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Abstract 

The Paleocene-Eocene Thermal Maximum (PETM), a rapid global warming event  

~56 million years ago, caused by a large release of isotopically-light carbon into earth’s 

atmosphere and oceans, provides geologic parallels to anthropogenic climate change. 

This study focuses on vegetation changes within channel and overbank depositional 

sequences before, during, and after the PETM in the Hanna Basin, southeastern 

Wyoming, U.S.A. At each site, lithological descriptions were made, bulk carbon isotope 

samples were evaluated, and vegetation structure was assessed using reconstructed Leaf 

Area Index (rLAI) measurements. Our results indicate a meandering channel and closed 

canopy environment before the PETM, and a swampy, densely forested environment 

after the PETM. During the PETM, warmer temperatures and drier conditions decreased 

vegetation structure, causing a shift to braided fluvial systems. Our data demonstrates that 

the PETM had a significant impact on terrestrial landscapes. 
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Introduction 
 

 

During the Paleocene-Eocene Thermal Maximum (PETM), ~56 million years 

ago, thousands of petagrams of carbon were released in less than 20,000 years, producing 

a global negative carbon isotopic excursion (CIE) (McInerney & Wing, 2011). Possible 

sources of the released carbon include methane clathrates (Dickens et al. 1995), shallowly 

buried peat or coal (Kurtz et al., 2003), thermogenic methane (Svensen et al., 2004), 

rapidly thawed permafrost (DeConto et al., 2010) or a combination of these. The global 

warming event lasted ~200,000 and caused ocean acidification, a 5-8º C increase in 

global temperatures, and at least a doubling of atmospheric CO2 levels (McInerney & 

Wing, 2011). In midlatitude continental interiors, increased temperatures led to lower 

mean annual rainfall, causing more seasonally dry conditions and increased conditions of 

water stress, when demand for water exceeds available quantity (Kraus et al., 2015). 

Sandstones deposited during the PETM in both the Bighorn and Piceance Creek Basin 

record changes in fluvial systems, likely caused by changes in river gradients, increased 

seasonality of precipitation, reductions in vegetation cover, or some combination of these 

(Foreman et al., 2012; Foreman, 2014).  

Few extinctions occurred during the PETM, but terrestrial and marine organisms 

experienced major shifts in geographic ranges, changes in food sources, and rapid 

evolution (McInerney & Wing, 2011). The best record of plant responses to PETM 

environmental change to date comes from the Bighorn Basin in northwestern Wyoming. 

Wing et al. (2005) demonstrated a decrease in leaf size, reflecting a decrease in water 

availability. Taxonomic analyses showed a distinct difference in floral composition 
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during the PETM in contrast to directly before or after (Wing & Currano, 2013). Conifers 

and a combination of deciduous and evergreen broad-leaf families were the primary pre- 

and post-PETM megafloras; PETM megafloras lack conifers but were rich in the dry-

tolerant Fabaceae family (Wing et al. 2005; Wing & Currano, 2013; Smith et al. 2007). 

During the CIE (carbon isotope excursion) recovery, many typical Paleocene plants 

returned, implying that the plant populations were able to migrate to refugia during the 

Thermal Maximum (Wing & Currano, 2013).  

Paleobotanic and sedimentologic studies have documented taxonomic turnover as 

well as hypothesized that vegetation cover decreased during the PETM. Here, we use 

Leaf Area Index [LAI = foliage area (m) / ground area (m)] to quantitatively reconstruct, 

for the first time, vegetation structure before, during, and after the PETM. Vegetation 

structure, the three-dimensional architecture of a plant community, is crucial to 

ecosystems, impacting soil temperature and moisture, stream channel morphology, 

erosion, plant and animal compositions, and the hydrologic and carbon cycles (Dunn, et 

al., 2015).  

Modern LAI values range from 0 (open canopy) to 6 (dense canopy) (Dunn et al., 

2015). Reconstructed LAI (rLAI) modeling is based on the sun’s impact on the leaf 

epidermis. In shaded environments, epidermal cells are larger, more elliptical, and have 

more undulatory cell walls than cells exposed to the sun. Since vegetation structure is 

directly related to light, larger, more elliptical, and more undulatory cells are likely to be 

associated with a dense canopy rather than with an open forest. A relationship between 

the morphology of leaf epidermal cells and LAI was first established using phytoliths 

(Dunn et al. 2015), and later expanded to use fossil cuticle, which is preserved in 
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depositional environments that do not preserve phytoliths (Dunn et al., personal 

communication). A modern calibration set of Costa Rican soils collected from a wide 

range of LAI conditions was used to establish these relationships (Dunn et al. 2015). 

The PETM serves as a geologic parallel to anthropogenic climate change, 

providing crucial insights into climate systems, the carbon cycle, and biotic responses to 

environmental change that are applicable to present-day and future global climate 

changes.  We hypothesize that the Hanna Basin will show a less dense vegetation 

structure (lower rLAI value) during the PETM than before and after, due to a drier 

climate and increased water stress on plants. 

 

Geologic Setting 

The Hanna Basin is located in south-central Wyoming, USA. The basin formed 

during the Laramide Orogeny, beginning in the late Cretaceous and continuing into the 

middle-late Eocene (Dickenson et al., 1988). The orogeny created a series of 

intermontane basins surrounded by basement-involved uplift structures (Dickenson et al., 

1988). Currently, the Hanna Basin is bounded by the Rawlins uplift in the west, the 

Sweetwater arch in the north, the Simpson Ridge anticline in the east and the Medicine 

Bow Mountains and Sierra Madre in the south (Figure 1) (Dechesne, in review). 

Within the Laramide foreland, the Hanna Basin was one of the most rapidly 

subsiding basins (Roberts & Kirschbaum, 1995; Jones et al., 2011; Dechesne, in review). 

Consequently, the Hanna Basin preserved a relatively thick and continuous sequence of 

Cretaceous to Eocene strata (Gill et al., 1970). The Hanna Formation contains the 

Paleocene-Eocene boundary, and through diagnostic late Paleocene and early Eocene 
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paleobotanical remains, such as the presence of the Eocene indicator Platycarya leaf and 

pollen, as well as facies and geochemical analyses, the PETM is placed in the upper 

Hanna Formation (Dechesne, in review). The Hanna Formation is made up of alternating 

successions of sandy fluvial deposits, carbonaceous shales, mudstones and drape coal 

beds.  

 
Figure 1. Map of the Hanna Basin (outlined in red) within the Laramide foreland. HB– 

Hanna Basin, BHB–Big Horn Basin, PCB–Piceance Creek Basin; SM–Sierra Madre,  

MB–Medicine Bow Mountains, RU–Rawlins Uplift. (Dechesne et al., in review). 

 

Compared to other basins within the region, the abundant coals, carbonaceous 

shales, and shallow lacustrine deposits in the Hanna Formation demonstrate a much 

wetter and more ponded paleoenvironment before and after the PETM (Dechesne, in 

review). However, during the PETM, the Hanna Basin contains amalgamated channel 

complex sandstones, which are present in the Bighorn and Piceance Creek Basins 

(Forman et al., 2012; Forman et al., 2014; Dechesne, in review). Furthermore, since the 
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Hanna Basin was at midlatitude, in the continental interior, it is likely that it endured 

effects similar to those in the Bighorn Basin and in the Piceance Creek Basin, including a 

warmer, seasonally dryer climate with increased monsoonal precipitation (Forman et al., 

2012; Forman et al., 2014).  

 

Methods 

Lithology 

Bed by bed descriptions of grain size, grain shape, sedimentary structures, color, 

clay content, and organic matter were recorded. Sections and bed thicknesses were 

measured using a Jacob’s staff. During the PETM, there is a lithological change from 

predominantly fine-grained sediments to laterally extensive, multistory sandstone beds 

(Dechesne et al., in review). Therefore, in order to isolate the effects of lithological and 

PETM climate changes on vegetation structure, sections were chosen before and after the 

PETM that include large sandstone beds (Figure 2). The pre-PETM section includes a 

large, laterally extensive sheet sand, and the post-PETM section includes both a smaller, 

lenticular channel and a large, laterally extensive sheet sand. 
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Figure 2. Map of Hanna Basin sections. The purple star marks the Pre-PETM section, the 

blue star marks the PETM section, and the green star marks the Post-PETM section. 

Sandstones are highlighted in yellow and previously measured sections are outlined in 

red (Dechesne et al., in review). 

 

Leaf Area Index 

Samples of fine-grained, organic-rich rocks were collected from the three sections 

for LAI analysis. Four samples were analyzed from the pre-PETM section, and ten 

samples were analyzed from the post-PETM section. Nineteen samples, 16 of which 

occur within the negative carbon isotope excursion, were collected and analyzed for the 

PETM section between 2016-2018 (Dunn et al., 2018). To isolate leaf cuticles (the waxy 

layer of cells that cover the leaf epidermis) from the matrix, fragments of the collected 

rock samples were sent to Global Geolabs for palynological processing. Leaf cuticles 

were examined through a Leica compound light microscope and photos of the cuticles 

were taken with a Vernier camera at 40x magnification. The photographed cuticles were 
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traced using a Wacom tablet and morphometric measurements were made using ImageJ. 

Seventy-five photos were taken and about 300 epidermal cells were traced and measured 

for each sample. LAI was quantified using Dunn et al.’s (2018) cuticle calibration dataset 

and the following relationship includes aspect ratio (AR = major / minor axis) and 

undulation index (UI = epidermal cell circumference / circumference of the circle with 

the same area as the cell) 

rLAI = 4.05(mean UI) + 15.32 (mean AR) – 25.38  Eq. 1 

Carbon Isotope Analysis 

Fresh, organic-rich rock samples, exposed through trenching, were collected for 

carbon isotope analyses. Six samples were taken from the pre-PETM, 155 samples from 

the PETM, and 32 samples from the post-PETM sections. The preparation process for 

bulk organic carbon isotope (δ13C) measurements included powdering samples using a 

mortar and pestle, treating samples in two HCl baths to dissolve all carbonates, and 

weighing dry samples into tin capsules, as in Aziz et al. (2008) and Baczynski et al. 

(2013; 2016). The total organic carbon (TOC) and the carbon isotopic values were 

measured at the University of California, Davis Stable Isotope Facility using an elemental 

analyzer (Elementar Vario EL Cube) interfaced to a continuous flow isotope ratio mass 

spectrometer (PDZ Europa 20-20). Precision/accuracy was assessed using internal 

laboratory standards, which are chosen to be compositionally similar to the samples being 

analyzed (standard deviation=0.2‰), and all data were reported in standard delta-notation 

relative to VPDB (Vienna PeeDee Belemnite).
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Results 

Rock type and stratigraphy are related to rLAI, and δ13C values before the PETM 

(Figure 3). The first 38 meters of section preserves interbedded sandstone splays and 

floodplain deposits of carbonaceous shales and mudstones. At 38 meters in the section, a 

large, 47-meter-thick, fine-grained sheet sandstone is present, likely representing stacks 

of meandering channel systems based on paleocurrent directions (Semeraro et al., 2019) 

and the presence of finer grain sizes. Floodplain deposits of mudstone mark the top of the 

section. Values for rLAI ranged from 3.9 to 4.6 (See Appendix, Table 1), with an average 

value of 4.2 ± 2.0. Values for δ13C averaged to be -25.03‰ with a narrow range from -

25.60‰ to -24.18‰ (1.42‰ range). Negative δ13C values indicate a depletion of heavier 

13C isotopes and an augmentation of lighter 12C isotopes. TOC also displayed a narrow 

range from 7.4% to 11.4% (4% range) with a mean value of 9.39% (See Appendix, Table 

4).    
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Figure 3. Pre-PETM lithology, rLAI, and δ13C values. 
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Lithology and stratigraphy are related to rLAI, and δ13C values during the PETM 

(Figure 4). The first 60 meters of this section is dominated by carbonaceous shale. At 10 

meters, δ13C decreases, marking the onset of the CIE, and the lowest rLAI value (1.2) 

occurs at 16.5 meters. In the middle of the CIE, at 65, 96, and 140 meters in the section 

three coarse-grained, amalgamated channel complexes are separated by intervals of finer 

grained siltstone, carbonaceous shale, and mudstone. The multistoried channel complexes 

contain abundant tractive structures, which indicate bed-load transport of sediments, as 

well as large-scale barforms, low-angle cross-bedding, planar-tabular cross bedding, 

climbing dunes, and climbing ripples (Dechesne, in review). Based on paleocurrent 

directions (Semeraro et al., 2019) as well as the presence of tractive sedimentary 

structures and coarse-grain sizes, the channel complexes within the PETM are interpreted 

to represent a slightly more braided channel system compared to other channel complexes 

within the basin. The top of the PETM section is marked by the transition to fine-grained 

sands interbedded with coal; the CIE terminates at 157 meters. During the CIE, the mean 

rLAI value was 3.0 ± 1.9, with a range from 1.2 to 4.6 (see Appendix, Table 2). Bulk 

organic carbon isotope values during the CIE displayed a range from -31.83‰ to -24.76 

(7.07‰ range) with an average of -28.08‰ (See Appendix, Table 5). TOC show a large 

range from 0.11% to 36.74% (36.36% range) with a mean value of 1.04%.  
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Figure 4. PETM lithology, rLAI, and δ13C values. Pre- and Post-PETM rLAI and δ13C 

averaged values are indicated by the red dotted lines, and the CIE is marked by the black 

line. 
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The base of the post-PETM section is dominated by paludal facies of interbedded 

coals and carbonaceous shales (Fig. 5). At five meters above the base of the section, a 

seven-meter-thick lenticular sand channel interrupts the background sedimentation and is 

followed by a carbonaceous shale and concretionary claystone sequence. The interval 

break in the stratigraphic section between 16.6 meters and 51.1 meters is dominated by a 

similar shale and claystone sequence. Interval breaks within the post-PETM section do 

not indicate missing rock, but they represent portions of the section that were not 

measured but contain repetitive sediment sequences. Between 51.1 and 54 meters, the 

lithology is dominated by a mudstone and concretionary claystone sequence and is 

capped by a thin, very fine-grained sandstone bed. Above the sandstone, within the 

missing interval and through to 81 meters in the section, the lithology consists of the 

same shale and concretionary claystone sequence. The last shale bed grades into a 

siltstone and then to a cross-bedded sandstone at 85 meters. Between 85 and 130 meters, 

a 45-meter-thick sandstone channel complex contains soft-sediment deformation 

(Dechesne, in review), and is interpreted as being stacked meandering channel sands 

based on paleocurrent direction measurements (Semeraro et al., 2019). Floodplain 

deposits of dominantly mudstone with immature paleosols complete the section. Post-

PETM, rLAI values range from 4.1 to 7.5 with a mean value of 5.5 ± 2.0 (See Appendix, 

Table 3). Values for δ13C average to be -26.7‰, and ranged from -28.56‰ to -23.89‰ 

(4.67‰ range). TOC values demonstrate a wide range from 0.51% to 66.24% (65.73% 

range) with a mean value of 16.07% (See Appendix, Table 6). 
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Figure 5. Post-PETM lithology, rLAI, and δ13C values 
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Figure 6 illustrates the correlation between rLAI and δ13C, showing that the more 

negative δ13C values relate to lower rLAI values; however, this relationship is weak 

(R2=0.29). No discernable relationship is present between TOC and rLAI (see Appendix, 

Figure 1).   

 
Figure 6. Correlation of rLAI and δ13C values  
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Discussion 

Prior to the PETM, our section represents a meandering fluvial system, with 

floodplain deposits of shales and mudstones interbedded with thin sandstone splays. The 

47-meter-thick sandstone within the section represents a stacked meandering channel 

complex and is overlain by floodplain deposits. Meandering rivers systems require bank 

strength, often stabilized by vegetation (Braudrick et al., 2009; Schumm, 1985), and rLAI 

values of 3.9 to 4.6 suggest evidence for vegetated bank stabilization. Our post-PETM 

section preserves a swampy, densely forested environment, as indicated by abundant 

coals and carbonaceous shales and the highest rLAI values in our dataset. Swamp facies 

are occasionally interrupted by sand deposits. The post-PETM section transitions back to 

a meandering system as indicated by the 45-meter-thick, laterally extensive sandstone 

with fine floodplain deposits. The meandering channel sequences pre- and post- do not 

show a decrease in rLAI within the PETM, but the elevated values combined with the 

meandering channels indicate stable, vegetated banks prior to and after the recovery from 

the PETM.  In other Laramide Basins, such as the Big Horn and Piceance Creek Basin, 

prior to and after the PETM, the environment is dominated by paleosols, indicating a 

relatively more arid environment (Foreman et al. 2012; Foreman, 2014). The high 

subsidence rate of the Hanna Basin may be a factor in the abundance of paludal strata in 

comparison to the surrounding basins (Dechesne, in review). 

 The PETM caused significant changes to vegetation structure and fluvial systems 

within the Hanna Basin. During the CIE, rLAI values decreased (average rLAI = 3.0), 

indicating a more open canopy environment in contrast to before (4.2) and after (5.5). 

Importantly, the decrease in rLAI occurs before the first braided channel complex, 
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suggesting that the reduction in rLAI was a result of climate change rather than a shift in 

river morphology.   

Other PETM sites within continental interiors show an increase in seasonally drier 

conditions (Kraus et al., 2015) or an increase of monsoonal precipitation (Forman et al. 

2012), both of which can significantly affect vegetation. Zeppel et al. (2014) found that 

both seasonal changes in precipitation and extreme precipitation events had significant 

impacts on vegetation. During periods with higher temperatures, seasonal changes in 

precipitation led to plants experiencing water stress, changes in phenology (events in a 

plant’s life cycle), and a decrease of biomass. The effects of extreme precipitation in 

moderately moist environments led to a decrease in above-ground primary productivity 

of plants. At the Hanna Basin, increased temperatures with seasonally drier conditions 

and with possible periods of extreme precipitation, led to the decrease in vegetation 

structure.  

The shift to a braided channel system after rLAI decreases may be the result of 

bank destabilization due to the decrease in vegetation. In addition, braided systems 

require high discharge and sediment loads (Tucker & Slingerland, 1997). An increase in 

seasonally extreme precipitation events could account for higher discharge rates, whereas 

possible increased erosion from destabilized banks could explain increase sediment loads. 

In addition, the fluvial response to the PETM of large, amalgamated coarse-grained 

sandstones of the PETM occur regionally in other laramide basins, indicating regional 

climatic effects that were independent of initial basin aridity, as the Hanna Basin had 

ponded environments compared to the paleosol-rich Big Horn and Piceance Creek Basin. 

Furthermore, the amalgamated channels with high-energy tractional structures have been 
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linked to environments with strong seasonality and increased monsoonal precipitation, 

rather than tectonic activity (Foreman et al., 2012; Foreman, 2014; Plink-Björklund, 

2015; Colombera et al., 2017). Additional studies incorporating rLAI within the Big Horn 

and Piceance Creek Basin could help reveal if the regional fluvial shift was a result of the 

chain reaction of climate change affecting vegetation structure, and in turn affecting 

fluvial systems.  

 Correlation testing revealed rLAI and δ13C to be only weakly related. Diefendorf 

et al. (2010) found that Δleaf (the offset between δ13Catm and δ13Cleaf) values in C3 plants 

(plants that produce three carbon atoms during photosynthesis) decrease with reduced 

water availability and with increased water-use efficiency. Furthermore, a decrease in 

Δleaf values would indicate an increase in δ13C values, which differs from our findings. 

Our results indicate that a decrease in water availability would decrease the δ13C values. 

This difference in results indicates the relationship between water availability and plants’ 

uptake of carbon during the PETM does not correlate. The source of the depleted δ13C 

values during the PETM are still unknown, but it is possibly from a combination of 

methane clathrates, shallowly buried peat or coal, or thermogenic methane (Dickens et al. 

1995; Kurtz et al., 2003; Svensen et al., 2004). In addition, the correlation between rLAI 

and δ13C could be driven by the radical taxonomic change from a mixed 

angiosperm/conifer flora to an angiosperm dominated flora during the PETM (Smith et 

al., 2007).  
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Conclusion 

In this study we evaluated the interaction of climate and fluvial system changes 

on vegetation structure. During the PETM, vegetation became less dense due to warmer, 

more seasonally dry conditions with periods of extreme precipitation. Reductions in 

vegetation caused a shift from meandering to braided fluvial systems. Post-PETM, a 

swampy, densely forested environment is indicated, which eventually transitions back to 

a meandering fluvial system, similar to the pre-PETM environment. This reconstruction 

of climatic effects on vegetation and fluvial systems adds to other studies conducted 

within midlatitude continental interiors, such as in the Bighorn Basin and Piceance Creek 

Basin. Further megaflora paleobotanical research could add to the larger picture of 

vegetation and climate within the Hanna Basin. Understanding vegetation structure 

response to the PETM provides a picture of possible modern environmental reactions to 

anthropogenic climate change. 
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Appendix  

Site Meter Level rLAI lwr upr error 

18Doug3.5 3.5 4.25858981 2.22676028 6.29041934 4.06365906 

18Doug85.4 85.4 4.85239358 2.73777568 6.96701148 4.2292358 

18Doug85.9 85.9 3.39942704 1.53910178 5.2597523 3.72065052 

18Doug86.35 86.35 4.37267083 2.3613005 6.38404117 4.02274066 

Table 1. Pre-PETM rLAI 
 

 

 

 

 

 
Site Meter Level rLAI lwr upr error  

HB-RD16-

002A 

-40 3.324272 1.5418352 5.10671 1.7824368 

BC16-0m 0 4.085591 2.16895 6.002233 1.916641 

BC16-6m 6 5.477011 3.2732565 7.680765 2.2037545 

18BC-16.5 16.5 1.222414 -0.5783135 3.023142 1.8007275 

18BC-24.4 24.4 3.064731 1.2520337 4.877427 1.8126973 

18BC-29.6 29.6 2.026233 0.2547958 3.797671 1.7714372 

18BC-36.1 36.1 2.728796 0.9503202 4.507272 1.7784758 

18BC-46.3 46.3 1.246549 -0.545104 3.038202 1.791653 

BC16-50 50 2.797849 0.9916584 4.604039 1.8061906 

18BC-54.9 54.9 2.581088 0.8022586 4.359918 1.7788294 

18BC-61.4 61.4 2.364471 0.6070564 4.121886 1.7574146 

18BC-82.6 82.6 1.858995 0.091119 3.626872 1.767876 

BC16-113 113 4.434131 2.4301767 6.438085 2.0039543 

18BC-119.9 119.9 2.421 0.6460825 4.195918 1.7749175 

BC16-123 123 3.852885 1.9640967 5.741674 1.8887883 

18BC-129.85 129.85 2.643698 0.8633209 4.424075 1.7803771 

BC16-155 155 4.470942 2.4555602 6.486323 2.0153818 

18BC-157.6 157.6 4.563461 2.5103885 6.616534 2.0530725 

BC16-175 175 5.217579 3.0489296 7.386228 2.1686494 

15HB01 180 4.713589 2.6753193 6.751859 2.0382697 

15HB10 240 5.204268 3.0018307 7.406706 2.2024373 

EC15-18 337 2.247848 0.4820926 4.013604 1.7657554 

15HB21 494 4.099365 2.1969628 6.001768 1.9024022 

Table 2. PETM rLAI values 
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Site Meter Level rLAI lwr upr  error 

18SSR2.7 2.7 5.37674702 3.12763339 7.62586066 2.24911363 

18SSR5.1 5.1 4.71227226 2.61289394 6.81165058 2.09937832 

18SSR13 13 5.26305328 3.03400753 7.49209903 2.22904575 

18SSR13.5 13.5 7.47393989 4.60094056 10.3469392 2.87299933 

18SSR15.7 15.7 6.71448663 3.97337814 9.45559512 2.74110849 

18SSmid0.9 49.8 4.8747189 2.77945968 6.96997811 2.09525922 

18SSmid1.9 50.8 4.82006591 2.66332122 6.97681061 2.15674469 

18SST3.53 80.13 4.85221767 2.75843143 6.94600391 2.09378624 

18CC0.2 132.4 4.06056958 2.07705611 6.04408305 1.98351347 

18CC2.55 132.55 6.52145067 4.06225194 8.9806494 2.45919873 

Table 3. Post-PETM rLAI values 
 

 

Sample ID Meter Level δ13C C% 

Doug-31.2 31.2 -24.18 1.07 

Doug-33.5 33.5 -25.40 0.92 

Doug-85 4 85.4 -24.96 11.40 

Doug-85 4z 85.4 -25.07 7.44 

Doug-85 9 85.9 -25.00 8.86 

Doug-86 35 86.35 -25.60 9.33 

Table 4. Pre-PETM δ13C and C% values  

 

Sample ID Meter 

Level 

δ13C C% Sample ID Meter 

Level 

δ13C C% 

18C82-188 41 -44.59 -26.87 13.94 18-BC-119 9 119.9 -29.06 0.54 

18C82-189 31 -43.69 -25.96 2.15 18-BC-120 2 120.2 -27.65 1.01 

18C82-189 53z -43.47 -26.65 7.14 18-BC-120 4 120.4 -28.53 0.74 

18C82-189 53 -43.47 -26.40 14.30 18-BC-120 4z 120.4 -28.47 0.59 

18C82-191 25 -41.75 -26.42 1.72 18-BC-120 5 120.5 -28.27 0.61 

18C82-191 96 -41.04 -26.32 4.96 18-BC-120 7z 120.7 -28.41 0.53 

18C82-192 46 -40.54 -26.75 3.03 18-BC-120 7 120.7 -28.37 0.64 

18C82-193 2 -39.8 -25.56 1.90 18-BC-120 9 120.9 -28.60 0.45 

18C82-193 54z -39.46 -26.36 3.51 18-BC-122 3 122.3 -30.11 0.77 

18C82-193 54 -39.46 -26.26 4.67 18-BC-122 5z 122.5 -30.94 2.10 

18C82-194 -39 -25.41 3.62 18-BC-122 5 122.5 -30.85 2.17 

18C82-194 79 -38.21 -24.54 2.31 18-BC-122 7 122.7 -30.58 1.69 
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Sample ID Meter 

Level 

δ13C C% Sample ID Meter 

Level 

δ13C C% 

18C82-195 59z -37.41 -25.83 2.33 18-BC-122 9 122.9 -31.83 2.28 

18C82-195 59 -37.41 -25.64 2.72 18-BC-127 05 127.05 -28.70 0.82 

18C82-196 28 -36.72 -24.93 1.10 18-BC-127 05z 127.05 -28.60 0.71 

18C82-196 7 -36.3 -24.34 2.50 18-BC-127 32 127.32 -28.38 0.81 

18C82-197 15 -35.85 -25.47 0.99 18-BC-127 6z 127.6 -27.94 0.48 

18C82-197 34 -35.66 -26.35 3.97 18-BC-128 0 128 -30.61 2.29 

18C82-197 59 -35.41 -26.23 3.92 18-BC-128 2z 128.2 -29.80 1.45 

18C82-197 94 -35.06 -25.36 3.89 18-BC-129 0 129 -28.26 0.33 

18C82-198 64 -34.36 -26.30 7.44 18-BC-129 2z 129.2 -28.00 0.24 

18C82-200 5 -32.5 -25.29 1.50 18-BC-129 2 129.2 -27.65 0.23 

18C82-200 5z -32.5 -25.28 1.37 18-BC-129 4 129.4 -27.92 0.20 

18C82-200 5zz -32.5 -25.22 1.39 18-BC-129 7 129.7 -28.42 0.27 

18C82-200 5zzz -32.5 -25.22 1.30 18-BC-129 7z 129.7 -27.56 0.17 

18-BC-0z 0 -26.39 1.75 18-BC-130 5 130.5 -28.20 0.76 

18-BC-0 0 -26.17 1.73 18-BC-130 5z 130.5 -28.09 0.64 

18-BC-2 2 2.2 -27.67 2.80 18-BC-131 5z 131.5 -27.96 0.16 

18-BC-2 32z 2.32 -27.76 1.90 18-BC-131 75 131.75 -28.31 0.23 

18-BC-2 32 2.32 -27.66 2.33 18-BC-132 5 132.5 -29.81 0.11 

18-BC-6 1Az 6.1 -25.93 46.61 18-BC-133 1 133.1 -29.13 0.19 

18-BC-6 1A 6.1 -25.84 45.72 18-BC-133 1z 133.1 -28.52 0.24 

18-BC-7 02 7.02 -27.65 1.14 18-BC-133 5 133.5 -28.29 0.25 

18-BC-16 5 16.5 -28.30 0.15 18-BC-133 8z 133.8 -28.31 0.24 

18-BC-22 05A 22.05 -26.93 0.46 18-BC-133 8 133.8 -28.14 0.21 

18-BC-24 4Az 24.4 -27.64 0.49 18-BC-134 25 134.25 -28.48 0.12 

18-BC-24 4A 24.4 -27.18 0.54 18-BC-134 55z 134.55 -27.77 0.14 

18-BC-25 4 25.4 -26.51 0.37 18-BC-134 55 134.55 -26.93 0.17 

18-BC-25 7 25.7 -28.85 0.23 18-BC-134 85 134.85 -26.09 0.18 

18-BC-25 7z 25.7 -26.93 0.25 18-BC-135 0 135 -27.63 0.14 

18-BC-27 6 27.6 -28.51 0.40 18-BC-135 0z 135 -27.23 0.17 

18-BC-29 1 29.1 -26.63 0.39 18-BC-135 4 135.4 -27.61 0.16 

18-BC-29 1z 29.1 -26.25 0.36 18-BC-135 7z 135.7 -27.67 0.17 

18-BC-29 6 29.6 -27.17 0.61 18-BC-135 7 135.7 -27.11 0.16 

18-BC-29 8 29.8 -27.03 0.59 18-BC-135 9 135.9 -27.05 0.15 

18-BC-29 8z 29.8 -26.73 0.56 18-BC-136 1 136.1 -27.71 0.18 

18-BC-36 1 36.1 -29.35 0.48 18-BC-136 1z 136.1 -27.41 0.12 

18-BC-42 75z 42.75 -30.07 0.18 18-BC-136 5 136.5 -27.48 0.15 

18-BC-42 75 42.75 -28.52 0.19 18-BC-136 8 136.8 -28.19 0.41 
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Sample ID Meter 

Level 

δ13C C% Sample ID Meter 

Level 

δ13C C% 

18-BCJ-43 0 43 -28.13 0.22 18-BC-136 8z 136.8 -27.25 0.17 

18-BCJ-43 0z 43 -27.88 0.21 18-BC-137 2z 137.2 -27.37 0.17 

18-BCJ-43 2z 43.2 -27.94 0.21 18-BC-137 2 137.2 -27.10 0.20 

18-BCJ-43 2 43.2 -27.93 0.22 18-BC-138 05 138.05 -26.91 0.16 

18-BCJ-43 7z 43.7 -27.84 0.20 18-BC-138 45 138.45 -26.77 0.30 

18-BCJ-43 7 43.7 -24.76 0.22 18-BC-138 45z 138.45 -26.71 0.26 

18-BCJ-43 9z 43.9 -28.68 0.15 18-BC-138 65z 138.65 -27.35 0.24 

18-BCJ-43 9 43.9 -27.25 0.17 18-BC-138 65 138.65 -26.82 0.32 

18-BCJ-44 0 44 -28.30 0.15 18-BC-138 85 138.85 -27.23 0.22 

18-BCJ-44 3 44.3 -27.62 0.24 18-BC-139 9 139.9 -27.40 0.23 

18-BCJ-44 4 44.4 -27.91 0.47 18-BC-139 9z 139.9 -27.16 0.20 

18-BCJ-44 6z 44.6 -29.58 0.13 18-BC-140 3 140.3 -27.85 0.31 

18-BCJ-44 6 44.6 -28.89 0.14 18-BC-140 9 140.9 -27.58 0.24 

18-BCJ-44 8 44.8 -27.60 0.19 18-BC-140 9z 140.9 -26.70 0.20 

18-BCJ-45 4 45.4 -28.88 0.23 18-BC-157 1z 157.1 -28.62 0.78 

18-BCJ-45 7 45.7 -28.09 0.76 18-BC-157 1 157.1 -28.60 0.78 

18-BCJ-45 9z 45.9 -27.32 0.69 18-BC-157 6 157.6 -28.82 3.51 

18-BCJ-46 3z 46.3 -29.85 1.02 18-BC-158z 158 -27.67 36.74 

18-BC-48 2 48.2 -27.49 0.38 18-BC-158 158 -27.65 29.88 

18-BC-48 2z 48.2 -27.35 0.24 18-BC-159 75 159.75 -21.42 1.11 

18-BC-55 2 55.2 -28.90 0.46 18-BC-160 160 -24.50 0.96 

18-BC-61 1 61.1 -27.55 0.36 18-BC-165 05z 165.05 -26.19 41.13 

18-BC-61 4 61.4 -27.98 0.37 18-BC-165 05 165.05 -26.11 39.07 

18-BC-61 55z 61.55 -27.51 0.27 18-BC-165 2 165.2 -26.89 40.87 

18-BC-82 5 82.5 -29.71 0.27 18-BC-175 35 175.35 -23.63 52.62 

18-BC-82 5z 82.5 -29.28 0.27 18-BC-175 35z 175.35 -23.58 46.56 

18-BC-82 6z 82.6 -28.43 0.30 18-BC-175 9 175.9 -25.66 10.97 

18-BC-82 75 82.75 -28.88 0.29 18-BC-175 9z 175.9 -25.60 8.75 

18-BC-82 75z 82.75 -28.66 0.26     

Table 5. PETM δ13C and C% values 
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Sample ID Meter Level δ13C C% 

18 SSR 0.7 0.7 -26.94 7.53 

18 SSR 1.1 1.1 -26.93 21.64 

18 SSR 1.4 1.4 -26.70 40.64 

18 SSR 1.5 1.5 -27.19 6.96 

18 SSR 1.8 1.8 -28.56 11.37 

18 SSR 2.5 2.5 -27.46 39.78 

18 SSR 2.7 2.7 -26.67 16.66 

18 SSR 3.4 3.4 -26.93 37.03 

18 SSR 3 6 3.6 -27.27 29.72 

18 SSR 3 9 3.9 -26.00 8.89 

18 SSR 4 0 4 -26.50 39.37 

18 SSR 4 65 4.65 -26.27 48.55 

18 SSR 4 75 4.75 -26.54 16.52 

18 SSR 5 1 5.1 -23.89 66.24 

18 SSR 13 13 -25.96 0.65 

18 SSR 13z 13 -26.04 0.63 

18 SSR 13 5 13.5 -25.21 0.77 

18 SSR 13 5z 13.5 -25.24 0.74 

18 SSR 14 3 14.3 -27.23 7.11 

18 SSR 14 7 14.7 -24.51 0.89 

18 SSR 15 15 -26.88 4.94 

18 SSR 15z 15 -26.98 4.81 

18 SSR 15 7 15.7 -26.90 6.27 

18 SSR 15 7z 15.7 -27.16 7.75 

MidS-0 9 49.8 -26.61 7.96 

MidS-1 5 50.4 -26.12 31.43 

MidS-1 5z 50.4 -26.12 37.29 

MidS-4 3 53.2 -25.91 0.51 

SST-1.95 78.55 -27.85 1.10 

SST-4 28 80.88 -26.26 1.03 

CC-2.55z 132.55 -26.64 8.17 

CC-2.85 132.85 -25.55 1.40 

Table 6.  Post-PETM δ13C and C% values 
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Figure 1. Correlation of rLAI and Total Organic Carbon  
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