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A B S T R A C T   

Paleosols (fossil soils) are valuable records of terrestrial climate and environments, and paleosol-based proxies 
are commonly used to reconstruct past climates and ecosystems. Results from relatively small outcrops or 
transects or from single vertical sections are frequently scaled up to represent basin-scale processes and condi
tions, and reconstructions are relied on for temporal changes in those basins. However, uncertainty arising from 
limited outcrop extent is not currently considered in the standard application of paleosol-based proxies. To 
explore uncertainty arising from lateral paleosol heterogeneity, we performed a random subsampling analysis on 
a newly-collected 2.9 km paleosol transect from SW Wyoming, along with two previously-published paleosols. 
We demonstrate the importance of sampling multiple paleosol profiles, considering lateral geochemical vari
ability, and focusing on relative rather than absolute changes when outcrop-based uncertainty may require it.   

1. Introduction 

Paleosols (fossil soils) provide critical, unique insight into the in
teractions in the ‘critical zone’ where the atmosphere, biosphere, and 
geosphere meet at Earth's surface (Brantley et al., 2007; Nordt and 
Driese, 2014). Because they form at the surface, in constant contact with 
and in response to regional climates and whatever life is present, pale
osols can be used to reconstruct past climates, environments, and 
chemical conditions of the continents (Jenny, 1941; Harnois, 1988; 
Maynard, 1992; Cerling, 1984; Rye and Holland, 1998; Retallack, 2001; 
Sheldon and Tabor, 2009; Sheldon, 2018; Tabor and Myers, 2015). 
Geochemical proxies derived from soil chemistry are powerful tools for 
understanding the planet's history, but they remain imperfect. Some 
baseline limitations for paleosol-based proxies include preservation of 
their original composition (e.g., Retallack, 1991; Fedo et al., 1995; Rye 
and Holland, 1998), outcrop exposure, soil order identification (Mack 
et al., 1993; e.g., Sheldon et al., 2002; Nordt and Driese, 2010; Gallagher 
and Sheldon, 2013), and their calibration based on modern soil condi
tions, processes, and datasets. These in turn limit our ability to interpret 
and extrapolate results beyond the calibration datasets. While the 
community is continually working to improve paleosol-based proxies, 
one limitation–outcrop exposure–remains a relatively unaddressed 
source of statistical uncertainty in paleoclimate reconstructions. 

Many paleosol-based proxies are applied to a limited number of 
paleosol profiles, as determined by outcrop exposure and quality. 
Because of common proxy development methods and field applications, 
paleosol-based proxies are not well-constrained at landscape or basin- 
wide scales, which are often the scales of interest for paleoclimate and 
paleoenvironmental reconstruction. The field is left with a number of 
uncertainty sources in these proxies based on outcrop exposure and 
extent that are not taken into consideration when interpreting results. 
The ultimate effect of this omission is an overstatement of certainty. 

While statistical uncertainty in paleosol-based proxies could be 
improved in several ways (e.g., focusing on improvements in the cali
bration datasets and moving away from fixed standard error as in Lukens 
et al. (2019)), lateral variability in paleosols' geochemistry is one of the 
key targets for improvement. Modern landscapes host varied microcli
mates, vegetation, hydrology, and sedimentary architectures, leading to 
geochemical variability. The same can be assumed to be true for ancient 
landscapes following the advent of land plants. Sampling practices are 
inherently limited by outcrop exposure, but no one has yet quantified or 
demonstrated how this limitation should affect the certainty of paleosol- 
based climate reconstructions. If, for example, a paleosol has a 50 m 
laterally-continuous exposure and three profiles are sampled, how 
should the statistical uncertainty of those paleoclimate reconstructions 
be treated as opposed to if ten profiles were sampled in that same 
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section? How large a lateral exposure, or multiple exposures, should be 
used to represent basin-wide climate or ecosystems? At a fundamental 
level, the base geochemical variability within a paleosol outcrop should 
be considered as part of proxy uncertainty, rather than relying solely on 
the fixed proxy error, but this is not currently standard practice. 

Some previous work has considered lateral variability in paleosol- 
based proxies, such as Kraus (1999) and Hyland and Sheldon (2016), 
which focused on quantifying sedimentological and geochemical vari
ability in paleosols at km-scale, respectively. Kraus' work in the 1980s 
and 1990s pushed forward the concept of pedofacies and soils' spatial 
relationships with basin-wide sedimentological processes (Bown and 
Kraus, 1987; Kraus, 1997; Kraus, 1999). Hyland and Sheldon (2016) 
found that geochemical variability across a 1 km single-paleosol transect 
of the Wasatch Fm. was relatively low and proxies were reliable. Simi
larly, Stiles et al. (2001) found no lateral variability within a single 
pedon for their Fe nodule-based MAP reconstruction. Driese and Ashley 
(2016) sampled four paleosols with <1 km of each other and found 
geochemical consistency. More work exists constraining the variability 
of paleosol types and environmental variability within a basin in a tec
tonic/sedimentological context (see Tabor and Myers, 2015). Tabor 
et al. (2006) examined general paleosol variability (not a single paleosol 
transect) across 15 km in the Ischigualasto-Villa Union basin in 
Argentina, where they found uneven paleosol distributions and thick
nesses derived from geomorphic heterogeneity, as well as variability in 
the pedogenic carbonates' oxygen isotope values. Rosenau et al. (2013a, 
2013b) observed basin-scale variability in paleosol type, linked pri
marily to the degree of marine influence. Thus, while a number of 
studies have examined lateral paleosol variability as a first step towards 
considering local environmental variability. Here we identify an op
portunity for proxy improvement by explicitly quantifying how lateral 
variability translates to certainty or uncertainty in proxy 
reconstructions. 

Additional efforts for improving the treatment of uncertainty have 
included developing proxies based on individual soil orders and soil 
functional types, which is critical because different soils have distinct 
chemical traits/processes (e.g., Sheldon, 2006; Nordt and Driese, 2010; 
Gallagher and Sheldon, 2013). Several researchers have focused on 
modifying the statistical treatment of proxies (e.g., Breecker, 2013; 
Stinchcomb et al., 2016; Lukens et al., 2019). For pedogenic carbonate- 
based proxies, understanding what part of the year a proxy represents 
has been shown to be critical for accurate interpretation of carbon and 
oxygen isotopes (Passey et al., 2010; Gallagher and Sheldon, 2016; 
Gallagher et al., 2019a; Gallagher et al.,2019b; Kelson et al., 2020) and 
different workers have also improved the interpretation of carbonate 
isotope geochemistry by using both inorganic and organic isotopes 
(Tabor et al., 2013; Tabor et al., 2017; Sheldon, 2018). Constraining 
lateral geochemical variability in paleosols provides essential back
ground information for each of those techniques and the methods dis
cussed in this work could easily be applied to other approaches (e.g., C 
isotopes in organic matter, pedogenic carbonate) and likely has impli
cations for the taphonomy of phytoliths as well (e.g., Hyland, 2014). 

The presence of pedogenic carbonates, whether authigenic or 
diagenetic, can strongly influence many paleosol-based proxies, to the 
point that some proxies define acceptable levels of carbonate (e.g., 
Sheldon et al., 2002; Nordt and Driese, 2010; Michel et al., 2016). 
Authigenic pedogenic carbonate is linked to precipitation and soil 
saturation, with proxies such as depth to Bk horizon relying on that 
relationship (Jenny, 1941; Retallack, 2005). Secondary or diagenetic 
carbonate, which does not reflect original soil formation conditions, can 
therefore skew paleosol proxy results (e.g., Retallack, 1991; Michel 
et al., 2021). Treatment of samples, either in sample preparation or 
processing/analysis, can also affect Ca concentrations and therefore 
impact proxy-based reconstructions (Michel et al., 2021). For example, 
with the CIA-K precipitation proxy, an anomalously high Ca concen
tration leads to an underestimation of precipitation; the accidental 
removal of authigenic carbonate through non-conservative pre- 

treatment (such as 20% H2O2), on the other hand, would lead to over
estimating precipitation (Michel et al., 2021). Therefore, paleosol Ca 
content merits careful consideration, particularly in the context of 
spatial variability and the representativeness of any given paleosol 
profile. 

By quantifying baseline geochemical heterogeneity and testing the 
robustness of select paleosol-based proxies at basin scales, ideally at 
multiple sites in a range of environments and soil orders, we can 
improve our understanding of km-scale processes in paleosols, make our 
proxies more statistically robust, and ultimately strengthen certainty in 
basin-wide paleoclimate and paleoenvironment reconstructions. Basins 
with good exposure and relatively flat-lying, continuous terrestrial 
strata are ideal testing grounds for the effects outcrop extent have on 
proxy uncertainty. Here, we examine the lateral variability of two 
Eocene paleosol transects and make a first attempt at quantifying the 
magnitude of uncertainty associated with km-scale outcrop resampling. 

2. Field site and geologic context 

With its flat-lying deposits, ample exposures, and high-resolution age 
constraints, the Eocene Green River Basin in SW Wyoming, USA (Fig. 1) 
has been the subject of many paleoclimate and paleoenvironmental 
studies, including some previous work on lateral geochemical variability 
(e.g., Hyland and Sheldon, 2016). These strata record a lacustrine to 
fluvial floodplain environment during a relatively warm and wet period 
and span the early Eocene climatic optimum (EECO; Braunagel and 
Stanley, 1977; Clyde et al., 1997; Clyde et al., 2001; Smith et al., 2008). 
The basin received sediment inputs from the proximal Wind River Range 
during the Eocene (Chetel and Carroll, 2010; Hyland and Sheldon, 2013) 
and is relatively well-dated due to stratigraphic correlation to dated 
tuffs, paleomagnetic records, and land mammal stratigraphy (Clyde 
et al., 2001; Smith et al., 2008). The floodplain deposits outside of paleo- 
Lake Gosiute are represented in part by the Eocene Wasatch Formation. 
These laterally-extensive outcrops are striking red, orange, yellow, and 
purple stripes on the tan-to-white backdrop of lacustrine deposits and 
stretch across basins, making them ideal targets for testing lateral het
erogeneity and constraining statistical uncertainty in proxies. 

Within the Wasatch Fm. of Wyoming, we focus on two sites of 
approximately the same age: previously sampled paleo-Alfisols of 
Honeycomb Buttes (HB; 42.237◦N, 108.533◦W, as reported), the site of 
Hyland and Sheldon (2016)’s work, and the new site presented here, 
Jack Morrow Hills (JMH), which is characterized by paleo-Inceptisols. 
The two sites are ca. 35 km apart (Fig. 1). The JMH transect is within 
the Main Body of the Wasatch Fm. and is overlain by the Tipton Member 
of the Green River Fm. (Sutherland and Luhr, 2011). The excellent ex
posures at JMH and HB are thanks in part to their position within the 
uplifted and incised northern extent of the Laramide-age Rock Springs 
Uplift (Mederos et al., 2005). Physically, they differ primarily in 
apparent redox condition: while Honeycomb Buttes is dominated by red- 
orange paleosols (oxidized), the JMH transect quickly transitioned from 
red-orange to dominantly purple (reduced) paleosols with grey, green, 
and yellow reduction mottles. Because of this difference, comparing the 
resampling results between the two sites is informative of broad soil 
conditions (i.e., not limited to either reduced or oxic paleosol or to a 
single soil order). 

3. Methods 

3.1. Access and sampling 

The Jack Morrow Hills (JMH) transect (42.104◦N, 109.055◦W; ca. 
2225 m) is located in Sweetwater County, WY, north of Jack Morrow 
Creek in the broader Antelope Hills area (Fig. 1). It is federal land 
managed by the BLM. It was accessed off of Hwy 28 between Farson and 
South Pass City, via county roads 21 and 83. 

A lateral transect of a continuous paleosol was followed over 2.9 km, 
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identified by its stratigraphic position above interspersed thick channel 
deposits and as part of a two-paleosol couplet (Fig. 2). Within the 
transect, ten profiles were sampled, and one profile was sampled from an 
overlying paleosol (red star in Fig. 3; Paleosol 7 in Fig. 4). At each 
profile, trenches (at least ca. 20 cm deep) were dug until fresh rock, 
unaffected by modern surface processes, was reached. Modern vegeta
tion and roots were avoided during sampling. Within each profile, 
samples were taken to represent each color or horizon change, and 
multiple samples within most B horizons to ensure intra-horizon repli
cability of results. One stretch of the transect (2–3 km) had steep slopes 
and more vegetation, so we were unable to sample the paleosol at the ca. 
2.5 km mark. After ~3 km, the paleosol couplet became less distinct and 
the butte was more eroded, effectively limiting the transect length to ca. 
3 km. Sample locations and descriptions are found in Table S1. 

3.2. Sample preparation and analysis 

Samples were crushed in a Shatterbox, dried at room temperature, 
and ground to <2 μm. Samples were not acidified in order to preserve Ca 
content. Bulk geochemistry was performed at ALS Minerals in Vancou
ver, BC via conservative four-acid digestion and ICP-MS analysis. In
strument error is <0.01% for major elements. Bulk geochemical data are 
reported in Table S2; extended CaO data are in Table S3. 

3.3. Proxies 

To test paleoclimate reconstructions, we used the Chemical Index of 
Alteration minus potash (CIA–K; Harnois, 1988; Maynard, 1992)- 
derived mean annual precipitation (MAP) proxy (Sheldon et al., 2002; 
Sheldon and Tabor, 2009). CIA-K is calculated on a molar basis 

following Eq. 1, and MAP from CIA-K in Eq. 2. The error for CIA-K-based 
MAP, ±182 mm yr−1, is the standard error of the regression from 
Sheldon et al. (2002). 

CIA − K equation Al2O3/(Al2O3 + CaO + Na2O) (1)  

MAP equation MAP = 221e0.0197(CIA K), ± 182 mm yr−1 (2) 

To test our resampled uncertainty on an unrelated paleosol, we also 
included in our statistical analysis a previously-sampled ~1.5 km Ver
tisol paleocatena from Kenya (Kisaaka; reported as ca. 0.84◦S, 34.15◦E, 
ca. 1170 m) which, with only 4 profiles' bulk geochemistry available 
over that distance but robust intra-paleosol sampling, provides a good 
point of comparison (Beverly et al., 2015, 2017). Because that transect 
contained Vertisols, we used the CALMAG MAP proxy, which was cali
brated on and intended for application on Vertisols (Nordt and Driese, 
2010). CALMAG is similar to other Al/base cation ratios but includes 
CaO and MgO, as the two cations with the strongest correlations with 
MAP (Nordt and Driese, 2010) rather than Na2O and CaO (e.g., CIA–K). 
While some users have treated the CIA-K and CALMAG proxies as 
interchangeable, CALMAG would be inappropriate for quantitative use 
with JMH and HB paleosols (Inceptisols/Alfisols). Instead, we use a 
comparison between proxies to consider the role of paleosol taxonomy 
in increasing or decreasing reconstruction uncertainty. 

CALMAG = Al2O3/(Al2O3 + CaO + MgO) × 100 (3)  

MAPCM = 22.69xCALMAG–435.8, RMSE = ± 108 mm yr−1 (4) 

Additionally, we checked two mean annual air temperature (MAAT) 
proxies (SAL, PWI) for lateral continuity (Fig. S1) (Retallack, 1991; 
Sheldon et al., 2002; Gallagher and Sheldon, 2013). To test for intra- and 

Fig. 1. Map of sampling locations. JMH = Jack Morrow Hills (new paleosols in this work), HB=Honeycomb Buttes (Hyland and Sheldon, 2016). Lower panel shows 
regional geography, with the two sampling sites marked in yellow nearby the Rock Springs Uplift (red lines). Top panel shows the JMH paleosol transect; yellow dots 
mark sampled paleosol profiles. Dashed red line indicates inferred trace due to access limitation (e.g., too steep or too vegetated to reach). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Full JMH section in profile, with massive fluvial sandstone underlying stacked paleosol successions. The distinctive paired dark-red paleosols were present for 
nearly 3 km, despite a transition from red to purple dominant hue. Channel sandstones were intermittently present at the same relative stratigraphic level. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 3. JMH site overview, with sampling locations marked by stars. Red star indicates a profile (#7) accidentally sampled from overlying paleosol. (For inter
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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inter-paleosol geochemical variability, MAP and MAAT proxies were 
explored both within single profiles and across the transect. 

PWI = [(4.20 × Na) + (1.66 × Mg) + (5.54 × K) + (2.05 × Ca) ] × 100 (5)  

MAATPWI = − 2.74 ln(PWI) + 21.39, SE of regression = ± 2.1◦C (6)  

SAL = (K2O + Na2O)/Al2O3 (7)  

MAATSAL = − 18.5xSAL + 17.3, SE of regression = ± 4.4◦C (8) 

Holdridge life zones provide a semi-quantitative means of matching 
climate with vegetation and provide the underpinnings for other modern 
approaches to soil energy models (Holdridge, 1947; Lugo et al., 1999). 
Mean annual precipitation and the ratio of estimated evapotranspiration 
to MAP (ET/MAP) are plotted on a ternary diagram, with classes (as 
defined by the International Institute for Applied Systems Analysis) 
overlaid based on modern vegetation maps. For paleosols, paleo-ET is 
estimated based on the difference between reconstructed MAP and soil 
effective precipitation (Peff) (Rasmussen et al., 2005; Rasmussen and 
Tabor, 2007; Gulbranson et al., 2011). In modern environments, Peff is a 
linear function of MAP and ET (Gulbranson et al., 2011). This 
empirically-derived relationship can be used to estimate Peff values for a 
MAT range of 10–13 ◦C using Eqs. 9, 10 (Gulbranson et al., 2011): 

Peff = 0.924(MAP) − 19.221 (9)  

and related to ET through Eq. 10 (Gulbranson et al., 2011): 

ET = MAPCIA−K − Peff (10) 

Data for Holdridge calculations can be found in Table S4. 

3.4. Statistical analysis 

To demonstrate how the number of profiles sampled can affect 
paleoclimate reconstruction uncertainty, average MAP values from 
primarily North American B horizons (which are used for paleoclimate 
reconstruction due to their longer formation times) were calculated from 
random subsamples of all profiles from each paleosol horizon. For JMH 
(profile n = 11), the 11 profiles were subsampled in 11 rounds that each 
used an increasing number of randomly selected profiles, starting with a 
single profile and ending with all 11 profiles. Each round of subsampling 
consisted of 10,000 trials, during each of which the average MAP values 
from the 1–11 randomly selected profiles were recorded. Each of the 
10,000 mean values were then nudged by a normally-distributed 
random value based on standard error of the proxy regression, 

originally 182 mm yr−1 (Sheldon et al., 2002; Prochnow et al., 2006). 
Because the original reported error is the standard error of the regres
sion, which is approximately similar to 2σ, we nudged the resampled 
mean by ±91 mm yr−1. Deviation from the mean, as 95% confidence 
intervals, were also calculated to represent the convergence towards μ +
2σ. The final result of each round of subsampling was a distribution of 
10,000 mean MAP values that could result from only using the number 
of profiles (1−11) prescribed in that round of subsampling and ac
counting for the proxy error. At HB (profile n = 10), resampling used 
permutations of 1–10 randomly selected profiles, and at Kisaaka pale
osol (profile n = 4), permutations of 1–4 profiles. 

All 11 profiles were included in the JMH resampling regardless of 
geochemistry or stratigraphic location, to most accurately reflect the 
possibility of mis-sampling during fieldwork. Resampling tests were 
repeated with (a) all B-horizon samples, (b) only samples with <5% CaO 
(Prochnow et al., 2006; Sheldon and Tabor, 2009), and (c) only samples 
with <11% CaO, a threshold determined by the distribution of CaO in 
modern Inceptisols as described below. The resampling with samples 
<5% CaO, as the most conservative proxy, are in main text figures; 
others are presented in the supplement for comparison. No HB samples 
fell outside the 5% CaO threshold, so no repeat resampling tests were 
necessary for those profiles. We also resampled data from the 4 profiles 
from the Kisaaka paleosols, with a nudge of 108 mm yr−1, the original 
RMSE. No Kisaaka samples fell outside the 10% CaO limit for CALMAG 
to be considered applicable. 

First, to quantify a baseline for soil CaO concentrations, we used the 
USGS database of modern soil geochemistry, including A and C horizons 
and the top 5 cm of the soil, across a range of soil orders (Smith et al., 
2014; n = 4857). For B horizons, which were not included in the USGS 
database, we used the Marbut (1935) dataset (n = 46), a dataset our lab 
compiled for previous work (Dzombak and Sheldon, 2020; n = 195), and 
the Vertisol transect used to calibrate CALMAG (Nordt and Driese, 
2010). Soil orders included in this Ca analysis are Andisols, Alfisols, 
Aridisols, Gelisols, Histosols, Inceptisols, Oxisols, Mollisols, Spodosols, 
Vertisols, and Ultisols, though the resulting dataset is dominated by 
Mollisols (n = 60), Ultisols (n = 57), Aridisols (n = 55), Alfisols (n = 44), 
and Vertisols (n = 42). For all horizons, CaO data are log-normally 
distributed, with long right tails (Fig. S2, S3). Based on the USGS data, 
CaO values in the 95th percentile in Top 5 cm/A horizons are about 
8.5%, and in C horizons around 14.5% (Table S3). For B horizons, the 
95th percentile in all soil orders' CaO was 17% CaO (n = 325). The 95th 
percentile of CaO for modern Inceptisols only (the designation of JMH 
paleosols) and B horizons only (used for paleoclimate reconstructions) is 
11% (Table S3). Both 5% and 11% were used as thresholds for Ca 

Fig. 4. Cartoon of each JMH paleosol profile, from W to E (left to right). A general shift from oxic to reducing conditions is apparent based on paleosol color, as well 
as an increase in profile thickness. Along with a decrease in channel sandstones on the eastern end of the transect, this change could reflect more distal, ponded 
conditions. Carbonates and rootlets were sparse across the transect, with slickensides as the most common pedogenic feature. 
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screening at JMH and HB. To improve Ca screening in paleosols, future 
work should constrain modern Ca distributions more robustly for each 
soil order. (This could also improve geochemical paleosol designations.) 

Code for subsampling is available in the supplemental materials 
online at DOI:10.17632/kpdngx4m2f.1. 

4. Results 

4.1. Paleosol description 

Complete descriptive features for each horizon are found in Table S1. 
Profiles were typically between 1 and 2 m thick with a B and C horizon; 

A horizons were typically truncated or present as A/AB transitions, 
denoted primarily by textural changes (e.g., sandy vs. silty/clayey) 
accompanied by the presence of root traces (Fig. 4). Root traces were 
sparsely present, and slickensides were pervasive throughout (Fig. 5d). 
Only two profiles (Paleosols 1 and 7) yielded pedogenic carbonate 
nodules (Fig. 5e), despite several other profiles having anomalously high 
Ca concentrations in certain samples (white circles in Fig. 4). Hydro
morphic features (e.g., drab-haloed root traces and redoximorphic 
mottling) were consistently present across the transect. Based on the 
degree of horizon development but lack of other diagnostic features, the 
paleosols were identified as paleo-Inceptisols, some with Vertic features 
(i.e., slickensides). They are designated as paleo-Incepisols rather than 

A B C

D

F

E

Fig. 5. JMH paleosol profile and detail photos. (A) Trench of oxic paleosol on western end of transect; hammer for scale. (B) Trench of transitional, purple-dominant 
paleosol; hammer for scale. (C) Trench of far eastern paleosol, with purple, red, and mottled yellow horizons present; backpack and field shovel at top of ridge for 
scale. (D) Slickenside on paleosol ped. (E) Examples of carbonates, with collected nodules marked with the black circle. Dashed circle and zoomed-in dashed 
rectangle show modern roots using paleo‑carbonate as nutrient hotspot. Because nodules were in float rather than in place, and in-situ carbonate was influenced by 
modern roots, analyses of carbonates were not possible for this transect. (F) Hand sample of mottled paleosol. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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-Alfisols or -Vertisols because no other Vertic features were present and 
B horizons were not clay-rich enough to qualify as Bt horizons. Paleosol 
profiles for the complete transect are depicted in Fig. 4. From west to 
east, the paleosol thickened and changed dominant color scheme, and 
the interspersed large channel bodies became smaller and sparser. 

One profile was mistakenly sampled in the overlying paleosol 
(Paleosol 7; red star in Fig. 3), but yielded similar geochemical results, 
providing a temporal/vertical point of comparison. 

4.2. Physical and geochemical variability 

Across the transect, the primary physical change in the paleosol was 
a shift from dark red to purple as the dominant color, with reduction 
mottling and drab-haloed root traces increasing as the paleosol became 
dominantly purple/grey eastward (Fig. 4). The JMH transect had more 
color variability than the transect at HB. The sediment distribution also 
gained some silt in the easternmost samples, but we did not see sandy 
channels directly interfingered with this particular paleosol at our 
sampling sites. 

Overall, paleosol geochemistry for most elements within paleo
climate proxies (Al, Na, K) was consistent across the transect, despite 
apparent shifts in redox conditions (color change; Table S2). Redox- 
sensitive elements (Fe, Cr, Mn) generally showed consistency across 
the transect, despite a shift from red-orange to purple-dominant clay
stone (Fig. S4). Down-profile trends in Ti/Al (Fig. S5b) reflect steady, 
minimal detrital input during soil formation, and down-profile trends in 
CIA-K (Fig. S5a) reflect typical within-profile weathering patterns (e.g., 
Sheldon and Tabor, 2009). 

However, CaO concentrations did vary notably in several profiles 
(Paleosols 4, 5, 9, 11 in Fig. 4), despite the absence of obvious sources 
like pedogenic carbonate nodules or grain coatings. Because these high 
CaO values directly affected proxy reconstructions, we tested how 
excluding CaO values above different thresholds would affect the MAP 
reconstructions for individual profiles (and in resampling, see below). 
For JMH samples, 10 B-horizon samples exceeded the 5% threshold, and 
3 B-horizon samples exceeded the 11% threshold. For HB samples, no B- 
horizon samples exceeded the 5% CaO threshold. In JMH B horizons, 
CaO correlates significantly with Mn, but less strongly with Fe and Cr 
(Fig. S6). 

4.3. Proxy variability 

Across the transect, MAP and the other indices were bimodally 
distributed about the mean, with one cluster of values around the mean 
and another, lower cluster present in paleosols with high Ca values (e.g., 
Paleosol 4; Fig. 6). Reconstructed MAP values from JMH B horizons 
averaged 1038 ± 182 mm yr−1 with high-CaO samples and 1185 ± 182 
mm yr−1 excluding high-CaO samples. The magnitude of the increase in 
mean MAP value is within the standard error of the proxy, making it 
statistically insignificant. However, the individual MAP values of the 
high-CaO samples are significantly lower than the mean, with the 5% 
and 11% threshold samples resulting in reconstructed MAP values from 
300 to 500 mm yr−1. This range is statistically significantly different 
from the overall mean; additionally, such MAP values would represent a 
different terrestrial biome that is not supported by other paleoclimate 
and paleoenvironmental work in this region. 

For the JMH transect, MAAT reconstructions from B-horizon PWI 
and SAL averaged 12.7 ± 2.1 and 11.7 ± 4.4 ◦C, respectively. (Including 
samples from all horizons lowers those values to 12.6 and 11.5 ◦C, 
respectively; the change is within each proxy's error but still demon
strates the effect including the incorrect horizons has on the proxies.) 
These temperatures are lower than MAATs derived from leaf-margin 
analysis of several penecontemporaneous Green River Basin early 
Eocene localities (>20 ◦C, Wilf, 2000; Fricke and Wing, 2004; Hyland 
et al., 2018; see Section 5). 

Within Holdridge life zone space, each paleosol profile plotted in the 
wet forest biome with the exception of Paleosol 4, which plotted as a wet 
tundra (Fig. S7). For comparison, the nearby HB also plotted as wet 
forest. We plotted the modern southwestern Wyoming climate as a 
check, and it fell appropriately within the dry scrub biome. 

The Kisaaka paleosol had moderate geochemical variability, with 
two of the four profiles' reconstructed MAP ranges and standard de
viations being larger than the others (Fig. S8). As with the JMH paleo
sols, CaO content is the primary driver of variability across that transect. 

4.4. Resampling and statistical constraints 

Our random resampling showed that the distribution of MAP re
constructions narrows as more profiles are added to the sampling, with 
the final iteration (all profiles and samples included) effectively 
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representing the standard error of the distribution about the mean 
(Fig. 7). At JMH, deviations from the mean (Fig. 7b) show diminishing 
improvement in MAP variance after more than 4–5 profiles are included, 
as well as asymmetry in the distribution of resulting MAP values for 
small numbers of included profiles. These results were repeated in the 
HB transect, which lacked samples with exceptionally high CaO 
(Fig. S9). Resampling the JMH profiles with samples exceeding the 5% 
CaO threshold resulted in a similar result (Fig. S10). There was no 
discernible difference between the 5% and 11% threshold resampling, as 
only three samples exceeded the 11% CaO threshold. Resampling for the 
Kisaaka paleosol, with four profiles but no clear outlier as at JMH, had 
muted results in a similar pattern, with uncertainty decreasing after two 
profiles (Fig. S11). 

5. Discussion 

5.1. Ecosystem and climate reconstruction 

Overall, our climatological results agree with proxies from approxi
mately the same geologic time and place. Paleosol-based MAP re
constructions of 1185 ± 182 mm yr−1 are comparable to physiognomic 
reconstructions of the Green River Basin (1160 ± 58 mm yr−1; Wing and 
Greenwood, 1993), though Wilf et al. (1998) revised this value to be 
lower, around 840 mm yr−1. MAP and MAAT results are also consistent 
with penecontemporaneous results from nearby Honeycomb Buttes 
(~1100 mm yr−1, ~11 ◦C) (Hyland and Sheldon, 2016). However, later 
reconstructions of the Honeycomb Buttes paleosols based on clumped 

Fig. 7. Resampling results for JMH transect (B horizons with CaO <5%). From top to bottom, the number of profiles included in the resample increases by one (i.e., 
top panel resamples one profile, bottom panel resamples all 11 profiles). The vertical red line is the average MAP from the dataset. All panels show results from 
10,000 trials. The bottom panel effectively represents the mean ± standard error of the regression. (Inset panel) From top to bottom, the deviation from the average 
MAP value for 1 to 11 profiles resampled, demonstrating how results become more certain with more profiles sampled. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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isotope analyses place 11 ◦C as representative of transitional seasons (e. 
g., MAM, OND), while the average air temperature from PPM1.0 was 
higher at 15.2 ◦C ± 1.3 ◦C (1σ; Sheldon, 2018). Recent researchers have 
found that pedogenic carbonates accumulated in B-horizons of soils are 
not recording mean annual temperature, and instead are seasonally 
biased (Passey et al., 2010; Quade et al., 2013; Gallagher and Sheldon, 
2016; Gallagher et al., 2019a; Gallagher et al., 2019b; Kelson et al., 
2020); it would be reasonable to expect that other B horizon processes 
(e.g., weathering) could be subject to similar seasonal effects. 

The proximity to sandy channels, color hues, and presence of hy
dromorphic soil features (mottling, drab-haloed root traces; lack of 
carbonate nodules) suggests a frequently wet floodplain environment for 
these paleo-Inceptisols, with some wet/dry cycles indicated by the 
presence of slickensides. The Holdridge life-zone designation of wet 
forest is reasonable in this context, as well as with the proxy-based 
paleoclimate reconstructions. (The ‘wet tundra’ designation for Paleo
sol 4 is driven by high CaO and should not be considered robust.) 
Ecosystem results based on our data align with findings from nearby 
ecosystems (e.g., Hyland et al., 2013; Hyland et al., 2018; Stein et al., in 
prep/review). Paleobotanical evidence from the proximal (in space and 
time) Bridger Formation includes trees, understory and climbing ferns 
consistent with subtropical forest conditions (Allen, 2017a, 2017b). 
Paleocene Eocene Thermal Maximum (PETM) and early Eocene climatic 
optimum estimates from the Bighorn Basin to the northeast plot as wet 
forest conditions (Wing et al., 2005; Wing and Currano, 2013), as do 
early Eocene estimates from the Bridger Formation (e.g., Blue Rim, WY; 
Allen, 2017a, 2017b; Stein et al., 2021). Although southwest Wyoming 
today is a cold, dry-scrub/desert, the early Eocene was equable and 
latitudes as far north as British Columbia have fossil evidence that 
supports the presence of subtropical species (Greenwood et al., 2005; 
Smith et al., 2009), so it is reasonable that the area would have been 
warm, wet, and forested at the time. 

5.2. Geochemical variability, Ca effect, and proxies 

The primary source of geochemical variability in the JMH transect 
was Ca, with high-CaO samples decreasing the MAP reconstruction for 
its paleosol profile (Fig. S12). Otherwise, geochemistry and proxies were 
relatively consistent, similar to previous work on a shorter (1 km) 
transect (Hyland and Sheldon, 2016). Because the three studies analyzed 
several different proxies, had different redox regimes, were different 
maturity levels, and differed in the degree of CaO variability, it is 
noteworthy that overall heterogeneity in proxies was low in the tran
sects. New intra-horizon sampling presented here also reflects low het
erogeneity. That variations in color do not necessarily reflect 
statistically significant variations in geochemistry or proxy values is a 
key and encouraging result. 

With Ca being a main source of variability in North American soils 
(which encompass a wide range of climatic and environmental settings; 
Fig. S12), screening for Ca prior to reconstructions is critical. In modern 
soils, the distribution of B horizon geochemistry suggests that most soils 
have <5% CaO (Table S4; Fig. S2). If a paleosol exceeds that value, care 
should be taken to check for diagenesis or other secondary alteration. A 
site with paleosols exceeding the CaO threshold would be a good situ
ation to consider using relative rather than quantitative change. Because 
most proxies (except CALMAG, which has an upper threshold of 10% 
CaO; Nordt and Driese, 2010) were developed on noncalcareous or 
weakly calcareous parent materials, future work should develop more 
proxies for carbonate-parented non-Vertic soils. 

Profiles in different redox regimes yield similar paleoclimate results, 
suggesting that while redox variation indicates small-scale hydrology, 
paleoclimate results remain robust. One redox-indicator trace element, 
Mn (e.g., Driese and Sim, 1995), correlates strongly to CaO content in B 
horizons (r2 = 0.95, p < 0.001, n = 90; Fig. S6a). Mn was more variable 
in the JMH transect than in either the HB or Kisaaka transects. Other 
redox indicators explored (Fe, Cr) had less linear negative correlations 

with CaO (Fig. S6b,c; r2 = 0.21, p < 0.001 and r2 = 0.48, p < 0.001, n =
90 for both). The strong correlation between Mn and CaO could be 
indicative of Ca– Mn replacement in dispersed carbonates or 
exchangeable clays during periods in which the paleosol was water
logged and the redox regime became strongly reducing. The suggested 
Mn–Ca relationship could be a fruitful path of investigation in future 
work, and given long-standing interest in paleosol Fe (e.g., Sheldon 
et al., 2021) and Cr (e.g., Colwyn et al., 2019) as redox indicators in 
geologic history, the weaker relationships identified here may also be 
worth further investigation. 

Time and weathering intensity are two soil-forming factors which are 
important to consider. As a soil evolves from an immature or weakly- 
weathered stage (i.e., Entisol/Inceptisol) to a more mature or 
intensely-weathered stage (i.e., Alfisol, Ultisol), there could be a sys
temic change in geochemical variability. By applying a random resam
pling analysis to transects with Inceptisols, Alfisols, and Vertisols, 
respectively, we demonstrate that this basic principle of outcrop extent- 
based sampling uncertainty applies to a variety of soil orders and 
maturity levels. Future research could improve on this work by resam
pling in an expanded range of soil orders, as well as more varied envi
ronments; JMH and HB effectively represent the same wet forested 
biome, and the Kisaaka paleosol formed in a tropical savanna (Beverly 
et al., 2015, 2017). Future work could also explore more explicitly the 
effect of time or paleosol maturity (i.e., from Entisol to Ultisol), as well 
as vegetative cover type (e.g., grasslands/paleo-Mollisols), on ten
dencies for geochemical heterogeneity and proxy uncertainty. 

The resampling results highlight the benefits of including more 
profiles from a single horizon, including increased confidence that 
sampled profiles are in fact representative of the entire horizon, as well 
as decreased uncertainty in the absolute proxy outputs. Increasing the 
number of profiles included narrows the resulting distribution of 
possible MAP values, but with diminishing impact after 4–5 profiles 
(Fig. 7b). The distribution begins to converge around 4–5 profiles for our 
JMH site, with limited ‘return on investment’ of including more profiles 
beyond that point (Fig. 7b). Similarly, HB begins to converge at 3–4 
profiles sampled because it has less geochemical variability (Fig. S9). 
The Kisaaka paleosol is more difficult to compare at 1.5 km with 4 
profiles, but it still shows the decrease in uncertainty at 3 profiles 
(Fig. S11). Practically as well as logically, then, sampling at least three 
profiles for a transect of any extent is a robust baseline practice. Beyond 
that point, the number of profiles that should be sampled scales with 
extent and the apparent degree of variability. 

5.3. Paleosols as stratigraphic markers 

Kraus and colleagues identified early on paleosols' strengths and 
shortcomings as recorders of environment and placemarkers in basin- 
wide stratigraphy. Considering spatial (horizontal) as well as temporal 
(vertical) distribution variability in paleosols is important to be able to 
best use paleosols in interpreting basin-scale changes in hydrology and 
environment, as well as using them as relative markers. Relying on a 
paleosol designation from a single profile, or from multiple profiles 
closely grouped together within a basin, for basin-wide or regional 
correlation should be done carefully, given that — as with modern soils 
— relatively small changes in topography, biosphere, and hydrology can 
affect both the type of paleosol and whether or not it would be preserved 
at all. It is common for a basin to have multiple pedotypes present, with 
their particular distribution dependent in part on basin-wide fluvial 
processes (e.g., Kraus, 1999; Tabor et al., 2006; Hamer et al., 2007; 
Rosenau et al., 2013a, 2013b; Weissmann et al., 2013). 

Many paleosol studies effectively examine vertical/temporal vari
ability when looking at paleosol sequences through time, but it is 
imperative to understand the geochemical variability within a paleo
sol—both internally and laterally—so we can know if the temporal 
changes are within error, essentially, of the lateral distribution, or if the 
observed/reconstructed changes are larger and therefore significant, 
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representing meaningful, actual change in climate or environment. 
Additionally, interpreting a paleosol accurately depends on under
standing its paleotopographic context, which can only be done through 
examining its lateral extent (Adams et al., 2011). More broadly, to most 
accurately interpret a paleosol, its position in a basin-wide context 
should be known (e.g., proximal, distal, different inputs; Kraus, 1987; 
Bown and Kraus, 1987; Kraus, 1999), and the preservation bias for flat 
or low-lying floodplains should be considered. 

Paleosols are useful chemostratigraphic indicators because of their 
distinctive weathering patterns that become particularly evident in 
stacked paleosol successions (Kraus, 1999). By tracking vertical/tem
poral changes in multiple geochemical proxies/weathering indices (e.g., 
CIA, isotopic changes, provenance indicators), such successions have 
been used to track global shifts in climate on a basin-wide scale (e.g., 
Sheldon and Retallack, 2004; Baczynski et al., 2013; Hyland et al., 
2017). These relative changes in weathering should be consistent 
throughout the basin if similar paleosols/pedotypes are compared (i.e., 
similar pedofacies and order), but correlations could fail if the basin has 
tectonic/sedimentary regimes that are substantially different at one end 
from the other. Like other climate-change tools, chemostratigraphic 
tools are best used in conjunction with other dating and relative strati
graphic markers. 

Under-sampling a paleosol weakens its physiochemical description 
(making it harder to correlate across larger scales) and limits certainty of 
paleoclimate/paleoenvironmental proxies. The contributions in this 
work towards improving paleoclimate proxy uncertainty primarily 
improve paleosols' use as chemostratigraphic markers in vertical sec
tions because at basin or larger scales, it is often unlikely that a single 
paleosol transect would be present uninterrupted. By refining an 
approach to proxy uncertainty, the chemostratigraphic marker becomes 
better defined. Sampling fewer profiles in building a chemostratigraphic 
record minimizes the ability to confidently correlate trends in paleo
climate proxies across regional scales. Sampling fewer profiles in a well- 
defined transect could also lead to erroneous interpretations of climatic 
or environmental change when the observed variability is, in fact, due to 
synchronous variability. Redox variability in the physical appearance of 
paleosols in the JMH transect serves as an example of this. 

5.4. Implications for uncertainty and analyses 

Because both JMH and HB had relatively consistent geochemistry 
and a clear climate signal, our findings support the use of paleosol-based 
proxies—with the important caveat that sampling multiple profiles af
fects reconstruction uncertainty. Sampling a single paleosol profile, even 
with multiple samples per horizon within that profile, does not provide 
sufficient information on how representative of the whole paleosol 
extent, let alone the landscape-scale, that profile might be. Our resam
pling exercise demonstrates that without considering the uncertainty 
associated with outcrop limitations, paleosol-based reconstructions are 
falsely precise, perhaps leading to overinterpretation of individual out
crops or in the context of time-series changes (i.e., climate change). It is 
particularly important to consider as many sources of uncertainty/ 
variability as possible when taking reconstructions a step further (e.g., to 
paleoaltimetry), as any unaccounted-for uncertainty could compound in 
the next level of work. 

Based on our results, paleosol reconstructions that do not incorporate 
outcrop-based uncertainty may have over-interpreted the significance of 
apparent climate change based on paleosol geochemical proxies. That is, 
without quantifying the true lateral variability of an outcrop, we cannot 
definitively say whether there has been significant temporal change 
unless it greatly exceeds the proxy calibration error. By increasing the 
lateral and/or vertical sampling coverage, we can address this uncer
tainty. It could also be prudent to think in terms of relative, rather than 
absolute/quantitative, changes for outcrops with limited extent, both in 
terms of magnitude and climate/environment. This more conservative 
approach still allows interpreting large-scale climate and environmental 

shifts that we're interested in and that could be linked to broader/global 
trends, as is currently the case with global chemostratigraphic correla
tions in carbon cycle disturbances/the C isotope record (Sahy et al., 
2015; Cotton et al., 2015; Gallagher et al., 2019a; Gallagher et al., 
2019b). Relative changes in weathering in paleosol successions have 
been used (e.g., Sheldon et al., 2012; Hyland et al., 2013), but this is not 
common practice. At the least, relative changes should be considered 
along with quantitative changes, and in the context of both proxy- and 
outcrop-based uncertainties. For profiles and outcrops with limited 
lateral sampling opportunities (and therefore lower confidence in their 
representativeness), we encourage placing more weight on relative 
changes than absolute values. 

Finally, we note that paleosols' lateral geochemical variability could 
influence local taphonomy. For example, mesoscale topographic 
changes can influence plant growth, water ponding, and redox state, 
which together can influence preservation likelihood (e.g., Demko et al., 
1998; Trueman, 1999; Behrensmeyer et al., 2000; Gastaldo and Demko, 
2010). Little work has been done on paleosol geochemical variability 
and taphonomy, and what potential biases this introduces into terres
trial paleobotanical/palynological records (e.g., Hyland, 2014) or to 
studies that seek to “fingerprint” fossil remains by comparing their 
chemistry to the paleosol chemistry (e.g., Metzger et al., 2004). This area 
merits further investigation. 

5.5. Implications for fieldwork 

Outcrop limitations are the foremost constraint on paleosol field
work. A single, small outcrop is statistically not that informative unless 
coupled with other nearby outcrops; this may limit the number of sites 
where we can do paleosol-based reconstructions, but it is necessary to 
acknowledge this fundamental constraint. Rather than being prescrip
tive, this resampling exercise generally demonstrates the uncertainty 
inherent in using a single paleosol profile to represent a landscape rather 
than a lateral outcrop. Practically, there is no set number of paleosol 
profiles that should be sampled per some given distance. At a minimum, 
three paleosol profiles should be sampled for basic repeatability testing, 
ideally with multiple samples from within each horizon to constrain any 
internal variability (i.e., Ca hotspots). Beyond that, the number of pro
files to sample essentially scales with extent and degree of apparent 
variability. An additional ‘best practice’ is to report outcrop lateral ex
tents (in addition to profiles' vertical thickness), along with the vari
ability in their exposure quality and features. 

When determining how many profiles to sample either vertically or 
laterally, it is crucial to consider the needs and limitations of the relevant 
scientific questions. Defining a transition from a forest to a desert over a 
5 my record requires a lower-resolution record than capturing a smaller- 
magnitude shift in climate. The latter case, then, also calls for a better 
description of the uncertainty in paleoclimate proxies than in the 
former. Nuanced changes in climate (e.g., a change in MAP of 200 mm 
yr−1) is more defensible with robust sampling that allows a well-defined 
range of uncertainty. Quantitative proxy changes that far exceed cali
bration errors can be confidently interpreted as change; when the 
change is smaller in magnitude, a more conservative interpretation may 
be more appropriate. 

6. Conclusions 

The primary conclusion from this work is that sampling strategy 
affects the uncertainty on paleosol-based proxies, and that uncertainty 
should be taken into account both when planning sampling/fieldwork 
and analyzing paleoclimate reconstruction data. In general, as we 
constrain different types of uncertainty around paleosol-based proxies 
that are currently underestimated or not accounted for, we should be 
more conservative in interpreting paleoclimate reconstructions as ab
solute. Relying solely on calibration-based fixed standard error un
derestimates the true uncertainty of the reconstructed value; until these 
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other sources of error are incorporated into reconstructions, we 
recommend analyzing relative changes, particularly for shorter time
scale or higher-resolution datasets with relatively few profiles sampled. 

This study lays the groundwork for improving the statistical uncer
tainty on paleosol-based proxies that stems from lateral variability and 
the hurdles to reliably scaling single outcrop-based reconstructions to 
basin-wide and regional scales. Carrying out more multiple km-scale 
transect analyses, such as the work presented here, would improve our 
understanding of these uncertainty effects in a range of environments 
and soil orders. Ideally, the community will work towards having mul
tiple such transects from single large basins, like the Green River Basin, 
that record critical transition periods in Earth's history. Including varied 
data (e.g., regular and clumped isotopes, phytoliths, mineralogical in
dicators such as Goethite/Hematite) could improve understanding of 
how different terrestrial biogeochemical processes are linked at land
scape scales, and how their different preservation biases could affect our 
interpretation of their records. Finally, carrying out these statistical 
analyses in a variety of soil orders and environments would make 
landscape-scale paleoclimate and paleoenvironmental reconstructions 
more robust. 
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