pedogenesis after deposition, both during the
PETM and outside the PETM. All clay minerals in sediments from outside
the PETM and during the PETM do not show significant average dif-
ferences both in samples that show high and low post-depositional
pedogenesis (Fig. 6¢ and d). In clay minerals, the smectite is similar,
either decreased by 0.6% (p = 0.7769) or increased by 0.4% (p =
0.9108) on average from samples outside the PETM and during the
PETM, respectively, from SDI < 1 to SDI > 1 because of pedogenesis
(Fig. 6¢ and d).

4.6. Impact of the PETM on floodplain clay mineralogy

A 17-point moving average and the average values for each
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Fig. 4. SEM observation of clay minerals and
non-clay minerals in samples of the Polecat
Bench section. (A) Matrix-supported sediments
with detrital minerals showing subangular to
subcircular shapes. Clay debris occurring in the
sediments by two forms: covering the surface of
detrital particles and filling the voids between
detrital particles. (B) Detrital clay minerals
appear as thin platy morphology, random
arrangement of direction (white arrow). (C)
Detrital smectite (S) exhibit sheet-like
morphology (white arrow) and irregular 001
plane with curved edges (red arrow). (D)
Detrital mica (M) particle showing dissolved and
embayed edge, and inherited smectite (S)
occurring as thin flakes with curved edges. (E)
Aggregated smectite (S) composing of small
flakes with irregular 001 plane and curved
edges. (F) Authigenic smectite (S) showing
honeycomb shapes. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

identified precession-cycle are calculated to analyze the long-term
trends of clay mineralogy in relation to the PETM event (Fig. 5, sup-
plementary data table). Kaolinite and illite display slightly decreasing
trends into the PETM stratigraphic interval. Smectite displays a signifi-
cant increasing trend from precession cycle - 4 onwards through the
whole section. Smectite values more rapidly increase into the PETM
body from cycle 1 to cycle 2 to stay approximately similar for the
remainder of the section post-dating PETM (Fig. 5). The contents of I/S
exhibits a mirrored trend of smectite. Notably, also I/S content changes
from cycle 1 to cycle 2 within the main body of the PETM lagging the
onset of the PETM by one precession cycle in the age model of Van der
Meulen et al., 2020. The chlorite content shows an opposite trend with
smectite, although the proportion of chlorite is small and its quantitative
reconstruction therefore remains uncertain.

In the PETM, smectites intensively increased on average in total by
11.5% (p = 0.0000) in the floodplain sediments deposited during the
PETM compared to Pre-PETM (Fig. 6e). This increase of smectites was
significant and both observed, on average, 12.3% (p = 0.0000, Sup-
plement Fig. 1a, b) for the samples displaying low pedogenesis (SDI < 1)
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Fig. 5. Integrated multiple indices along with the sedimentological lithological log in the PCB section. Indices of soil development index (SDI), paleosol carbonate
513C, and the timescale to relative onset of the PETM were referred to Van der Meulen et al. (2020). The American land-mammal zones were cited from Gingerich
(2003). The median grain size showing slight decrease on average during the PETM with high uncertainty (data are shown in Table 1), compared to pre- and post-
PETM. A curve of 130-point moving average of SDI values was in grey with an interval of 10 cm, showing no significant pedogenic differences among pre-PETM,
PETM, and post-PETM. For each clay mineral index, 17-point and precession paced 7-8 m moving averages were applied with 7-8-m average standard deviation
error bars to model the general tendency of clay mineral shifts at different stages. A significant lagged increase of smectite was observed at the onset of the PETM,
with distinct decrease of mixed-layer illite-smectite and chlorite. The dark grey-shaded area highlights the body of the PETM and the grey-shaded area highlights the
recovery of the PETM. Grey dashed lines and full lines are boundaries of precession cycles, which were marked by red numbers according to Van der Meulen et al.
(2020). Boxes in different clay mineral curves stand for the averages of each clay mineral of precession cycles, respectively. Data of clay mineral proportions of Pre-
ETM2 are from Wang et al. (2017). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and 9.7% (p = 0.0005, Supplement Fig. 1c, d) in samples displaying
intense pedogenesis (SDI > 1). The smectites decreased by 0.4% (p =
0.0794) during the post-PETM compared to PETM (Fig. 6f). Even though
the smectite have no significant difference between the PETM and post-
PETM in the PCB section, the proportions of smectites after the post-
PETM go back to pre-PETM level during the pre-ETM2, 1.8 Ma years
later than the PETM (Fig. 6e, f). These data have been gathered in the
Deer Creek area of the northern Bighorn Basin by Wang et al. (2017).

1/S and kaolinite were lower in the PETM interval. Proportions of I/S
decreased by 5.7% (p = 0.0000) and 0.5% (p = 0.7014) in the PETM
compared to those during the Pre-PETM and the Post-PETM. For
kaolinite, its amount decreased by 3.4% (p = 0.0018) and increased by
0.4% (p = 0.5363) in the PETM compared to those during the Pre-PETM
and the Post-PETM. The changes of illite and chlorite among Pre-PETM,
PETM, and the Post-PETM, are slight and insignificant.

5. Discussion
5.1. Floodplain clay mineralogy in the Bighorn Basin

Types and proportions of clay minerals in avulsion- and the
overbank-deposits could be affected by complex factors, such as prov-
enance, hydraulic sorting, weathering changes, and diagenesis (Wang
etal., 2016, 2017). The provenances of the Paleogene-Eocene sediments
in Bighorn Basin were documented to be proximal at basin margins with

differences in fan conglomerate while homogeneous in the distal
northern Bighorn Basin. Multiple lines of evidence from field observa-
tions, petrological analysis, and detrital age distributions have docu-
mented the differences of provenance in complex associations of
conglomerate at the Beartooth Mountain and the Absaroka Mountain
fronts (Malone et al., 2017; Neasham and Vondra, 1972). The floodplain
is characterized by a fairly stable and uniform mineralogical composi-
tion of the sediments (Wang et al., 2017; Welch et al., 2022), despite the
geologic heterogeneity of the catchments and the significant grain-size
sorting (Fig. 6a. b).

Detrital zircon geochronology of samples from Fort Union and
Willwood Formations at the base and southwest end of Polecat Bench
reveal similar age spectra. That indicates no change of provenances in
the study site of PCB from the Paleogene to Eocene (May et al., 2013).
This interpretation agrees with that made by Welch et al. (2022) using
the provenance analysis of sandstones across the basin spanning the
Paleogene to early Eocene period. Indeed, an increase of rock uplift rates
in the Bighorn and Beartooth Mountains during the late Paleocene-early
Eocene took place related to the rollback and associated retreating
delamination of the Farallon oceanic slab (Fan and Carrapa, 2014). The
subsidence of the Bighorn Basin in response to the rock uplift could have
generated an adjustment of river gradients, leading to change of sedi-
ment transportation, rather than a change of provenance, as evidenced
by modulated thickness, laterally-extensive size, and grain-size of
sandstones (Foreman et al., 2012; Foreman, 2014; Welch et al., 2022)
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Fig. 6. Average clay mineral distribution (<2 pm) in different grain-size classes and soil development index (SDI) from samples during and outside the PETM. Clay
mineral distribution from sediments with non-hyperthermal and no or limited soil development (a) and mediate - well soil development (b) showing on average an
increasing trend of smectite and decreasing trend of mixed-layer illite-smectite (I—S) dependent on median grain size. Samples from outsides the PETM (c) and
within the PETM (d) both showing insignificant changes of smectites and other clay minerals with SDI. (e) Clay mineral distributions of samples from Pre-PETM,
PETM, Post-PETM and Pre-ETM2 showing higher smectite and lower mixed-layer illite-smectite during the PETM compared to the Pre-PETM, Post-PETM, and
Pre-ETM2. (f) Differences of proportions of clay minerals among Pre-PETM, Post-PETM, and Pre-ETM2 compared to the PETM. Clay mineralogical data of Pre-ETM2
is from Wang et al. (2017). The p value is the Pearson correlation coefficient of ANOVA, which denotes to be no difference if the p > 0.05 and be significant difference

if the p < 0.05.

and relative stable sedimentation rate during and outside the PETM (Van
der Meulen et al., 2020).

Diagenesis is interpreted to have had a limited effect on clay mineral
composition in the Polecat Bench section. Clay minerals are sensitive to
diagenesis because of smectite illitization (Bethke et al., 1986; Lanson
et al., 2009). Smectite-bearing clay assemblage would generate highly
illitic, ordered I/S and abundant discrete illite during diagenesis (Lanson
et al., 2009). This is not observed in our samples. Illite shows low
abundances of circa (6%) and displays irregular rather than regular I/S
clays structures, which does not point to smectite illitization during
diagenesis. Moreover, smectite has thought to transform to illite initially

at temperatures ranging from 58 to 92 °C and completely spanning the
88-142 °C temperature range (Freed and Peacor, 1989). However,
paleotemperature reconstructions yield maximum temperatures of
<60 °C in the early Paleocene based on clumped isotope (A47) ther-
mometry of spar carbonates (Snell et al., 2013) and oxygen isotope of
fracture spar hematite (Bao et al., 1998), again not in line with clay
mineral changes due to diagenesis.

The textures of the sediments and the morphologies and proportions
of minerals in the PCB section indicate a detrital origin of the clay
minerals. Sub-angular to sub-rounded mineral particles and randomly
settled clay minerals reveal a characteristic of transported and
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physically-weathered debris (Fig. 4A, B). Most smectites as well as micas
in our samples occur as thin flakes that are a typical characteristic of
breakage during transport, in line with a detrital origin (Fig. 4C, D). The
characteristics of mineral textures and morphologies observed here are
the same as we observed in the sediments across the ETM2 and H2 in the
Deer Creek area around 15 km south of Polecat Bench also in the
northern Bighorn Basin (Wang et al., 2017), indicating they likely
shared similar a provenance and detrital origin.

Grain-size sorting played an important role in clay mineral pro-
portions in Bighorn Basin fluvial sediments. Significant grain-size sort-
ing of smectites was observed with smectites enriched in coarse-grained
sediments (Fig. 6a, b), both in samples that underwent limited to in-
termediate pedogenesis and in samples showing intensive post-
depositional pedogenesis. These findings are in line with semi-
quantitative data from Wang et al. (2017) where their grain sizes dis-
tributions were obtained from field descriptions rather than laser par-
ticles analysis as in the current study. The smectite distribution
dependence on grain size could largely be attributed to the hydrody-
namical forces during the transportation and surface electrochemical
characteristics of the smectite (Wang et al., 2017). In the channel
environment, the small grain size and flake shape of smectite would
quicker float and be transported than other clay minerals. To the
floodplain environments studied here, regular overbank and crevasse
flooding would bring in more smectite. The smectite will be further
sorted, as smectite tends to flocculate more because of its high charge
characteristic. Therefore smectite is logically enriched in coarser sedi-
ments. The scattered clay mineral proportions in the floodplain strati-
graphic records is likely partly related to this grain-size sorting. Variable
river hydrodynamics and soil hydrology can generate a variable distri-
bution of sediments over the floodplains (Komar, 2007; Barefoot et al.,
2022). Both authigenic mineral formation and autogenic recycling of
basinal and catchment soils are other important factors driving the
observed variability (Fig. 4f; Ramos et al., 2022).

5.2. Weathering changes during the PETM

Proportions of clay minerals in the basinal floodplains of the Bighorn
Basin could be affected by climate-driven changes of physical and
chemical weathering and erosive fluxes of weathering products.
Chemical weathering would generate the breakdown and dissolving of
parent silicates, followed by the neoformation of clay minerals (Barn-
hisel and Rich, 1967). Temperature and rainfall are two key climate
factors promoting the weathering rate (White and Blum, 1995), together
with time, pH, and soil pcoz (Grant, 1969; White and Brantley, 2003;
Winnick and Maher, 2008).

Chemical weathering in general would facilitate the neoformation
and/or transformation of clay minerals in situ during pedogenesis
(Wilson, 1999; Hong et al., 2012a; Yin et al., 2013). The degraded
transformation with depletion of K and concomitant decrease of layer
charge would proceed the transformation from illite to vermiculite, and
then to smectite (Wilson, 1999), even though different pathways from
illite to vermiculite and vermiculite to smectite were proposed (Cham-
ley, 1989).

The clay mineral impact of in-situ pedogenesis is minimal and similar
within and outside the PETM (Fig. 6¢ and d) with an insignificant
decrease in smectite and increase in illite-smectite. These results are in
line with those of Wang et al. (2017) studying younger parts of the
Bighorn Basin floodplain record in the Deer Creek area. Soils are a very
distinct character of the Fort Union and Willwood formations. The PETM
is characterized by even more pronounced, thick, and well-developed
paleosoils (Kraus and Riggins, 2007; Kraus et al., 2015). Despite these
remarkable, macroscopic and microscopic pedogenic changes, also
within the PETM, time for soil formation was apparently too short to
significantly alter clay mineralogy. In the PCB section, three to four
paleosols developed in one precession-driven overbank-avulsion cycle of
~21 kyr (Van der Meulen et al., 2020). One paleosol would thus have
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experienced some amount of weathering not more than up to 5-8 kyr
before being buried by subsequent sedimentation. The process of
chemical weathering from silicates to clay minerals will take several
thousands of years up to millions of years according to for laboratory-
derived chemical weathering rates (Price et al., 2005; White and
Brantley, 2003). Such time scales are much longer than the average
duration of the formation of an individual soil profile. Post-depositional
pedogensis could thus not significantly alter mineralogy of the flood-
plain sediments in the Bighorn Basin.

In-situ pedogenesis is not the reason for the increase of smectites
during the PETM. This was also found for the subsequent ETM2 hyper-
thermal (Wang et al., 2017). Increased physical weathering and erosion
on the other hand could be the cause of the smectite increase during the
PETM. Factors including tectonic activity and climate change driving
hydrological conditions and transportation may control detrital clay
mineral assemblages and proportions (Hong et al., 2012b; Liu et al.,
2016; Zhao et al., 2018). Tectonic activity can affect the clay mineral
assemblages and proportions by intensifying the denudation and recy-
cling of parent rocks from the hinterland, while this process is antici-
pated to have an impact at relatively long time scales (eg. Hong et al.,
2010, 2012b). No change in provenance has been observed across the
Fort Union to Willwood formations and so tectonics are not related to
the shifts in clay mineralogy during the PETM (May et al., 2013; Welch
et al., 2022).

Climate-driven hydrological condition and transportation would
change the clay mineral assemblages and proportions at shorter terms
(Liu et al., 2003; Zhang et al., 2020). Lines of local evidence such as
paleosol morphology, fluvial deposits and style, ichnofossils and plant
and mammal fossils have documented the Bighorn Basin indicating a
seasonally drier, much hotter, and more abundant high discharge re-
gimes during the PETM (Kraus and Hasiotis, 2006; Smith et al., 2008;
Kraus et al., 2013, Foreman, 2014; Kraus et al., 2015; Westerhold et al.,
2018). Leaf area, leaf-wax n-alkane 8D and Coryphodon 5'%0 data also
indicated that precipitation may have declined (Fricke et al., 1998; Wing
et al., 2005; Baczynski et al., 2017).

The increased summer temperatures and enhanced dry seasons
during the PETM could have caused less dense vegetation covers rooting
soils both in the catchments and the basin. This would have reduced
cohesiveness of upstream laterites and basinal overbank sediments as
suggested by Foreman (2014) based on fluvial channel sandbody studies
(Fig. 7). An increase in storminess (Camichael et al., 2018) may have
accelerated the reworking and erosion of the previously deposited more
proximal sediments (Foreman, 2014). Along the basin margins there
Cretaceous shales and bentonites as evidenced by an immobile element
mixing model (Ramos et al., 2022) and fossil n-alkanes analysis (Bac-
zynski et al., 2017). The abundant Cretaceous bentonites were deposited
from the Aptian to Turonian and from the Campanian to the end of the
Cretaceous (Hannon et al., 2019, 2020). These could have provided
potential sources for the detrital smectites. Lithological description of
Cretaceous strata showed that bentonites were preserved in almost all
the sedimentary units except for Muddy Sandstone (Supplementary
table 1). Mineralogical analyses of shales and bentonites indicated
smectite and I/S dominated clay mineral compositions in bulk rock,
besides illite and kaolinite. As smectite tends to be rich in smaller grain
size, smectite-rich (95% < 2 pm) Cretaceous bentonites (Fitzsimmons
and Johnson, 2000; Chipera and Bish, 2001) may have flushed down-
stream and these bentonites could be easier to be affected by the pore-
water pressure variability thus losing the cohesive strength compared
to other source rocks, such as limestone, dolostone, sandstone, granite,
and gneiss that made up the remainder of the catchments (Neasham and
Vondra, 1972). Moreover, repeated stormy events, longer summer
droughts, a lower vegetation density may have favoured enhanced
physical weathering and erosion during the PETM event bringing in
smectite-rich sediments.

The full clay mineral changes in the PETM seem to be reached in the
second precession-driven overbank-avulsion cycle in the event. This is
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Fig. 7. Paleocene-Eocene landscapes in the Bighorn Basin, Wyoming, showing the spatial distribution of smectite across the basin through the PETM. View is to the
north, with stream input from adjacent highlands on the western margin and distal highlands much farther to the east. The increase in smectite through the PETM is
attributed to enhanced physical weathering of Cretaceous bentonites on the basin margins during the PETM. The black arrows denote the directions of water flow.
The water finally flows to the north.

more than ~21 kyr after the main onset of the PETM. Temperature re- response of clay minerals to the onset (Fig. 7). Instead, we attribute to
constructions show immediate warming in the early PETM (Frieling lagged response to signal shredding in the source-to-sink system.

et al., 2019) and different early PETM climates compared to middle and Studies of source-to-sink transport processes of fluvial sediments
late PETM climates. This would not explain the seemingly lagged have documented that the lag time varies in different river conditions
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with different local divergence of sediment-transport capacity depend-
ing on channel gradient, river length, and sediment transport influx
(Macklin et al., 2002; Goldberg et al., 2021; Wang et al., 2022b). In
general, rivers with moderate sediments transport influx could have the
lag time of hundreds to thousands years (Macklin et al., 2002), while
lower sediments transport influx increases the lag time in terraces, as
long as thousands years, in response to climate (Hancock and Anderson,
2002).

After the onset of the PETM, climatic change led to increased
amounts of smectite eroding Cretaceous bentonites. The river waters
would relatively rapidly be filled with smectite-enriched suspended load
early on in the PETM body. However, the river channels are constantly
moving and eroding through the adjacent floodplains. In the early
PETM, the channels were moving in floodplain sediments deposited
during pre-PETM times that had lower smectite contents. This causes the
downstream river waters to be more and more a mix of smectite-
enriched catchment waters and smectite-poor floodplains sediments.
The floodplains will continuously aggrade particularly during phases of
regional-scale river avulsion paced by climatic precession (Abels et al.,
2013). It will thus logically take at least one precession cycle after the
PETM onset before most of the pre-PETM, lower-smectite signal dis-
appeared from the basinal floodplain sediments. That left behind
smectite-enriched river waters mixing with more and more smectite-rich
river floodplains (Fig. 7).

Interestingly, the mixing of smectite-enriched catchment waters with
smectite-poor basinal sediments during the early PETM, would produce
increased scatter of clay mineral composition in Polecat Bench flood-
plains during the early PETM. This is because individual sediment pulses
may occasionally be mostly sourced directly in the catchment or mixing
catchment with basinal floodplain signals. And, it is expected that this
scatter consists of the end-member clay mineral compositions of both
the smectite-enriched catchment and smectite-poor basinal floodplain
sediments. The bins related to cycles —1, 0 and 1 around the PETM onset
do indeed show an increased scatter of illite-smectite and smectite and
values generally do not exceed nor minimal and maximal values of pre-
PETM and PETM in both records (Fig. 5).

The prolonged nature of the smectite enrichment after the PETM
event may relate to post-PETM signal propagation times that are even
longer than in the PETM body due to lower recycling rates and so longer
signal shredding rates after the event. Reduced storminess and increased
overbank cohesiveness drives slower post-PETM signal propagation,
while comparison with pre-ETM2 data from the northern Bighorn Basin
shows that smectite and I/S do return to approximate pre-PETM values
eventually (Wang et al., 2017; Fig. 5). Ideally, one would wish to know
how clay minerals responded in the period between 200 and 500 kyr
from the onset to know how quickly pre-PETM values were reached.
Producing those records would be well beyond the scope of this study,
not in the last place because it would require extending the section
upwards in the Sand Coulee area rather than Polecat Bench, as the PCB
section has limited further upward extend (Van der Meulen et al., 2020).

Clay mineralogical study of PETM sections that are located closer to
the basin margins are worth further investigation. Shorter distances
from the basin margins would imply shorter signal shredding both for
the PETM onset lag-time of smectite-enrichment and for the post-PETM
recovery. Such a study could corroborate the current interpretation,
while it can be only done using high-resolution floodplain clay miner-
alogical records as variability is too large to evaluate low-resolution clay
mineral records from alluvial records.

Pre-PETM values are comparable to pre-ETM2 values (Fig. 5). In the
early Eocene, long-term trends are expected both in climate and tectonic
changes on top of the short-term precession-cycle climate changes and
the hyperthermal events. In fact, I/S values in pre-ETM2 are higher than
pre-PETM and particularly smectite and chlorite are slightly lower, with
illite and kaolinite values are similar. The overall similar clay mineral
values, except for smectite and I/S, between pre-PETM and pre-ETM2
could be indicate relatively stable source rocks and similar
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depositional environments in the Bighorn Basin during the time. The
increase of I/S could relate to persistent erosion of diagenetic Cretaceous
shales that likely contain higher amounts of I/S when deeper buried
rocks are weathered, such as in the Cody shale (Supplement table 1). The
Cretaceous Mowry shales in the Denver Basin observed a higher illite
layers in I/S with increasing depths of burial (Elliott et al., 1991), sup-
porting the burial diagenesis could have took place in the Cretaceous
strata.

The onset of the PETM is shown to be preceded by pre-onset climate
change (Secord et al., 2012; Sluijs et al., 2007). The clay mineralogical
records produced here suggest a slight trend from cycle —7 to —1 along
with an increase in variability, both in smectite and I/S. The more
pronounced increase in clay abundance variability starts at cycle —1
rather than at the onset. This suggests that climate change related to the
PETM started well before the event in line with other records from the
basin and the marine realm (Secord et al., 2012; Sluijs et al., 2007; Van
der Meulen et al., 2020).

5.3. Implication of observed weathering changes during the PETM

We interpret the significant and lagged increases of smectites during
the PETM in the Bighorn Basin basinal floodplains as a result of
enhanced physical weathering and erosion rather than chemical
weathering related to reduced vegetation covers and increased stormi-
ness during the event. Our interpretation is consistent with local records
indicating strong reworking and erosion during the Paleogene in the
Bighorn Basin (May et al., 2013; Foreman, 2014; Baczynski et al., 2017,
2019; Welch et al., 2022). Similar interpretations of enhanced climate
seasonality with physical weathering and erosion are observed in re-
cords of shallow marine deposits (Schmitz and Pujalte, 2003, 2007;
Sluijs et al., 2008; John et al., 2012; Pogge von Strandmann et al., 2021).
The increase in smectite-supply in the Polecat Bench section coincides
with the increases of allochthonous carbon in more southern sections of
the Bighorn Basin (Baczynski et al., 2017, 2019). This supports
enhanced physical weathering and erosion fluxes to the basin with
signal shredding and lag time of this signal due to the sediment recycling
within the more proximal, basinal floodplains.

This lagged and prolonged physical weathering and erosion signal
may be in line with similarly lagged and prolonged fgha1e and §Li values
of clay fractions (< 2 pm) at the Polecat Bench during the PETM (Ramos
et al., 2022). These authors relate this to intensified chemical weath-
ering, despite the clay fractions were detrital in origin. The 8”Li values
decrease within ~7 kyr of the PETM onset (Ramos et al., 2022), faster
than the ~21 kyr respond of smectite increases here. Both differences in
weathering type and lagged time between clay mineral and Li isotope
records could attribute to the different sensitivity of 8’ Li values of clay
fractions and clay minerals to chemical weathering. At the same time,
the &7 Li values of clay fractions could have shorter response times to
chemical weathering than clay mineral assemblages, because Li as a
mobile element can migrate from silicates to solution in hundreds of
days without a change of mineral phases (Pogge von Strandmann et al.,
2019). Clay mineral assemblages (<2 pm) could be depositing in accu-
mulative floodplain environment with limited time for weathering,
which has limitation when tracing the chemical weathering in this short-
term hyperthermal. Detailed clay mineralogy for individual paleosols
spanning the PETM on grain size fractions below 1 pm would deserve
further investigation as authigenic minerals are observed at these scales
(Fig. 4F).

Clechenko et al. (2007) reported high abundances of kaolinite during
the PETM interpreted to be caused by enhanced pedogenesis in the
Williston Basin, North Dokoka, USA. This could suggest the Bighorn and
Williston Basins had contrasting weathering impacts during the PETM,
or that the origin of this kaolinite increase needs to be further investi-
gated as it could also be driven by increased physical weathering and
erosion of local, kaolinite-rich catchment rocks.

Our data suggest an enhanced physical weathering and erosion
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resulting in increased sediment fluxes to the basins possibly supporting
the hypothesis of enhanced carbon burial playing a more important role
in carbon sequestration than silicate weathering for the relatively short-
term hyperthermals. It seem counterintuitive that the strong climatic
changes during the PETM did not a chemically alter catchment and
basinal sediments. It could be that in settings where erosion may have
been less strongly affecting catchment laterites, enhanced chemical
weathering may still have played a significant role.

6. Conclusion

Clay mineral assemblages of the floodplain sediments in the Polecat
bench section of the northern Bighorn Basin in Wyoming, USA, reveal
that smectite was the dominant clay mineral species with minor con-
tributions of mixed-layer illite-smectite and kaolinite. Grain-size sorting
had a significant impact on clay mineral distributions in these fluvial
environments. In-situ, post-depositional pedogenesis had a marginal
impact on clay mineralogy of the floodplains likely due to too short
formation times of the paleosoils. A substantial increase in smectite and
decrease in I/S occurs in response to climate change related to the
PETM. We find that these clay mineral changes are unrelated to grain
size and in-situ pedogenic changes as these effects remain stable across
the PETM. Clay morphology analysis corroborates that these minerals
are primarily of detrital origin in these records including during the
PETM. We therefore interpret the clay mineral changes to relate to
enhanced physical weathering and erosion of Cretaceous bentonites due
to increase temperatures, dryness and storminess of climates and related
decrease of vegetation cover. The lagged response after the onset of the
PETM and prolonged response after the recovery of the PETM may relate
to signal shredding within the basin. As soon as climate changes after the
onset of the PETM, catchment waters may enriched river waters with
smectites. However, river channels continuously erode surrounding
floodplain sediments that in the early PETM still had the pre-PETM
smectite-poor signal. It apparently took at least 21-kyr before the full
signal was propagated to the basinal setting studied here. After the
PETM event, reduced hydrological cycle may have even slowed down
signal propagation times such to causes an even longer delay time before
full post-PETM signals were reached. Our data suggest an enhanced
physical weathering and erosion resulting in increased sediment fluxes
to the basins. It could be that in settings where erosion may have been
less strongly affecting catchment laterites, enhanced chemical weath-
ering may still have played a significant role.
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