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Foreword to Pre-Print 

 
This pre-print details the geochemistry across a newly discovered extraordinarily well-

preserved stratigraphic section of the Permian-Triassic boundary in Utah. The attached 
manuscript features a comprehensive geochemical dataset from northeastern Utah, assembled 
from a unique and remarkable 9-meter section of rock in Sheep Creek Valley. The findings 
include a large-scale carbon isotopic excursion across the event, indicative of high atmospheric 
carbon dioxide, as well as a dramatic reduction in the deposition of calcium carbonate due to 
ocean acidification at the boundary layer. This study further documents an elevated mercury-
spike, as well as observed elevated lead, zinc and strontium content.  

 
This evidence suggests large amounts of naturally occurring emissions of coal 

combustion at the Permian-Triassic boundary, likely caused by the large scale volcanic eruptions 
of the coeval Siberian Traps. The resulting global changes associated with the abrupt enrichment 
of the atmosphere in carbon dioxide was the major contributor to the mass extinction event. 

 
This is the first study to examine barium content across the Permian-Triassic boundary, 

and it provides evidence that upwelling of methane hydrate in the oceans followed the initial 
acidification event. Ocean anoxia (absence of oxygen) is suggested by the unusual deposition of 
pyrite within the shallow marine waters of the once coastal sediments of northeastern Utah.  
Precession orbital geochemical variation is observed in the stratigraphic section allowing a finer 
temporal resolution beyond any previously published section. Together, this dataset gives a 
unique picture of an ancient cataclysm that altered life on Earth. This study is a cautionary tell of 
what can happen if we do not heed the warnings of the geological past.  

 
In Payne and Clapham’s 2012 review of the Permian-Triassic boundary they suggested 

“the end-Permian extinction may serve as an important ancient analog for the twenty-first 
century….” The results of this study amplify that statement, as evidence gathered in this study 
suggest that large emissions of burning coal and other hydrocarbons during the Siberian Trap 
volcanic event was largely responsible for Earth’s largest mass extinction 252 million years ago. 
A greater understanding of this ancient event may be the key in helping researchers forecast 
changes facing the Earth today.  
 

If you are interested in this subject, notice any errors in the manuscript, or simply wish to 
contact the author, feel free to email me at benjamin.burger(at)usu.edu. 
 
 
In Regards, 
 
Benjamin J. Burger 
Associate Professor of Geology 
Utah State University – Uintah Basin Campus 
Vernal, Utah 
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Abstract: The discovery of a Permian-Triassic boundary section in northeastern Utah reveals a 
detailed record of events that led to one of the greatest mass extinctions on the planet. From 83% 
to 97% of the species living on the planet went extinct during this relatively short interval of 
geological time, which defines the major geological boundary between the Paleozoic and 
Mesozoic Eras. The cause and resulting sequence of events that led to this extinction have 
puzzled geologists for years. A new stratigraphic section in Utah provides details enabling the 
reconstruction of the events that led to this mass extinction. Geochemical analysis of the section 
demonstrates a significant drop in carbonate and total organic carbon, and a delayed occurrence 
of pyrite framboids. Carbon isotope ratios (δ13C) show a negative excursion in carbonate with 
ratios dropping from 2.585‰ to -3.627‰. Elevated mercury is present at the boundary with a 4-
fold increase from background levels. The boundary layer shows elevated zinc, lead, strontium, 
and nickel, but not at high enough levels to indicate a volcanic ash source. There is no evidence 
in concentrations of siderophile and chalcophile elements for an extraterrestrial impact. The 
stratigraphic section in Utah supports the theory of a massive release of carbon dioxide, resulting 
in the acidification of the oceans.  High levels of mercury, as well as elevated levels of zinc and 
lead, implicate a coal source triggered by the contemporary Siberian Traps sill complex. The 
delay of enriched sulfur and barium content in the stratigraphic record indicates an anoxic ocean 
and upwelling of methane hydrates from depth. Further study of this stratigraphic section will aid 
our understanding of the global impact these catastrophic events had on life and hopefully 
prevent it from happening again. 
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1. Introduction 

In 2002, Alvarez and O’Connor (2002) challenged geologists working in the American 

Southwest to locate the Permian-Triassic boundary. The boundary, however, proved elusive, as 

many of the studied outcrops in western Utah and eastern Nevada demonstrated unconformities 

resulting in a hiatus across the boundary interval (Paull & Paull, 1982).  In the Great Basin of 

western Utah, the boundary is often represented by a conglomerate atop erosional Permian rock 

layers. Sperling and Ingle (2006) were the first to document a continuous Permian-Triassic 

section based solely on carbon isotopes in northern Nevada in the deeper marine facies of the 

Quinn River Formation. And study of late Permian and early Triassic rocks in southeastern Idaho 

has also suggested a possible boundary section (Wignall & Hallam, 1992), although often these 

sections have been interpreted as drowning unconformities due to rapid changes in sea level 

(Paull & Paull, 1994) or faulted by subsequent tectonic activity (Paull & Paull, 1982). Rocks in 

southeastern Idaho and extending to southcentral Utah preserve remarkable early Triassic 

(Smithian) marine faunas (Schubert & Bottjer, 1995; Fraiser & Bottjer, 2007; Brayard et al. 

2017), which record the biological recovery following the mass extinction event. However, well 

preserved shallow marine Permian-Triassic boundary sections along the western coastline of 

Pangea have been elusive until now. This study details observations across a newly discovered 

Permian-Triassic boundary stratigraphic section in northeastern Utah. The newly discovered 

section on the western coastline of Pangea offers a new regional look at the changing chemistry 

of the Panthalassic Ocean. This is the first section of the boundary from the shallow-marine 

western coastline of Pangea at an equatorial paleolatitude.  
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The newly discovered boundary section is located along the northern flank of the Uinta 

Mountains in northeastern Utah along Sheep Creek Valley, which preserves a thick sequence of 

late Permian and early Triassic rock layers (Fig. 1). The local area has previously received little 

attention, despite the well exposed outcrops of the earliest Triassic (Gresbachian) Dinwoody 

Formation, and latest Permian Park City Formation. The new Utah stratigraphic section across 

the Permian-Triassic boundary is compared geochemically with other stratigraphic sections, 

particularly those from the Global Boundary Stratotype Section and Point (GSSP) in Meishan, 

South China (Hongful et al. 2001). 

 

Fig. 1. Simplified geological map of Sheep Creek Valley showing location of the Permian-

Triassic stratigraphic section. (Pw), Permian Weber Formation. (Pp), Permian Park City 

Formation. (TRd), Triassic Dinwoody Formation. (TRm), Triassic Moenkopi Formation. (TRc), 

Triassic Chinle Formation. (TRn), Triassic Nugget Formation. (Jsc), Jurassic Stump/Curtis 

Formation. (Jm), Jurassic Morrison Formation. 
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Geochemical signals documented from other sections across the Permian-Triassic 

Boundary provide a method for the identification of the boundary within the localized section in 

Utah. These observations include: 1) a significant drop in Total Organic Carbon (TOC) due to 

loss of bio-productivity (Korte et al. 2004; Krull et al. 2004; Berner 2006; Sanei et al. 2012), but 

not observed in high-latitude sections in New Zealand and Canada (Krull et al. 2000; Schoepfer 

et al. 2012), and 2) a negative carbon isotope excursion, with carbonate ratios (δ13C) dropping 

from ranges between 4.0 and 3.0‰ VPDB to between -1.0 and -3.0‰ VPDB during the 

Permian-Triassic extinction event (Jin et al. 2000; Riccardi et al. 2007; Sun et al. 2012). Other 

observations of the Permian-Triassic boundary include 3) the presence of pyrite framboids in 

marine sediments indicating an anoxic event that was remarkably shallow and sudden during the 

interval (Wignall & Hallam, 1992; Wignall & Twitchett, 2002; Wignall et al. 2005; Shen et al. 

2007; Kakuwa, 2008; Bond & Wignall, 2010; Brennecka et al. 2011; Schoepfer et al. 2012; 

Schoepfer et al. 2013; Liao et al. 2017), and 4) a dramatic decrease in carbonate deposition 

indicating increasing acidity in the world’s ocean, and shallowing of the carbonate compensation 

depth (CCD; Kakuwa, 1996; Kershaw et al. 1999; Payne et al. 2007). More recently discovered 

indicators include 5) a 3-fold increase in mercury (Hg) restricted to the boundary layer (Sanei et 

al. 2012; Grasby et al. 2016); and 6) a 3 to 10-fold increase in nickel (Ni) and zinc (Zn) within 

the boundary layer (Liu et al. 2017; Rampino et al. 2017), which is interpreted as a result of 

volcanic ash fallout from the Siberian Traps large igneous province eruptions (Le Vaillant et al. 

2017). 

2. Geological Setting 

Bounded by the Permian Park City Limestone and Triassic Nugget Sandstone, the Sheep Creek 

Valley is a short valley formed by a tributary of the Green River, which runs along the bedding 
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plane of the softer shale and mudstone rock layers, in the northeastern corner of Utah near the 

town of Manila (Fig. 1). The valley borders the Flaming Gorge Reservoir on the north side of the 

Uinta Mountain Range, with rock beds dipping 19 to 30 degrees toward the north and strikes 

bearing east-west, parallel to the axis of the mountain range. The Flaming Gorge Reservoir forms 

a freshwater flooded embayment into the valley downstream toward the east, while the upslope 

western end of the Sheep Creek Valley narrows into the Sheep Creek Canyon Geological Area 

managed by the U.S. Forest Service (Sprinkel et al. 2000). Paleozoic formations in the valley 

include the Weber Sandstone and Park City Limestone, while the Mesozoic formations are 

represented by the Triassic Dinwoody, Moenkopi, Chinle and Nugget formations, with Jurassic 

and Cretaceous units exposed toward the north (Fig. 1). 

Based on biostratigraphic ranges of conodonts and brachiopods from outcrops in the 

Great Basin of Nevada, Idaho and western Utah, the Park City Limestone is regarded as late 

Permian in age (Guadalupian Age; Wardlaw & Collinson, 1979; Wardlaw & Collinson, 1986). 

However, biostratigraphic studies have not been carried out in Sheep Creek Valley. The 

presumed Guadalupian Age for the formation (based on outcrops 300 km to the west) has led 

previous geologists to assume a 4 to 7-million-year hiatus at the top of the formation during the 

Lopingian Age, the last age of the Permian (Sprinkel et al. 2000). Study of the biostratigraphic 

age of the Park City Formation (particularly the upper Meade Peak Member) in Sheep Creek 

Valley is ongoing. The age of the Dinwoody Formation is widely regarded as earliest Triassic, 

Greisbachian Age (earliest Induan Age; Newell & Kummel, 1942; Paull & Paull, 1994, Hofmann 

et al. 2011).  
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3. Methods 

Located at 40º55’15.016” latitude, 109º40’22.026” longitude, the new Permian-Triassic section 

encompasses a thickness of 9 meters that brackets the lithologic boundary between the Meade 

Peak Member of the Park City Formation and lower Dinwoody Formation (Fig. 2). High 

resolution geochemical sampling every 5 cm was carried out from 50 cm below up to 200 cm 

above the lithologic contact. Additional samples were collected with a spacing of 50 cm from 

above and below this high resolution sampled zone, within the 9-meter section (Fig. 2). The 

stratigraphic section can be divided into five distinct zones based on color and lithology. The 

lowest zone (samples P-450 to P-5) represents a yellowish gray (Munsell 5Y 8/1) limestone 

(pelmicrite/pellet wackestone), representing the upper facies (Meade Peak Member) of the 

Permian Park City Formation. At the top of this zone, within 5 cm just below the lithologic 

contact (sample P-0), the limestone contains small crystals of hematite, which shifts the color to 

a grayish orange pink (Munsell 5YR 7/2). This upper contact layer has an undulating surface, but 

lacks any evidence of karstification or dissolution due to contact with meteoric water. This 5 cm 

layer was found to contain abundant Fe and Mn oxides through ICP-MS analysis, likely 

diagenetic in formation from trapped groundwater flow, as this layer abuts an overlaying 

aquiclude of impermeable mudstone. Above this contact layer is a 50 cm thick grayish orange 

(Munsell 10YR 7/4) massive mudstone (samples TR-0 to TR-45). Lacking sedimentary 

structures, the mudstone is poorly cemented, and represents the lowest contact layer of the 

Dinwoody Formation. Starting at 50 cm above the lithologic contact (samples TR-50 and TR-55) 

is a 10 cm yellowish brown (Munsell 10TR 6/2) siltstone. The final upper zone of the 
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stratigraphic section (samples TR-60 to TR-450) is a yellowish gray (Munsell 5Y 8/1) shale, 

 

Fig. 2. Stratigraphic column of the entire 9 meter measured stratigraphic section across the 

lithologic contact between the Permian Park City and Triassic Dinwoody Formation, showing 

high resolution interval where sampling was conducted every 5 cm. Beds are shown at their 

current 30° dip. 
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which features bi-directional cross laminae sedimentary structures (typical of tidal depositional 

environments), iron oxide concretions, and the cyclic appearance of small (~5 mm) pyrite 

framboid nodules. Gypsum, either as selenite crystals or druse is found in this upper zone.  

3.1. Carbonate Analysis 

Collected rock samples were crushed and ground to a fine powder in a pestle and mortar, and 

analyzed utilizing the methodology of Müller & Gastner (1971), which measures pressure of 

carbon dioxide produced by reaction of carbonate with hydrochloric acid (37%). Samples were 

calibrated with 2.00 grams of pure CaCO3 producing 90 kPa. Rock samples produced between a 

high of 75 kPa with sample P-15, and a low of 15 kPa with sample TR-105. Resampling resulted 

in differences of ~3 kPa. Total percent by weight of carbonate in rock samples was calculated 

from these pressure readings, as well as mass balance using residue of selected samples. 

3.2. Total Organic Carbon, Sulfur, and Nitrogen Analysis 

Analysis of powdered rock samples utilized a ThermoFisher Scientific Flash 2000 Element 

Analyzer (EA) at the Uintah Basin Campus of Utah State University in Vernal, Utah. 20 mg of 

each prepared powdered rock sample was placed in tin capsules with vanadium oxide. Prepared 

tin capsules were analyzed by the EA, which combusts samples at high temperature with a flow 

of oxygen and utilizes a carrier gas of helium. Reruns from the same source of powdered rock 

produced errors of 9.55% in nitrogen, and 0.25% in organic carbon, while rerun of standards 

produced errors of less than 0.01%. 

3.3. Carbon Isotopic Analysis of Carbonate 

Carbon isotopes in the carbonate rock samples were analyzed using a ThermoFisher Scientific 

Delta V Advantage Isotope Ratio Mass Spectrometer (IRMS) with a Gasbench II Interface 

housed at the Utah State University Geology Department in Logan, Utah. Powdered rock 
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samples and standards were measured into glass test tubes, with rock samples measured near 

0.150 micrograms. Each prepared test tube was evacuated of atmospheric air with helium in an 

auto-sampler and injected with 1 mL (20 drops) of 100% phosphoric acid. Four samples did not 

produce consistent enough peaks to be included (TR-180, P-0, P-15 and P-20). Replicates from 

the same rock source produced precision better than ±0.43‰ in δ13C and ±0.920‰ in δ18O. All 

isotope data are reported as per mil (‰) relative to Vienna Pee Dee belemnite (VPDB) standard.  

3.4. ICP-MS Analysis 

The Inductively Coupled Plasma Mass Spectrometry (ICP-MS) at the Utah State University 

Geology Lab in Logan, Utah was used to determine elemental analysis of the 55 powdered rock 

samples. Measured 0.1000 grams of powdered rock was added to plastic vials and flushed with 

de-ionized water, nitric acid (HNO3) and hydrofluoric acid (HF) for digestion and heated to 

evaporation. Each concentrate was then prepared in a solution to determine concentrations of Ti, 

V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Rb, Sr, Pd, Ba, La, Ce, Eu, Pt, Pb, and U relative to lab 

standards. Concentrations of Pd and Pt are semi-quantifiable since those two standards were not 

used. All other values are fully-quantitative. Measurement error is reported as standard deviation 

and percent relative to the standard. Each sample was analyzed at least 5 times and averaged. 

Samples P-5, P-0, TR-0, and TR-5 were analyzed 10 times and averaged. 

3.5. Mercury Analysis 

Powdered samples were mailed to the University of Nevada in Reno in small plastic boxes. To 

prevent cross contamination on arrival each sample container was carefully cleaned individually 

using deionized water and Kim-wipes and transferred to a 7.5 ml vial using a metal spatula 

cleaned with isopropyl. After this cleaning procedure, the vials with samples were placed in 

Ziploc bags for temporary storage. Each sample was then analyzed using a Milestone DMA 80.  
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This instrument is used for EPA Method 7473 for Hg in solids and solutions by thermal 

decomposition, amalgamation, and atomic absorption spectrophotometry. The NIST 2702 

inorganic sediment standard was used to set a calibration curve for the Milestone to measure 0-

200 ng of Hg. This standard was used at the beginning of each run to verify the machine was on 

the set calibration curve. This calibration curve was checked with NIST1575a, 2976 and 2709. 

The average concentration of Hg for all 55 samples was 0.0054 parts per million (ppm). The 

lowest concentration of Hg was 0.00081 ppm, found in sample TR-190. The highest 

concentration of Hg was 0.02324 ppm, found in sample TR-5.  The coefficient of variance for 

the triplicate samples (n=5) was 14%. The mean blank concentration for empty sample boats 

(n=15) was 0.00003 ppm. The minimum blank reading was 0.00001 ppm and the maximum was 

0.00007 ppm.  The NIST 2702 standard had a mean recovery of 99.18%, with a recovery range 

of 79.72% to 107.68%. 

4. Results 

Results are summarized in the following section. The complete dataset of the geochemical 

analysis of rock samples can be found in the Supplementary Materials. CaCO3 content of the 

rock by weight abruptly drops across the lithologic contact (between samples P-0 and TR-0) 

from a range of 78-94% to a low of 50-72% by weight (Fig. 3; table S1). This drop in CaCO3 

content is consistent with an abrupt shoaling of the CCD due to acidification of the ocean by the 

absorption of high levels of atmospheric CO2 (Zachos et al. 2005). 
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Fig. 3. Percent by weight of CaCO3 in collected rock samples (table S1). 

Total Organic Carbon (TOC) content of the rocks shows an abrupt shift from an average 

of 14.83% to an average of 3.45% by weight across the lithologic contact (Fig. 4, table S2). This 

abrupt drop in TOC is interpreted as a significant loss of bioproductivity across this interval, and 

together with observed sedimentary structures it suggests that sea level remained within the 

photic zone and upper shoreface throughout the stratigraphic section. The major lithologic shift 

at the contact between samples P-0 and TR-0 is most-likely due to the effects of the extinction 

event, with decreased input of both CaCO3 and TOC in the lower-most Dinwoody Formation.  
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Fig. 4. Percent by weight of Total Organic Carbon (TOC) in collected rock samples (table S2). 

Analysis of the sulfur content (S %) of the rock layers shows a cyclic appearance of high 

levels of sulfur likely driven by the presence of pyrite framboids beginning with sample TR-70, 

70 cm above the lithologic contact (Fig. 5, table S2). Presence of pyrite framboids has been 

documented from other Permian-Triassic sections (Wignall & Hallam, 1992; Wignall et al. 2005; 

Kakuwa, 2008; Shen et al. 2007; Bond & Wignall, 2010; Tian et al. 2014; Liao et al. 2017) and 

is indicative of widespread anoxic ocean waters following the Permian-Triassic event (Isozaki, 

1997; Grice et al. 2005; Song et al. 2012). The presence of pyrite within the bi-directional cross 

laminae strata of the upper zone indicates that a severe anoxia of the upper shoreface followed 

the initial extinction event in Utah. Pyrite framboids appear to have been deposited cyclically, 

alternating between oxygenated and deoxygenated waters, with the highest concentration of 
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sulfur in sample TR-195 195 cm above the contact. Pyrite framboids are found widely 

distributed in these thinly bedded laminated shales and are non-sorted.  

 

Fig. 5. Percent by weight of sulfur (S) in collected rock samples. Yellow lines indicate observed 

pyrite framboids in hand samples (table S1 and S2). 

This pyrite may have formed at depth and been redeposited (Kershaw et al. 2018), but the 

presence of pyrite (even as clasts) indicates low dissolved oxygen content in these shallow 

marine waters. Pyrite framboids are common in the lower Dinwoody Formation, but are not 

found within the lower-most mudstone (TR-0 to TR-45). These samples (TR-0 to TR-45) contain 

low levels of sulfur, indicating a delay between the onset of ocean acidification and the onset of 

anoxia of 70 cm in the local section (Fig. 5).  
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Carbon isotopic analysis (δ13C) of carbonate shows an overall decline in ∆13C/12C ratios 

from a high of 2.585‰ VPDB 30 cm below the lithologic contact to a low of -3.627‰VPDB at 

190 cm above the contact, similar to changes observed elsewhere at the Permian-Triassic 

boundary in shallow marine settings (Magaritz et al. 1988; Baud et al. 1989; Berner, 2002; 

Benton & Twitchett, 2003; Payne et al. 2004; Korte et al. 2004; Krull et al. 2004; Sun et al. 

2007; Korte & Kozur, 2010; Luo et al. 2010; Meyer et al. 2011; Song et al. 2013; Meyer et al. 

2013; Liu et al. 2017) (Fig. 7, table S3). In comparison to the GSSP section in Meishan, China, 

the observed gradual decrease in carbonate δ13C values in Utah closely matches that observed 

between beds 24 to 28 in China (Xie et al. 2007; Lui et al. 2010) during the greatest extinction of 

foraminifera (Song et al. 2009) and is remarkably similar to shallow marine environments along 

the south China craton (Sun et al. 2012; Song et al. 2013). The rate of carbon isotopic decrease is 

about 0.15 ‰ per 5 cm, indicating a gradual negative shift in carbon isotopic ratios (δ13C) over 

200 cm in the lower Dinwoody Formation. δ13C values remain low (sample TR-450 = -2.034 ‰ 

VPDB) up to the top of the measured 9-m section in the lower Dinwoody Formation (Fig. 6).  
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Fig. 6. Carbon isotope ratios of carbonate in collected rock samples. Values are in VPDB (‰). 

Light blue dots are the observed δ13C values reported from the GSSP in Meishan China from 

beds 24 to 28 (Luo et al. 2010) (table S3). 

Results from the nitrogen (N) and copper (Cu) analysis offer a mechanism to temporally 

calibrate the stratigraphic section (Fig. 7, table S2 and S6). Samples collected in the Park City 

Limestone show erratic N content, likely due to the heterogeneous nature of porous limestone, 

but N content from the mudstone/shale samples TR-0 to TR-200 show three rhythmic cycles of 

increasing and decreasing nitrogen values indicative of precession cycles (~23 ky, Hays et al. 

1976; Straub et al. 2013) in Earth’s Milankovitch orbital variation. A similar cyclic pattern is 

observed in Cu obtained from ICP-MS analysis of rock samples (Fig. 6). Computer simulations 

of the Permian-Triassic ocean system show strong influence of precession orbital cycles on 
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nutrient cycles, which would include temperature-dependent N levels and Cu input from 

variability in river discharge (Winguth & Winguth, 2013). 

 

Fig. 7. Percent by weight of nitrogen (N) and parts per million (ppm) of copper (Cu) in collected 

rock samples. Cyclic variation in N % and Cu (ppm) in the early Dinwoody Formation shows 

three possible orbital precession cycles in the section, suggesting a temporal scale of ~69,000 

years between TR-0 and TR-200 (table S2 and S6). 

As interpreted the duration of the Permian-Triassic extinction (from 0 to 200 cm above 

the contact) occurred over ~69,000 years, which is consistent with U-Pb radiometric dates of 

zircon crystals from the GSSP section in Meishan, China (Shen et al. 2011; Burgess et al. 2014) 

between bed 25: 251.941 ± 0.037 Ma and bed 28: 251.880 ± 0.031 Ma or ~61,000 years, or 

between 13,000 to 109,000 years based on another study of that section (Baresel et al. 2017). The 
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duration between the onset of shallow ocean acidification and ocean anoxia is estimated at 

~23,000 years (samples TR-0 to TR-70), with a sedimentation rate of just 0.030mm/year. These 

estimates are similar to durations calculated from orbital cyclicity observed in well cores across 

the Permian-Triassic boundary from the Austrian Alps (~30,000 to ~40,000 years) (Rampino et 

al. 2000). Based on sedimentation rates (0.5 to 2.0 mm/year) from a modern equivalent 

depositional environment (a protected bay in the Baltic Sea (Szmytkiewicz & Zalewska, 2014)), 

a shorter duration of 1,400 to 350 years between ocean acidification and ocean anoxia is found. 

However, these shorter durations do not factor in the highly-reduced sedimentation rates 

expected in more acidic and less biologically active early Triassic oceans, where carbonate 

deposition was greatly reduced.   

Analysis of the 55 rock samples for Hg content demonstrates a Hg enriched zone within 

the first 70 cm above the lithologic contact (Fig. 8, table S4). Two spikes in Hg were found at 5 

cm (0.02324 ppm) and 70 cm (0.01966 ppm) above the contact, with background levels below 

0.01 ppm. The results indicate a 2 to 4-fold increase in Hg across the boundary. The high Hg 

content suggests a fallout of atmospheric ash from coal combustion (Grasby et al. 2011; Sanei et 

al. 2012; Grasby et al. 2016), coinciding with the lithologic shift due to the acidification of ocean 

water, and with the onset of euxinic ocean water that occurs at 70 cm above the lithologic contact 

with the first appearance of pyrite framboids. Sanei et al. (2012) hypothesize that Hg drawdown 

after the P-T event was a result of sulfide-Hg interactions from the onset of euxinic ocean water 

conditions. Indeed, these results from Utah support that assertion, as Hg levels decrease only 

after the first appearance of pyrite framboids in the local stratigraphic section (Fig. 8). 
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Fig. 8. Measured Hg concentrations in collected rock samples. (A) Hg concentrations in parts per 

million (ppm), and (B) ratio of Hg compared to measured TOC % showing an enriched inorganic 

zone from TR-0 to TR-70 (table S4). 

Analysis of the 55 rock samples utilizing an ICP-MS demonstrates only slightly elevated 

Ni content within the first 70 cm above the lithologic contact (Fig.9, table S5). Combined 60Ni 

and 62Ni peak at 65.2 ppm at 70 cm and 61.0 ppm at 25 cm above the contact, well below high 

levels (~250 ppm) reported by Rampino et al. (2017), but near the 80 ppm reported by Kaiho et 

al. (2001) within the Meishan Section in China. While Ni appears to be enriched within the 

boundary zone, the amount is not significant enough to implicate a volcanic source (Rampino et 

al. 2017). Nickel content in terrestrial soils becomes more mobile when exposed to lower pH 

water (Iyaka, 2011), and this slight enrichment of Ni may be from terrestrial runoff due to more 

acidic rainwater during the event (Sheldon, 2006). 
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Fig. 9. Measured Ni concentrations (ppm) in collected rock samples, combined 60Ni and 62Ni 

isotopes from ICP-MS analysis. Concentrations are elevated in the Dinwoody Formation due to 

enhanced chemical weathering from terrigenous sources, but values are well below high-levels 

(greater than 200 ppm; Rampino et al. 2017) expected in volcanic ash or extraterrestrial impact 

events (table S5). 

Zn on the other hand (Fig. 10, table S6), shows a more significant spike within the 

boundary interval, similar to results found by Liu et al. (2017) within the Meishan Section in 

China. In Utah, Zn peaks at 25 cm above the lithologic boundary to 87.4 ppm, while Liu et al. 

(2017) report Zn peaking just above 100 ppm in bed 24 of the Meishan Section, which, based on 

comparison of carbon isotopes, is correlative.   
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Fig. 10. Measured Zn concentrations (ppm) in collected rock samples from ICP-MS analysis. 

Values peak within the boundary section at sample TR-25 at 87.4 ppm. Values are well below 

high-levels (greater than 300 ppm) expected with an extraterrestrial impact event (table S6). 

Strontium (Sr) levels show a 3-fold increase in samples TR-0 and TR-5 from a 

background average of 213.1 ppm to a peak of 617.2 ppm just above the contact (Fig. 11, table 

S7). Lead (Pb) shows an elevated zone with values up to 14 ppm near the contact (Samples TR-5 

to TR-15), but also some additional spikes above 10 ppm coinciding with pyrite-rich horizons, at 

TR-150 and TR-70 (Fig. 12).  
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Fig. 11. Measured strontium (Sr) concentrations (ppm) in collected rock samples from ICP-MS 

analysis. Values peak at the base of the boundary section with sample TR-0 = 617.5 ppm and 

TR-5 = 615.1 ppm (table S7). 

 

Fig. 12. Measured lead (Pb) concentrations (ppm) in collected rock samples from ICP-MS 

analysis. Pb is elevated in the lower Dinwoody Formation, especially within the lower boundary 

section (table S6).  
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Lithology appears to have an effect on most trace elements observed in the stratigraphic 

column, due to a reduction in sedimentation rates. Mudstone/siltstone layers are enriched in Ti, 

V, Fe, Co, Ni, Ga, Rb, Ba, La, Ce, Eu, and Pb, while limestone layers are enriched in Cu. Cu, Fe, 

Ba and Mn are slightly depleted in the zone between TR-0 to TR-70, with a slight enrichment in 

Ti, V, Cr, Co, Ga, and Rb in this boundary zone, when compared to other mudstone/siltstone 

samples (tables S5-S7). 

Observed amounts of barium (Ba) between TR-0 and TR-70 show an increase up to 450 

ppm (Fig. 13, table S7). However, in the anoxic upper zone (TR-70 to TR-195), Ba spikes 

several times, with the highest values (997.2 ppm) found in sample TR-170 (Fig. 13). These 

high-Ba spikes closely match the sulfur-enriched pyrite framboid horizons (Fig.13). 

 

Fig. 13. Measured barium (Ba) concentrations (ppm) in collected rock samples from ICP-MS 

analysis. Ba is elevated in the observed pyrite framboid layers (table S7). 
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Rare elements La, Ce, Eu, Pd, Pt, and U show little difference stratigraphically across the 

boundary. Anomalous high values of siderophile and chalcophile elements (Pt, Pd, Cr, Co, Ni, 

and Zn) are indicative of extraterrestrial impact events, such as the one discovered at the end of 

the Mesozoic (Alvarez et al. 1980). Measured levels of these elements observed in the rock 

layers examined at the Permian-Triassic boundary in Utah remain well below anomalous high 

values reported from the Cretaceous-Paleogene boundary (Alvarez et al. 1980; Kyte et al. 1985) 

(Fig. 14, tables S5-S7). There is no evidence in the observed concentrations of siderophile and 

chalcophile elements in Utah for an extraterrestrial impact at the Permian-Triassic boundary 

(Fig. 14). 

 

Fig. 14.  Measured concentrations of elements (A) Chromium, (B) Cobalt, (C) Nickel, (D) Zinc, 

(E) Palladium, (F) and Platinum in collected rock samples from ICP-MS analysis compared with 

concentrations observed across the Mesozoic-Cenozoic boundary sections (pink zone) (Alvarez 

et al. 1980; Kyte et al. 1985). All measured concentrations are well below those found during 

extraterrestrial impact events.  



 25 

 

5. Discussion 

This study is the first to examine the Permian-Triassic boundary from a shallow marine 

setting along the western coastline of Pangea. Previous studies of sediments deposited in shallow 

marine environments during the Permian-Triassic extinction have principally come from Asia, 

particularly within deposits representing the Paleo-Tethys Ocean and far eastern coastline of the 

Panthalassa Ocean (Wignall & Twitchett, 2002). Assessing similarities and differences between 

the newly discovered section in Utah, and those in Asia, offers a unique view into the changing 

chemistry of the Panthalassa Ocean as a whole, which covered as much as 75% of the Earth’s 

surface during this time. Measured values of siderophile and chalcophile element concentrations 

in Utah demonstrate a lack of evidence for an extraterrestrial impact event at the Permian-

Triassic boundary, which is consistent with observations at other boundary sections (Xu et al. 

2007; Brookfield et al. 2010). 

Recent research has focused on the Siberian Traps large volcanic providence as the 

trigger for the Permian-Triassic event, due in large part to the well constrained dates from the 

basalt fields, which tie these eruptions temporally within the boundary interval (Renne & Basu, 

1991; Renne et al. 1995; Mudil et al. 2004; Payne et al. 2004; Reichow et al. 2009; Burgess et al. 

2014; Burgess et al. 2017; Latyshev et al. 2018).  Estimates of the total amount of carbon dioxide 

emitted from these large volcanic providences (440 to 13,000 gigatonnes of CO2; Leavitt, 1982; 

Berner, 2002), was likely alone not enough to push the entire Panthalassa Ocean into the acidic 

conditions necessary to lead to the observed reduction in shallow marine carbonate deposition in 

the stratigraphic sections of both Asia and Utah. Volcanic basalts from the Siberian Traps 

eruptions, however, overlay coal-bearing sedimentary rocks (Reichow et al. 2009). Burgess et al. 
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(2017) have advanced the idea that the Siberian Traps volcanic providence spread into a regional 

sill complex, which ignited coal deposits during a second stage of volcanic activity starting at 

251.9 million years ago. Recently, evidence from the Tunguska Basin north of Irkutsk, Russia 

demonstrates a vast network of sill intrusions into hydrocarbon rich sedimentary rocks, enough 

to release an estimated 100,000 gigatonnes of CO2 (Svensen et al. 2009).  Such a scenario would 

have significantly increased the total carbon dioxide output, enough to acidify the Panthalassa 

Ocean, then volcanic activity alone. The combustion of large quantities of coal releases 

significantly larger amounts of carbon dioxide, but also sulfur, Hg, Zn, Pb, and Sr, which differ 

geochemically from volcanic ash.  

Atmospheric Hg bio-accumulates in plant tissues (Gustin et al. 2008), which become 

sequestered in the formation of coal. When coal is combusted this Hg is released back into the 

atmosphere, where it can be observed as fallout in soils and sediments. The observed enriched 

zone of Hg (0-70 cm) within the Permian-Triassic boundary section in Utah supports the idea of 

coal combustion as the initial driver of the Permian-Triassic extinction, rather than volcanic 

activity alone.  Elevated levels of Zn (above 60 ppm) were also found in the basal 70 cm of the 

boundary section, which further supports the influence of coal emissions during this time. Coal 

ash contains higher levels of Zn (55 to 1,300 ppm; Doughten, 1997; Briggs, 1997) due to the 

element’s role as a micronutrient in plant tissue, when compared to low Zn levels in volcanic ash 

(0 to 92 ppm; Taylor & Lichte, 1980; Smichowski et al. 2003). Reported values of δ66Zn from 

the Permian-Triassic boundary in China (+0.35‰; Liu et al. 2017) are within the range of 

observed coal ash δ66Zn (+0.26‰ to +0.64%; Ochoa-González et al. 2015). The basal 5 cm of 

the boundary section in Utah also show an anomalous doubling of Sr (up to 617.2 ppm). Sr is 

typically found at higher levels in coal (190 to 2,100 ppm; Doughten, 1997; Briggs, 1997) 
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compared to volcanic ash (345 to 567 ppm; Taylor & Lichte, 1980).  Observed elevated levels of 

Sr in this basal 5 cm zone may also be due to an increased input from terrestrial sources due to 

increased chemical weathering, as paleosols across the Permian-Triassic boundary in South 

Africa show a depletion in Sr levels (Sheldon, 2006), resulting in elevated input in marine 

sediments from this enhanced weathering. Emissions from burning coal contribute to higher 

levels of Pb in the atmosphere (Natusch et al. 1974; Block & Dams, 1975).  Measured amounts 

of Pb in the Utah section show an enriched Pb-layer between samples TR-0 to TR-155, 

suggesting continued coal emission throughout this time and coinciding with the observed 

negative carbon isotope excursion.  

The elevated levels of Hg, Zn, Sr, and Pb within the 70 cm basal zone of the Permian-

Triassic boundary in Utah support coal combustion as the trigger for the initial change in pH 

chemistry within the Panthalassa Ocean, rather than volcanic activity alone. The lack of any 

observed volcanic ash in the Utah section contrasts with sections in Asia which record a number 

of volcanic ash layers near the Permian-Triassic boundary (Lehrmann et al. 2003; Rampino et al. 

2017), attributed to eruptions of the nearby Siberian Traps volcanic providence. While these 

eruptions were major events, the distribution of volcanic ash from these eruptions was not global, 

as it appears that volcanic ash did not reach the far western coastline of Pangea, represented by 

present-day Utah.  

Combustion of subterranean petroleum reservoirs associated with Siberian Traps 

volcanism could also account for the high levels of Hg, especially if these reservoirs were 

enriched in the mineral calomel. Heating experiments of Cambrian petroleum-bearing evaporitic 

rocks associated with contact metamorphism by the Siberian Traps sill complex also exhibit 

elevated chloride, fluoride, and bromide (Svensen et al. 2009; Black et al. 2012), which were not 
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examined in this study. Beerling et al. (2007) theorized high input of atmospheric chloride (as 

CH3Cl) was necessary to deplete the ozone layer enough to explain observed malformed pollen 

and spores documented during the event (Hochuli et al. 2010; Hochuli et al. 2017). Further study 

of the chemical signature of coal-bearing rocks associated with the Siberian Traps sill complex 

may help trace the various sources of hydrocarbons in the region responsible for the event. Such 

a large input of carbon dioxide from combustion of coal and associated hydrocarbons into the 

atmosphere could be expected to have led to significant global warming, desertification, and an 

atmosphere rich in carbon dioxide (Sun et al. 2012).  

The observed negative shift in carbon isotope ratios (δ13C) matches the expected increase 

in 12C in the atmosphere from the combustion of 12C-enriched coal reserves over an estimated 69 

kyr duration (Shen et al. 2011). In Utah, the δ13C values continue to decrease beyond the initial 

lithologic boundary layer, suggesting continued input of 12C-enriched carbon from organic 

sources beyond both the initial acidification event and widespread anoxia that followed. This 

latter part of the δ13C excursion could also be attributed to the consequences of global warming 

produced by the coal emissions, such as methane hydrate upwelling, and an overall decrease in 

photosynthesizing organisms. Together, these subsequent events likely enriched the sedimentary 

carbonate further in 12C (Wignall, 2007).  

As theorized, a scenario of a rapidly warming ocean (Song et al. 2014), which quickly 

became acidic, resulted in the dissolution of carbonate-rich shelled organisms (Garbelli et al. 

2016). These acidic ocean waters also caused the death of many oxygen-producing 

photosynthesizing calcareous algae, which accumulated as dead organic matter on the ocean’s 

floor (Wang et al. 1994; Hall-Spencer et al. 2008; Chen et al. 2011). This massive input of 

organic matter into the ocean floor was consumed by oxic bacteria, which used available 



 29 

dissolved oxygen, converting it to carbon dioxide. Oxygen-levels were further decreased in the 

ocean as ocean temperatures rose, since warmer ocean water holds less dissolved oxygen (Sun et 

al. 2012).  

An initial massive combustion of coal would have enriched the atmosphere in SO2, which 

interacts with water vapor and nitric oxide to form toxic sulfuric acid that could have killed 

terrestrial plants and animals (Wang et al. 2016). Large amounts of sulfur would have entered the 

anoxic marine waters as sulfate ions (SO42-). Lacking available oxygen, these sulfate ions would 

have been utilized by sulfate-reducing bacteria, which require high levels of organic content in 

the sediment and anoxic conditions (Berner, 1984). However, TOC% values across the Permian-

Triassic boundary remain relatively low during the deposition of the pyrite framboid horizons 

(Fig. 4), indicating that the sulfate-reducing bacteria utilized a different source of hydrocarbons 

than organic matter in the form of dead or decaying biomass, as discussed below. 

Elevated Ba spikes are observed in the Utah Permian-Triassic boundary section 

coinciding with sulfur-enriched pyrite framboid horizons (Fig. 13). Enriched Ba-levels have been 

observed in shallow marine sediment cores across the Paleocene-Eocene Thermal Maximum 

event (Dickens et al. 2003), where high Ba-levels have been interpreted as indicative of the 

sudden release of seafloor gas hydrates (Dickens et al. 2003). High-Ba zones in shallow marine 

sediments are indicative of the release of these seafloor gas hydrates due to the interaction of Ba+ 

with sulfate. Ba+ enters ocean water from deep seafloor hydrothermal vents.  In normal oxygen-

rich ocean conditions, high concentrations of SO42- are typically confined to the ocean floor as it 

is produced by bioturbation by benthic organisms and oxidation of microbial H2S (Canfield & 

Farquhar, 2009). At depth, SO42- reacts with Ba+ forming precipitates of solid barite crystals 

(BaSO4), which accumulate in deep ocean floor sediments (Torres et al. 1996). Over time, deep 
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ocean floor environments are enriched in Ba, but also methane molecules which are locked in a 

solid form within a lattice of water molecules called clathrates. As deep ocean water 

temperatures rise, these clathrates can sublimate into a gas, releasing large quantities of methane 

(CH4) and Ba from the ocean floor. When there is a major out-gassing of methane hydrate, Ba-

levels will increase in shallow nearshore marine sediments (Torres et al. 1996). Sulfate-reducing 

bacteria utilized the enriched ocean water concentration of methane and sulfate near the ocean 

surface through microbially mediated anaerobic methane oxidation: 

CH4 + SO42-  → HCO3- + HS- + H2O 

HS- + H+ → H2S 

The isotopic fractionation of sulfur isotopes resulting from these reactions explains the isotope 

excursions of δ34SCAS observed from other Permian-Triassic sections (Shen et al. 2011; Kajiwara 

et al. 1994; Zhang et al. 2017; Algeo et al. 2008), which show anomalies above the Permian-

Triassic boundary associated with pyrite-rich (anoxic) zones. As a consequence, the oceans 

emitted large quantities of toxic H2S gas, as well as methane, which likely entered the 

atmosphere during this second stage of the Permian-Triassic mass extinction event (Song et al. 

2014). In Utah, within 23,000 years of acidic conditions, shallow marine waters were anoxic and 

enriched in enough dissolved H2S gas (euxinic) to begin to precipitate pyrite framboids in near 

shore tidal anoxic environments (Rickard, 1997; Peiffer et al. 2015). Such a scenario may 

account for the two closely-spaced extinction levels documented in the shallow marine Permian-

Triassic section in China (Xie et al. 2005; Peiffer et al. 2015). 

Coupled with the effects of global warming and acid rains, high levels of H2S gas from 

the ocean has been theorized to have resulted in toxic atmospheric conditions for many terrestrial 

organisms (Krump et al. 2005; Meyer et al. 2008).  In Utah, these anoxic nearshore ocean waters 
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were cyclic or periodic. Quickly moving organisms, such as fish, may have been able to navigate 

away from these oxygen-depleted waters and were better adapted to find refuge than sessile and 

planktonic organisms with a fixed habitat range. This may explain the dramatic rise in fish 

diversity and other active swimming animals following the mass extinction event (Sun et al. 

2012; Schaeffer, 1973; Dineen et al. 2014; Romano et al. 2016), with near-extinction of sessile 

organisms like crinoids, brachiopods, rugosa and tabulate corals, and organisms with planktonic 

larva (Raup, 1979; Valentine, 1986; Erwin, 1994; Benton & Twitchett, 2003; Chen et al. 2010; 

Payne & Clapham, 2012). 

6. Conclusions 

No evidence was found in the Utah section to suggest an extraterrestrial impact event or massive 

volcanism was responsible for the Permian-Triassic extinction; rather, the assembled 

geochemical evidence suggests a massive combustion of coal as the event responsible for Earth’s 

largest mass extinction event. The combustion of large amounts of coal resulted in acidic ocean 

water, global warming, and the release of methane hydrates from the seafloor.  Together these 

events led to a planet inhospitable to life. This study opens many avenues of inquiry, such as 

how much coal (and other associated hydrocarbons) was burned at the Permian-Triassic 

boundary during the Siberian Traps volcanism? How does this quantity compare to modern 

levels of hydrocarbon combustion? How close are we to a similar mass extinction happening 

again? 
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Table S1: Sample descriptions and CaCO3% 

Position 
(cm) 

Sample Color 
(Munsell) 

Minerals Sed. 
Structures 

Breakage Type CaCO3 
kPa 

CaCO3 
% wt. 

450 TR-450 5Y 8/1 
 

~10mm 
pyrite 
nodules 

 Platy Shale 25 55 

350 TR-350 5Y 8/1 
 

~5mm 
pyrite 
nodules 

 Platy Shale 34 64 

300 TR-300 5Y 8/1 ~1mm 
pyrite 
nodules 

 Blocky Mudstone 35 65 

250 TR-250 10YR 7/4 Hematite 
veins 

 Platy Shale 24 54 

200 TR-200 5Y 8/1  bi-
directional 
cross 
laminae 

Platy Shale 22 52 

195 TR-195 5Y 8/1 ~3mm 
pyrite 
nodules 

bi-
directional 
cross 
laminae 

Platy Shale 25 55 

190 TR-190 5Y 8/1   Platy Shale 40 69 
185 TR-185 5Y 8/1 ~1mm 

pyrite 
nodules 

 Blocky Mudstone 30 60 

180 TR-180 5Y 8/1   Blocky Mudstone 30 60 
175 TR-175 5Y 8/1  bi-

directional 
cross 
laminae 

Platy Shale 36 66 

170 TR-170 5Y 8/1  bi-
directional 
cross 
laminae 

Platy Shale 30 60 

165 TR-165 5Y 8/1   Blocky Mudstone 25 55 
160 TR-160 5Y 8/1   Platy Shale 30 60 
155 TR-155 5Y 8/1   Platy Shale 30 60 
150 TR-150 5Y 8/1 ~5mm 

pyrite 
nodules 

 Platy Shale 38 68 

145 TR-145 5Y 8/1 ~10mm 
pyrite 
nodules 

 Platy Shale 30 60 

140 TR-140 5Y 8/1 ~10mm 
pyrite 
nodules 

 Platy Shale 38 68 

135 TR-135 5Y 8/1 ~1mm 
pyrite 
nodules 

 Platy Shale 38 68 
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130 TR-130 5Y 8/1 Hematite 
Limonite 
Gypsum 

bi-
directional 
cross 
laminae 

Platy Shale 30 60 

125 TR-125 5Y 8/1   Blocky Mudstone 20 50 
120 TR-120 5Y 8/1 ~2mm 

pyrite 
nodules 

 Blocky Mudstone 38 68 

115 TR-115 5Y 8/1 ~3mm 
pyrite 
nodules 

 Blocky Mudstone 30 60 

110 TR-110 5Y 8/1   Blocky Mudstone 30 60 
105 TR-105 5Y 8/1   Blocky Mudstone 15 45 
100 TR-100 5Y 8/1   Blocky Mudstone 40 69 
95 TR-95 5Y 8/1   Blocky Mudstone 38 68 
90 TR-90 5Y 8/1   Blocky Mudstone 44 72 
85 TR-85 5Y 8/1 Hematite 

Limonite 
 Blocky Mudstone 35 65 

80 TR-80 5Y 8/1   Platy Shale 38 68 
75 TR-75 5Y 8/1   Platy Shale 30 60 
70 TR-70 5Y 8/1 ~5mm 

pyrite 
nodules 

 Platy Shale 35 65 

65 TR-65 5Y 8/1   Blocky  27 56 
60 TR-60 5Y 8/1  bi-

directional 
cross 
laminae 

Platy Shale 30 60 

55 TR-55 10YR 6/2   Blocky Mudstone 24 54 
50 TR-50 10YR 6/2   Blocky Mudstone 25 55 
45 TR-45 10YR 7/4   Blocky Mudstone 25 55 
40 TR-40 10YR 7/4   Blocky Mudstone 40 68 
35 TR-35 10YR 7/4   Blocky Mudstone 28 58 
30 TR-30 10YR 7/4   Blocky Mudstone 25 55 
25 TR-25 10YR 7/4   Blocky Mudstone 35 64 
20 TR-20 10YR 7/4   Blocky Mudstone 30 60 
15 TR-15 10YR 7/4   Blocky Mudstone 42 70 

10 TR-10 10YR 7/4   Blocky Mudstone 49 76 
5 TR-5 10YR 7/4   Blocky Mudstone 32 62 
0 TR-0 10YR 7/4   Blocky Mudstone 20 50 
0 P-0 5YR 7/2   Hard Limestone 40 70 
-5 P-5 5Y 8/1 Small 

specks of 
Hematite 

 Hard Limestone 70 89 

-10 P-10 5Y 8/1   Hard Limestone 65 85 
-15 P-15 5Y 8/1   Hard Limestone 75 94 
-20 P-20 5Y 8/1   Hard Limestone 60 82 
-25 P-25 5Y 8/1   Hard Limestone 66 86 
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-30 P-30 5Y 8/1   Hard Limestone 66 86 
-35 P-35 5Y 8/1   Hard Limestone 59 81 

-40 P-40 5Y 8/1   Hard Limestone 52 78 
-45 P-45 5Y 8/1   Hard Limestone NA NA 
-50 P-50 5Y 8/1   Hard Limestone 70 88 
-150 P-150 5Y 8/1   Hard Limestone NA NA 
-250 P-250 5Y 8/1   Hard Limestone NA NA 
-350 P-350 5Y 8/1   Hard Limestone NA NA 
-450 P-450 5Y 8/1   Hard Limestone NA NA 
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Table S2: Results of Element Analysis (TOC%, N%, and S%) 

Position 
(cm) 

Sample TOC% N% S% 

450 TR-450 2.863 0.0216 0 
350 TR-350 2.045 0.0244 0.861 
300 TR-300 2.398 0.0213 2.175 
250 TR-250 2.498 0.0307 0 
200 TR-200 2.483 0.0198 0 
195 TR-195 3.001 0.0102 2.547 
190 TR-190 3.034 0.0099 0 
185 TR-185 2.917 0.0102 0 
180 TR-180 4.040 0.0129 0 
175 TR-175 5.138 0.0125 0 
170 TR-170 4.601 0.0102 0 
165 TR-165 5.278 0.0144 0 
160 TR-160 4.297 0.0155 0 
155 TR-155 3.647 0.0147 0 
150 TR-150 3.602 0.0167 0 
145 TR-145 3.427 0.0141 0 
140 TR-140 3.369 0.0137 0.1271 
135 TR-135 3.564 0.0162 0 
130 TR-130 3.251 0.0124 0 
125 TR-125 3.006 0.0187 0 
120 TR-120 3.511 0.0182 0 
115 TR-115 3.315 0.0148 0.0347 
110 TR-110 3.509 0.0130 0 
105 TR-105 3.890 0.0181 0 
100 TR-100 3.541 0.0143 0 
95 TR-95 4.184 0.0165 0 
90 TR-90 4.046 0.0169 0 
85 TR-85 3.497 0.0190 0 
80 TR-80 3.487 0.0170 0 
75 TR-75 3.545 0.0187 0 
70 TR-70 2.536 0.0176 0.0614 
65 TR-65 3.298 0.0144 0 
60 TR-60 3.073 0.0135 0 
55 TR-55 3.217 0.0142 0 
50 TR-50 3.101 0.0161 0 
45 TR-45 2.596 0.0151 0 
40 TR-40 3.249 0.0187 0 
35 TR-35 2.977 0.0168 0 
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30 TR-30 2.932 0.0192 0 
25 TR-25 3.179 0.0187 0 
20 TR-20 3.281 0.0190 0 
15 TR-15 3.296 0.0198 0 
10 TR-10 3.498 0.0189 0 
5 TR-5 4.443 0.0200 0 
0 TR-0 5.668 0.0153 0 
0 P-0 11.29 0 0 
-5 P-5 15.23 0.0134 0 
-10 P-10 15.52 0.0135 0 
-15 P-15 15.30 0.0473 0 
-20 P-20 14.58 0.0302 0 
-25 P-25 14.51 0.0285 0 
-30 P-30 14.63 0.0091 0 
-35 P-35 13.84 0 0 
-40 P-40 14.34 0 0 
-45 P-45 NA NA NA 
-50 P-50 15.52 0 0 
-150 P-150 NA NA NA 
-250 P-250 NA NA NA 
-350 P-350 NA NA NA 
-450 P-450 NA NA NA 
NA = Not Analyzed 
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Table S3: Results of δ13C and δ18O in Carbonate Analysis (V-PDB) 

Position 
(cm) 

Sample δ 
13C/12C 

stdev δ 
18O/16O 

stdev n 

450 TR-450 -2.034 0.11 -4.194 0.15 8 
350 TR-350 -1.290 0.02 -2.610 0.03 8 
300 TR-300 -1.290 0.02 -2.350 0.02 8 
250 TR-250 -1.559 0.04 -2.589 0.21 8 
200 TR-200 -0.610 0.02 -3.100 0.02 8 
195 TR-195 -2.870 0.03 -6.140 0.03 8 
190 TR-190 -3.627 0.11 -7.095 0.04 4 
185 TR-185 -2.178 0.08 -5.327 0.07 7 
180 TR-180 NA NA NA NA NA 
175 TR-175 -2.470 0.01 -5.990 0.03 8 
170 TR-170 -3.550 0.03 -6.920 0.04 8 
165 TR-165 -1.770 0.01 -5.480 0.04 8 
160 TR-160 -1.753 0.05 -5.358 0.07 8 
155 TR-155 -2.010 0.09 -5.439 0.14 8 
150 TR-150 -1.701 0.07 -4.992 0.05 8 
145 TR-145 -2.057 0.06 -5.439 0.06 8 
140 TR-140 -1.710 0.02 -5.150 0.02 8 
135 TR-135 -1.790 0.02 -5.300 0.02 8 
130 TR-130 -1.910 0.02 -6.050 0.01 8 
125 TR-125 -1.580 0.03 -5.860 0.02 8 
120 TR-120 -1.950 0.02 -5.640 0.02 8 
115 TR-115 -1.548 0.10 -4.804 0.13 8 
110 TR-110 -1.474 0.07 -4.697 0.09 8 
105 TR-105 -1.627 0.04 -6.778 0.05 7 
100 TR-100 -1.420 0.02 -6.180 0.03 8 
95 TR-95 -1.010 0.01 -5.070 0.02 8 
90 TR-90 -1.290 0.02 -6.690 0.02 8 
85 TR-85 -0.367 0.10 -3.872 0.07 8 
80 TR-80 -0.762 0.09 -4.099 0.11 7 
75 TR-75 -0.850 0.05 -5.390 0.11 5 
70 TR-70 -0.260 0.02 -4.370 0.03 8 
65 TR-65 -0.630 0.03 -5.210 0.05 8 
60 TR-60 0.013 0.05 -4.603 0.04 8 
55 TR-55 -0.142 0.12 -4.408 0.12 8 
50 TR-50 0.377 0.05 -4.498 0.07 5 
50 TR-50R 0.205 0.05 -4.194 0.07 8 
50 TR-50 0.470 0.02 -4.000 0.02 8 
45 TR-45 1.031 0.16 -3.377 0.14 8 
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40 TR-40 0.519 0.05 -3.824 0.13 7 
35 TR-35 0.692 0.09 -3.704 0.12 6 
30 TR-30 1.049 0.08 -4.177 0.08 7 
25 TR-25 1.843 0.03 -4.916 0.08 8 
20 TR-20 1.449 0.10 -4.727 0.13 8 
15 TR-15 1.675 0.07 -4.091 0.08 8 
10 TR-10 2.440 0.02 -3.060 0.03 8 
5 TR-5 2.097 0.06 -3.877 0.08 8 
5 TR-5R 2.520 0.02 -2.960 0.04 8 
0 TR-0 2.203 0.05 -2.607 0.08 8 
0 P-0 NA NA NA NA NA 
-5 P-5 1.212 0.03 -0.528 0.03 8 
-10 P-10 1.893 0.02 2.741 0.03 8 
-15 P-15 NA NA NA NA NA 
-20 P-20 NA NA NA NA NA 
-25 P-25 1.447 0.03 0.243 0.08 8 
-30 P-30 2.858 0.02 3.546 0.01 8 
-35 P-35 2.358 0.04 3.621 0.05 8 
-40 P-40 0.182 0.03 -3.206 0.04 8 
-45 P-45 NA NA NA NA NA 
-50 P-50 -0.972 0.04 -1.643 0.03 8 
-150 P-150 NA NA NA NA NA 
-250 P-250 NA NA NA NA NA 
-350 P-350 NA NA NA NA NA 
-450 P-450 NA NA NA NA NA 
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Table S4: Results of Mercury Analysis (Hg ppm) 

Position 
(cm) 

Sample Hg 
(ppm) 

Hg (ppb)/ TOC% 

450 TR-450 0.00143 49.95 
350 TR-350 0.00247 120.78 
300 TR-300 0.00168 70.06 
250 TR-250 0.00115 46.04 
200 TR-200 0.00153 61.62 
195 TR-195 0.00171 56.98 
190 TR-190 0.00081 26.70 
185 TR-185 0.00349 119.64 
180 TR-180 0.00275 68.07 
175 TR-175 0.00117 22.77 
170 TR-170 0.00117 25.43 
165 TR-165 0.00301 57.03 
160 TR-160 0.00262 60.97 
155 TR-155 0.00138 37.84 
150 TR-150 0.00349 96.89 
145 TR-145 0.00483 140.94 
140 TR-140 0.00482 143.07 
135 TR-135 0.00417 117.00 
130 TR-130 0.00156 47.99 
125 TR-125 0.00258 85.83 
120 TR-120 0.00293 83.45 
115 TR-115 0.00142 42.84 
110 TR-110 0.00173 49.84 
105 TR-105 0.00216 55.53 
100 TR-100 0.00542 153.06 
95 TR-95 0.00482 115.20 
90 TR-90 0.00217 53.63 
85 TR-85 0.00200 57.19 
80 TR-80 0.00345 98.94 
75 TR-75 0.00263 74.19 
70 TR-70 0.01966 775.24 
65 TR-65 0.01301 394.48 
60 TR-60 0.00588 191.34 
55 TR-55 0.00544 169.10 
50 TR-50 0.00822 265.08 
45 TR-45 0.00585 225.35 
40 TR-40 0.00432 132.96 
35 TR-35 0.01095 367.82 
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30 TR-30 0.00437 149.05 
25 TR-25 0.00418 131.49 
20 TR-20 0.00684 208.47 
15 TR-15 0.00731 221.78 
10 TR-10 0.01334 381.36 
5 TR-5 0.02324 523.07 
0 TR-0 0.02095 369.62 
0 P-0 0.01853 164.13 
-5 P-5 0.00306 20.09 
-10 P-10 0.00594 38.27 
-15 P-15 0.01196 78.17 
-20 P-20 0.00718 49.25 
-25 P-25 0.00694 47.83 
-30 P-30 0.00489 33.42 
-35 P-35 0.00488 35.26 
-40 P-40 0.00274 19.11 
-45 P-45 NA NA 
-50 P-50 0.00229 14.76 
-150 P-150 NA NA 
-250 P-250 NA NA 
-350 P-350 NA NA 
-450 P-450 NA NA 
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Table S5: Results of ICP-MS Analysis Siderophile Elements (Mn, Fe, Co, Ni, Pd, Pt) 

Position 
(cm) 

Sample 55Mn 
(ppm) 

56Fe 
(ppm) 

59Co 
(ppm) 

60Ni 
(ppm) 

62Ni 
(ppm) 

105Pd 
(ppb) 

195Pt 
(ppb) 

450 TR-450 423.2 11318.1 6.2 14.2 23.6 0.0 0.003 
350 TR-350 353.2 23595.1 12.3 28.7 39.2 0.0 0.003 
300 TR-300 301.5 26893.3 4.7 19.7 28.9 0.0 0.004 
250 TR-250 279.3 13663.0 3.8 12.6 21.9 0.0 0.003 
200 TR-200 282.7 9633.0 3.2 12.6 22.6 0.0 0.003 
195 TR-195 330.0 11690.0 2.8 9.4 14.7 0.0 0.002 
190 TR-190 328.4 7317.8 3.2 8.3 13.9 0.0 0.002 
185 TR-185 326.8 6093.0 3.0 9.6 16.9 0.0 0.005 
180 TR-180 390.5 8216.1 3.2 8.4 15.6 0.0 0.004 
175 TR-175 465.5 7519.8 4.3 9.0 14.9 0.0 0.005 
170 TR-170 439.1 7152.2 3.9 7.1 13.4 0.0 0.007 
165 TR-165 493.9 9124.8 4.6 10.7 16.8 0.0 0.003 
160 TR-160 457.0 12547.6 5.7 16.1 23.8 0.0 0.003 
155 TR-155 414.1 14819.2 5.6 15.0 21.9 0.0 0.007 
150 TR-150 398.1 30634.0 5.9 15.8 22.9 0.0 0.009 
145 TR-145 395.0 12403.8 4.0 10.7 18.2 0.0 0.007 
140 TR-140 418.3 18336.2 4.6 15.1 23.6 0.0 0.006 
135 TR-135 436.4 14550.0 6.2 15.9 22.4 0.0 0.007 
130 TR-130 445.3 12348.9 5.9 16.6 24.2 0.0 0.006 
125 TR-125 399.9 14173.3 5.3 15.3 23.3 0.0 0.007 
120 TR-120 441.0 14376.7 5.5 13.3 21.4 0.0 0.005 
115 TR-115 427.2 12376.1 5.1 16.5 24.5 0.0 0.006 
110 TR-110 404.9 12347.9 4.8 12.8 19.7 0.0 0.009 
105 TR-105 477.0 10241.1 8.6 17.0 23.8 0.0 0.007 
100 TR-100 426.4 11053.1 5.8 17.9 25.8 0.0 0.008 
95 TR-95 467.3 12682.9 6.2 17.9 26.8 0.1 0.005 
90 TR-90 451.8 13002.0 6.3 17.4 25.4 0.0 0.011 
85 TR-85 454.3 14970.5 7.2 17.0 25.9 0.0 0.005 
80 TR-80 436.5 16771.4 6.6 17.7 27.4 0.0 0.007 
75 TR-75 432.4 14810.8 7.0 16.6 26.4 0.0 0.005 
70 TR-70 409.1 24899.7 9.5 28.2 37.0 0.0 0.009 
65 TR-65 375.7 14041.9 5.9 18.6 26.4 0.0 0.008 
60 TR-60 350.8 15115.9 5.8 21.0 28.5 0.0 0.009 
55 TR-55 384.4 14952.9 6.6 23.4 32.7 0.3 0.005 
50 TR-50 336.7 10914.5 6.8 23.7 32.0 0.2 0.009 
45 TR-45 363.1 10558.3 6.0 15.0 26.3 0.6 0.008 
40 TR-40 397.4 12816.3 7.4 16.0 27.8 0.9 0.007 
35 TR-35 352.4 11791.3 7.8 19.3 29.4 0.8 0.009 
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30 TR-30 374.3 11298.9 7.6 20.4 32.0 0.7 0.008 
25 TR-25 385.3 12903.4 9.0 25.0 36.1 0.8 0.007 
20 TR-20 362.3 11540.4 8.5 21.2 30.9 0.9 0.009 
15 TR-15 383.4 12781.1 8.6 22.0 32.6 0.8 0.010 
10 TR-10 344.7 10514.9 7.5 18.6 26.6 0.2 0.012 
5 TR-5 380.4 10563.6 5.7 12.7 20.6 1.0 0.015 
0 TR-0 458.6 10258.9 5.7 11.9 17.7 1.5 0.011 
0 P-0 1018.0 57792.2 8.0 21.6 19.8 1.2 0.011 
-5 P-5 370.8 603.0 0.8 4.8 1.2 0.7 0.014 
-10 P-10 369.5 1220.5 1.1 4.6 1.8 1.0 0.015 
-15 P-15 400.0 1506.4 1.2 5.8 2.8 0.9 0.016 
-20 P-20 467.7 2562.6 0.6 6.6 3.9 1.5 0.019 
-25 P-25 361.5 2384.2 1.6 7.2 5.2 1.0 0.030 
-30 P-30 393.6 2189.4 1.0 7.0 4.5 1.2 0.028 
-35 P-35 380.1 2569.7 1.0 7.4 4.8 1.3 0.035 
-40 P-40 426.3 1259.7 1.3 5.3 2.0 1.0 0.040 
-45 P-45 NA NA NA NA NA NA NA 
-50 P-50 350.0 1192.8 1.1 5.4 2.2 1.6 0.041 
-150 P-150 NA NA NA NA NA NA NA 
-250 P-250 NA NA NA NA NA NA NA 
-350 P-350 NA NA NA NA NA NA NA 
-450 P-450 NA NA NA NA NA NA NA 
105Pd and 195Pt values are only semi-quantified with high %RSD due to very small 
concentrations of these elements in the samples and no lab standard utilized. 

 

  



 55 

Table S6: Results of ICP-MS Analysis Chalcophile Elements (Cu, Zn, Ga, Pb) 

Position 
(cm) 

Sample 65Cu 
(ppm) 

66Zn 
(ppm) 

71Ga 
(ppm) 

208Pb 
(ppm) 

450 TR-450 14.1 32.6 11.2 1.2 
350 TR-350 13.8 69.6 10.7 0.1 
300 TR-300 19.3 42.4 8.7 5.5 
250 TR-250 11.1 17.5 7.8 4.3 
200 TR-200 7.8 36.7 10.6 0.0 
195 TR-195 1.6 18.2 4.7 0.0 
190 TR-190 2.8 15.0 5.0 0.0 
185 TR-185 1.4 8.0 5.1 0.0 
180 TR-180 5.2 12.6 6.2 0.7 
175 TR-175 3.3 16.2 5.9 0.0 
170 TR-170 1.4 15.8 4.8 0.0 
165 TR-165 5.4 14.1 6.9 0.0 
160 TR-160 5.2 32.1 7.3 0.0 
155 TR-155 6.7 39.4 7.4 5.1 
150 TR-150 11.8 41.3 8.1 10.9 
145 TR-145 4.7 25.0 7.5 4.4 
140 TR-140 7.8 40.7 7.3 2.1 
135 TR-135 5.5 39.4 7.9 1.3 
130 TR-130 6.7 31.1 6.9 5.0 
125 TR-125 7.3 30.5 7.5 2.8 
120 TR-120 5.4 29.6 9.1 0.0 
115 TR-115 5.0 36.6 8.1 0.0 
110 TR-110 4.6 26.3 7.8 5.7 
105 TR-105 5.4 21.4 7.9 5.7 
100 TR-100 6.7 31.1 7.6 6.7 
95 TR-95 4.7 28.0 8.9 2.4 
90 TR-90 7.7 33.8 8.6 0.0 
85 TR-85 6.1 30.8 9.5 0.2 
80 TR-80 8.5 34.4 9.4 8.1 
75 TR-75 8.4 31.9 10.9 5.4 
70 TR-70 21.6 65.4 9.7 14.8 
65 TR-65 10.2 39.3 9.4 9.3 
60 TR-60 7.0 42.7 8.7 12.4 
55 TR-55 6.1 42.3 9.6 2.8 
50 TR-50 6.8 33.8 11.0 8.7 
45 TR-45 7.2 46.3 11.2 3.0 
40 TR-40 8.2 51.8 13.0 5.7 
35 TR-35 9.8 67.7 10.8 5.6 



 56 

30 TR-30 9.2 78.3 12.1 3.7 
25 TR-25 11.3 87.4 12.4 8.9 
20 TR-20 11.5 69.4 11.5 6.5 
15 TR-15 13.1 80.0 12.8 11.2 
10 TR-10 11.9 59.1 11.4 12.0 
5 TR-5 11.2 59.2 11.0 14.7 
0 TR-0 6.4 50.6 8.8 5.5 
0 P-0 5.8 58.9 1.2 6.3 
-5 P-5 6.8 15.5 0.0 0.0 
-10 P-10 42.4 22.6 0.1 0.0 
-15 P-15 28.5 32.0 0.2 0.0 
-20 P-20 30.3 53.0 0.3 0.0 
-25 P-25 12.1 50.4 0.7 1.4 
-30 P-30 9.0 50.0 0.2 0.0 
-35 P-35 15.7 56.9 0.5 0.0 
-40 P-40 10.7 28.9 0.3 0.0 
-45 P-45 NA NA NA NA 
-50 P-50 104.7 19.9 0.1 0.0 
-150 P-150 NA NA NA NA 
-250 P-250 NA NA NA NA 
-350 P-350 NA NA NA NA 
-450 P-450 NA NA NA NA 
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Table S7: Results of ICP-MS Analysis Lithophile Elements (Ti, V, Cr, Rb, Sr, Ba, La, Ce, Eu, 

U) 

Pos. 
(cm) 

Sample 47Ti 
(ppm) 

51V 
(ppm) 

52Cr 
(ppm) 

85Rb 
(ppm) 

88Sr 
(ppm) 

137Ba 
(ppm) 

139La 
(ppm) 

140Ce 
(ppm) 

153Eu 
(ppm) 

238U 
(ppm) 

450 TR-
450 2229.8 55.2 33.7 68.5 185.1 277.3 22.4 44.8 0.9 2.4 

350 TR-
350 2457.4 52.9 39.9 63.3 184.9 277.6 24.8 50.6 0.9 2.6 

300 TR-
300 2280.1 42.6 33.7 47.0 172.3 494.1 20.2 41.1 0.9 2.0 

250 TR-
250 2238.8 45.1 30.3 43.0 200.0 373.7 19.0 38.5 0.8 2.2 

200 TR-
200 2417.2 48.1 37.0 57.4 286.4 317.6 21.6 43.4 0.9 2.1 

195 TR-
195 1381.1 28.3 16.1 28.9 207.6 647.7 14.5 29.9 0.7 1.4 

190 TR-
190 1434.3 34.7 17.0 31.0 175.3 752.5 12.4 25.3 0.7 1.5 

185 TR-
185 1840.8 27.1 19.0 32.1 172.2 282.3 14.5 28.8 0.6 1.7 

180 TR-
180 1794.7 34.2 22.4 36.2 180.4 315.1 13.8 27.3 0.7 1.6 

175 TR-
175 1706.5 36.3 24.0 34.3 335.5 556.8 19.4 41.4 1.0 2.0 

170 TR-
170 1742.7 31.6 21.4 28.0 333.8 997.2 19.7 42.5 1.1 2.0 

165 TR-
165 1779.0 40.3 31.4 41.1 262.9 255.0 16.3 31.9 0.8 1.8 

160 TR-
160 2032.2 38.0 27.3 43.0 194.4 290.6 15.2 30.3 0.7 1.8 

155 TR-
155 1986.9 34.8 27.3 43.5 193.4 312.0 16.2 33.4 0.7 1.9 

150 TR-
150 1975.2 35.9 27.8 47.0 193.4 395.2 16.4 33.7 0.7 2.0 

145 TR-
145 2111.7 33.8 26.2 42.4 184.2 547.3 17.7 36.5 0.8 2.0 

140 TR-
140 2085.6 34.6 26.5 41.1 170.4 371.0 14.8 30.1 0.7 1.9 

135 TR-
135 2104.8 36.9 29.0 44.2 184.5 334.6 15.4 31.5 0.7 2.0 
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130 TR-
130 2086.4 34.5 52.1 40.8 172.6 329.0 14.3 28.9 0.7 1.9 

125 TR-
125 2121.9 39.2 28.0 44.8 179.3 303.0 15.1 30.8 0.7 1.9 

120 TR-
120 2241.6 43.4 33.5 51.6 232.5 776.3 18.1 36.5 0.9 2.1 

115 TR-
115 2255.2 40.1 34.5 46.5 197.0 343.5 16.4 34.4 0.7 2.0 

110 TR-
110 2123.1 38.2 29.4 45.6 198.4 304.1 18.5 38.6 0.8 2.1 

105 TR-
105 2172.2 39.6 28.4 46.6 202.8 376.7 18.7 38.7 0.8 2.1 

100 TR-
100 2263.4 39.9 29.9 44.2 208.5 359.6 18.9 40.2 0.8 2.2 

95 TR-95 2325.2 48.2 33.9 51.2 240.0 359.1 20.2 41.7 0.9 2.2 
90 TR-90 2211.7 47.0 32.6 50.0 230.1 312.4 16.9 36.2 0.8 2.1 
85 TR-85 2394.5 52.4 35.2 55.6 234.1 309.4 19.3 38.5 0.8 2.3 
80 TR-80 2558.7 51.2 35.4 55.0 224.9 358.1 18.7 38.6 0.8 2.5 
75 TR-75 2678.4 57.6 39.5 63.1 253.2 547.0 21.9 44.7 0.9 2.5 
70 TR-70 2543.2 52.6 36.8 56.9 212.9 450.9 19.3 38.6 0.8 2.6 
65 TR-65 2399.6 49.7 33.9 56.3 213.0 343.6 21.0 42.8 0.9 2.5 
60 TR-60 2281.3 48.9 31.1 51.4 211.4 374.7 19.5 40.1 0.8 2.5 
55 TR-55 2489.7 56.4 36.1 57.1 236.6 344.5 20.3 41.4 0.9 2.6 
50 TR-50 2428.8 62.3 39.1 66.1 294.3 317.8 24.4 50.0 1.0 2.9 
45 TR-45 3011.3 57.4 42.7 66.5 285.9 311.3 23.7 46.8 0.9 3.2 
40 TR-40 3081.4 67.0 48.3 77.4 301.9 308.4 24.9 47.8 0.9 3.3 
35 TR-35 2726.0 52.2 40.3 63.8 260.5 283.7 20.0 38.7 0.8 3.0 
30 TR-30 3068.9 58.3 46.1 72.8 291.3 314.5 21.9 41.5 0.9 3.3 
25 TR-25 3054.9 60.7 47.4 74.1 325.0 294.9 21.7 40.9 0.9 3.5 
20 TR-20 2786.3 57.3 43.8 68.9 304.7 269.3 20.4 38.2 0.8 3.3 
15 TR-15 3008.1 63.5 49.9 77.2 325.7 289.9 21.3 39.8 0.8 3.5 
10 TR-10 2641.7 55.1 42.4 68.0 390.0 274.5 21.0 40.2 0.8 3.3 
5 TR-5 2478.0 55.1 46.0 64.4 615.1 249.5 24.3 47.8 1.0 3.7 
0 TR-0 1827.8 46.4 41.5 50.0 617.2 200.5 22.2 44.7 1.2 3.6 
0 P-0 118.3 6.5 15.1 4.4 209.5 15.7 13.3 29.2 1.0 4.1 
-5 P-5 21.4 3.4 10.3 0.5 132.0 6.9 3.6 0.8 0.1 6.6 
-10 P-10 44.4 7.1 17.9 0.8 162.3 3.3 5.9 1.6 0.2 2.9 
-15 P-15 39.8 13.1 18.0 1.1 148.8 1.1 4.9 1.3 0.1 3.5 
-20 P-20 74.5 9.1 42.8 2.0 111.2 0 11.7 4.3 0.4 5.6 
-25 P-25 117.4 7.6 32.2 3.0 126.6 3.9 8.7 4.0 0.3 6.5 
-30 P-30 56.7 8.0 34.8 1.7 105.9 0 6.6 2.0 0.2 4.6 
-35 P-35 79.1 7.0 39.9 2.3 123.4 0 8.9 3.1 0.3 5.8 
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-40 P-40 39.0 5.3 15.5 1.1 98.2 0 4.3 1.0 0.1 17.8 
-45 P-45 NA NA NA NA NA NA NA NA NA NA 
-50 P-50 32.7 11.2 18.5 0.5 121.5 0.9 5.3 1.3 0.1 3.1 
-
150 

P-150 NA NA NA 
NA 

NA 
NA 

NA NA NA NA 

-
250 

P-250 NA NA NA 
NA 

NA 
NA 

NA NA NA NA 

-
350 

P-350 NA NA NA 
NA 

NA 
NA 

NA NA NA NA 

-
450 

P-450 NA NA NA 
NA 

NA 
NA 

NA NA NA NA 

 

 
 


