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Supplemental Tables: 
 

Table S1: Paleosol features. Paleosols are stored in ESS labs at the University of Michigan, Ann Arbor, 

U.S.A. 

 
 

 

 

 
 
 
 
 



 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplemental Figures: 

 
Figure S1 Paleosol features and elements. (a) Average paleosol profile at Blue Rim escarpment based on 
common horizon depths and features, (b) typical CIA-K over profile, (b) Ti/Al ratio (molar) for all 
paleosol profiles. 
 

 



 
Figure S2 Up profile changes in tau (mobile element transport, see equations 2 and 3, per Chadwick et al. 
1990) for Paleosols #1 (A) through #6 (F).   
 

 
 



 
Figure S3 Relationship between CIA-K and CIA for all paleosol bulk geochemistry data, measured by 
ALS Laboratories in Vancouver, British Columbia, Canada.  
 



 
Figure S4 Comparison between organic content in stratigraphic units (%C) and leaching (Ba/Sr ratio). 
 

 

 



 
Figure S5 Common plant fossils and preservation types found at the Blue Rim Escarpment (2019): (a) 
Lygodium kaulfussi, (b) Asplenium sp. (c) Populus cinnamomoides, (d) cf. Cedrela sp. (e) unidentified 
monocot, (f) unidentified organ carbon-rich leaf mat, all sampled at 26 m in the section (see Figs. 3-5). 
 

 



 

Figure S6 Comparisons of paleoclimate reconstructions using multiple proxies at Blue Rim, southwestern 
Wyoming. Paleosol-based proxies are shown in blue (y-axis), with opaque blue representing the range of 
reconstructed precipitation (a-b) and temperature (c-d) and transparent blue shows error for each proxy 
(1σ for Chemical Index of Alteration and Paleosol Weathering Index). Two plant-based proxies are 
shown in red (x-axis), with opaque red representing the range of reconstructed precipitation using leaf 
margin analysis and leaf area analysis based off multiple regional and global equations (e.g., Wolfe 1979; 
Wing & Greenwood 1993; Wilf 1997; Wilf et al., 1998; Gregory-Wodzicki 2000; Jacobs 2004; Kowalksi 
& Dilcher 2003; Miller et al., 2006; Peppe et al., 2011), and error (standard error) shown in opaque red. 
Climate Leaf Analysis Multivariate Program (CLAMP, a & c; e.g., Spicer et al. 2009) is shown in purple, 
with opaque purple to show the range of reconstructed values based on regional meteorological stations 
and global reconstructions, and transparent purple showing standard deviation (1σ). CLAMP was not 
done on the upper horizon. The precipitations and temperatures for which both proxies overlap (within 
error) are outlined in a dashed box, and grey boxes show the precipitations and temperatures that overlap 
for reconstructed ranges (excluding error). The Lower (plant macrofossil) Horizon is shown in panels a 
and c, the Upper (plant macrofossil) Horizon is shown in panels b and d (Allen, 2017b). 

 



 

Figure S7 Current boundaries of Wyoming, USA with localities plotted with same symbols as seen in 
Figure 10. Blue Rim escarpment is plotted in stars (blue for this study, red for Allen 2017b). The 
Paleocene-Eocene Thermal Maximum record from Bighorn Basin is plotted in a yellow circle, while the 
EECO record from the Bighorn Basin is 
plotted in a red circle. The middle Eocene climatic optimum (MECO) is plotted in a blue circle. 

 

 

 

 

 

 

 

 



Supplemental Methods: 

Floral humidity province 

To contextualize climate variables (temperature, precipitation) to ecoregion and 

humidity, Gulbranson et al. (2011) developed a life-zone proxy based on Rasmussen et al. (2005) 

and Rasmussen and Tabor’s (2007) pedogenic energy model. This energy quantifies energy 

influxes due to solar radiation (and subsequent net primary productivity: NPP) and precipitation. 

The total energy input into a soil (Ein) is related to energy supplied by NPP (ENPP) and 

precipitation (EPPT). EPPT and ENPP are calculated using weathering indices (CIA). EPPT is plotted 

against evapotranspiration (ET) and divided into humidity zones using Eq. 9: 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (9)    𝐸𝐸𝐸𝐸 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐸𝐸𝑃𝑃𝑃𝑃𝑃𝑃 [4.18(∆𝐸𝐸)]−1 

Where ΔT is the temperature difference between 273.16 °K and mean annual temperature. 

Mean annual precipitation calculated using the relationship between CIA-K and precipitation 

was used in this relationship (Eq. 5).  

 

In modern environments, effective precipitation (Peff) is a linear function of MAP and ET (Eq. 

10): 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (10)          𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑀𝑀𝑀𝑀𝑀𝑀 − 𝐸𝐸𝐸𝐸 

And Peff can be calculated using Eq. 11. 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (11)         𝑀𝑀𝑒𝑒𝑒𝑒𝑒𝑒 = 0.9075(𝑀𝑀𝑀𝑀𝑀𝑀) − 21.403 



Paleolatitude has been described as anywhere between 35 °N and 44 °N (Allen 2017b), which is 

necessary criteria for determining the best equation for ENPP in Gulbranson et al.’s (2011) model, 

though temperature can be swapped out as the best fit criteria. Temperature has been described 

as 17-20 °C by prior studies for this region during this time (Allen 2017b), so we use Eq. 12 

determined by ranges of MAT in Gulbranson et al. (2011). 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (12)         𝐸𝐸𝑁𝑁𝑃𝑃𝑃𝑃 =  −1.943(𝐶𝐶𝐶𝐶𝑀𝑀)2 + 352.41(𝐶𝐶𝐶𝐶𝑀𝑀) + 28197 

 

For reconstructed MAT and MAP values from alternate proxy data (non-paleosol estimates), 

CIA was back calculated estimating CIA-K using given precipitation values and Eq. 5, then 

translated into CIA values using Eq. 13.  

This relationship was calculated using the relationship between CIA and CIA-K for all paleosol 

bulk geochemistry measurements at this site (Supplemental Fig. S1; R2 = 0.99) 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (13)    𝐶𝐶𝐶𝐶𝑀𝑀 = 0.78(𝐶𝐶𝐶𝐶𝑀𝑀 − 𝐾𝐾) + 5.23 

 

Holdridge Life Zones 

The Holdridge Life Zone classification system (Holdridge 1947) matches climate with 

vegetation. Higher precipitation adds energy to a soil system, which mobilizes elements and 

weathers the soil. Evapotranspiration, represented on the other axis of the Holdridge biome 

diagram (Fig. 7b) represents energy loss from the soil profile. These two plotted together can 

then be divided into biome space, allowing for estimation of climate and vegetation through the 

same diagram. Using the ratio of evapotranspiration (calculated by Equation 10) to mean annual 



precipitation, which represents potential evapotranspiration ratio, as compared to precipitation, 

we plotted each paleosol in life zones.  

 

Global context of climate 

Chronologically, the region of interest (specifically, the Rocky Mountain Wyoming 

region) went from wettest during the PETM in the proximal Bighorn Basin (rain forest; 

reconstructed using LMA and LAA; Wing et al. 2005) to drier and cooler (characterized as a wet 

forest), resulting in less evapotranspiration and less precipitation as time progressed. Blue Rim-

era floral humidity provinces are all estimated to also be wet forests, which is further 

contextualized by fossil evidence as presented in the taxonomy and floral humidity provinces of 

our fossils and Allen’s (2017) characterization of the escarpment. Other comparably aged 

Eocene climate reconstructions based on palynological data from the Laney Member of the 

Green River Formation (~48.5 Ma; Smith et al., 2008), located in the same basin as the Blue Rim 

escarpment, appear to be closer to rainforest floral humidity provinces (Leopold & MacGinitie 

1972; Roehler 1993; Smith et al., 2008; Fig. 8). That being said, megaflora from the Green River 

Formation has been described as ranging from littoral to floodplain vegetation along the lakes 

edges, plants adapted to subhumid conditions slightly higher, broad-leaf deciduous trees in 

cooler and mesic situations, and conifer-hardwood and montane zones from high altitude regions 

(MacGinitie 1969). Over the late Paleogene into Neogene and more recently, the region has 

continued drying and is now high desert/dry scrub, with minimal precipitation (195 mm yr-1 in 

2019, the year sampled; PRISM Climate Group 2004), cold winters (<0 °C from November to 

March; PRISM Climate Group 2004), and hot, dry summers (Fig. 8). The locations of each of 

these sites is plotted on Figure S7, to demonstrate their proximity.  



The Parachute Creek, Laney, and Fossil Butte Members of the Green River Formation, 

all slightly older than the Blue Rim escarpment and deposited during the EECO, have also been 

interpreted as semi-deciduous with seasonally dry subtropical taxa (Wing 1987; Allen 2015). 

Further away in the Okanagan Highlands of the North American Pacific Northwest, climate 

reconstructions yield temperature ranges of 10–13.5 °C (Wolfe et al. 1994; Wolfe et al. 1998; 

Greenwood et al. 2005), similar to those values reconstructed at Blue Rim, demonstrating the 

equability of North America during the early Eocene. 

 

Blue Rim climate based on floral vs paleosol reconstructions 

Mean annual precipitation (MAP) reconstructions from this study based on inorganic 

proxies in paleosols ranged from 608–1167 mm yr-1 (average: 845 mm yr-1 ± 255 mm yr-1, 

standard deviation). A high influence of carbonate in the parent material resulted in a lower CIA-

K, and thus lower rainfall estimates (Sheldon et al. 2002). Error on CIA-K proxies is ± 181 mm 

yr-1 (Sheldon et al. 2002; Passchier et al. 2013), such that estimates from organic, physiognomic, 

and inorganic geochemical proxies are within error of one another. However, overall, these 

inorganic-based reconstructions are slightly lower than those estimated using Climate Leaf 

Analysis Multivariate Program (only in the lower horizon, CLAMP, 1653 ± 317 to 2070 ± 483 

mm yr-1; Allen 2017b) and leaf area analysis, which was estimated using four different 

regression equations based on different regions of today’s world (LAA; ranging from 1299.4 + 

563, -393 to 1539.8 + 1294, -703 depending on the regression used in the upper horizon: and 

1454.8 + 358, -287 to 1711.0 + 1438, -781 depending on the regression used in UF-19404, 

isolated channel fill and oldest stratigraphically; Wilf et al. 1998; Gregory-Wodzicki 2000; 

Jacobs 2004; Peppe et al., 2011; Allen 2017b). This could be due to the location in the section 



(stratigraphically older, see Figure 5) of the studied paleosols. Temperature results based off 

inorganic geochemistry in paleosols in this study were slightly lower than those reconstructed 

using leaf physiognomy (CLAMP: 14 to 15 °C, LMA: 14 to 20 °C; Fig. 7; Allen 2017b, 

originally calculated using Wolfe 1979; Wing and Greenwood 1993; Wilf 1997; Kowalski & 

Dilcher 2003; Miller et al., 2006; Spicer et al., 2009; and Peppe et al., 2011), with PWI-based 

temperatures ranging from 10 to 12 °C (average 11.0 °C ± 0.7 °C standard deviation; Fig. 7). 

 


