
ABSTRACT 

PADGETT, ASHLY BROOK. Terrestrial Paleoclimate and Geology during Unusual Climate 
States – Utilizing Isotope Geochemistry across Ellesmere and Axel Heiberg Islands, Arctic 
Canada (Under the direction of Dr. Ethan G. Hyland). 
 

Terrestrial proxy data for sensitive polar regions like the Canadian Arctic during past 

warm intervals are currently limited. Developing accurate records of paleoclimate and 

paleoenvironments during past warm periods like the late Paleocene and early Eocene is 

necessary to predict potential consequences of future anthropogenic warming, particularly in 

polar regions that may experience dramatic responses to climate change due to their role in 

carbon storage and surface albedo feedbacks. Ellesmere and Axel Heiberg Islands in the 

Canadian Arctic preserve long-term paleoclimate and geologic archives in terrestrial fluvio-

deltaic, floodplain, and paludal deposits from the late Paleocene to middle Eocene 

(approximately 59 to 45 Ma). This work expands on existing stratigraphic, paleontological, and 

natural resource explorations from the Canadian Arctic Archipelago through the addition of 

stable (δ13C, δ18O) and clumped (Δ47) isotope analyses on palustrine carbonates. 

δ13C isotope values range from -4.6 to +12.3‰ (VPDB), and δ18O isotope values range 

from -23.1 to -15.2‰ (VPDB). Samples are classified into four fabric types: Micritic, Micritic to 

Microspar, Microspar, and Sparry, with carbon isotopic values (δ13C) averaging 9.8‰, 4.5‰, 

3.4‰, 2.0‰ , and oxygen isotopic values (δ18O) averaging -17.2‰, -17.8‰, -18.0‰, -18.9‰  

respectively. Both carbon and oxygen stable isotope averages decrease with an increased level of 

alteration. Unusually positive carbon isotope values suggest carbonates experienced repeated 

dissolution-precipitation enrichment cycles. Arctic monsoonal conditions may have resulted in 

summer carbonate dissolution due to significant rainfall followed by winter carbonate re-

precipitation. Clumped (Δ47) isotope values range from 0.505 to 0.621‰ (CDES), with resulting 



temperature estimates from 52 to 121 °C. Temperatures were on average hotter for samples that 

had experienced greater alteration (Spar and Microspar, 86 °C; Micritic and Micritic-to-

Microspar, 60 °C). Isotopic values and carbonate fabrics indicate burial-related diagenetic 

recrystallization for many samples, and solid-state reordering of clumped isotopes occurred 

during a regional burial event. Δ47 values were used to model maximum burial temperatures 

spatially across Axel Heiberg and Ellesmere Islands. Temperature variability at sample locations 

corresponds to faults, which resulted in differential cooling of surfaces following the Eurekan 

Orogeny. Clumped isotope-derived burial temperatures (104 to 171 °C) generally agree with 

other thermal maturity studies for the area and can serve as a method complementary to apatite 

fission track thermochronometry and vitrinite reflectance for sedimentary basin diagenetic 

temperature reconstruction.  
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1. INTRODUCTION 

1.1. Research Motivation 

Future warming, driven by increased greenhouse gas concentrations, will be accompanied 

by global changes in precipitation patterns and ecology. Increased heat storage and thermal 

expansion of oceans, coupled with meltwater input from mountain glaciers, small ice caps, and 

Arctic sea ice, will drive significant global sea-level rise into coastlines and displace people 

globally (Melillo, 2014; IPCC, 2013). 

A comprehensive understanding of climate dynamics during warming events is necessary 

to inform predictive climate models and make future policy decisions (IPCC, 2007). While there 

are currently climate records for these analogue warm periods, these are often global averages 

from marine environments, which may experience a lag behind terrestrial environments (Mix & 

Ruddiman, 1984). Additionally, terrestrial regions change faster and more heterogeneously than 

marine environments, and thus terrestrial records are necessary to obtain a comprehensive 

understanding of ecological response to rapid climate shifts (e.g., Diffenbaugh, 2013).  

During rapid warming events, polar regions respond dramatically and can further 

influence the global climate through carbon storage and surface albedo feedbacks (e.g., Zimov et 

al., 2006; Guemas et al., 2013; IPCC, 2007). Additionally, early Cenozoic climate models 

struggle to reconstruct warm polar conditions, even with significant increases to the preindustrial 

pCO2 concentrations (e.g., Shellito et al., 2003; Shellito & Sloan, 2006; Winguth et al., 2010). 

Differences in the marine and terrestrial response to increased pCO2 concentrations are poorly 

constrained due to a lack of proxy records from high latitude areas. Increasing the amount of 

high latitude data available will improve understanding of climate response during analogue 

warm periods and make possible the characterization of the early Eocene climate gradient. Our 
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proxy records will contribute to a large-scale effort to reconstruct latitudinal climate gradients 

from the tropics to poles during greenhouse periods, which could be applied within current 

models of our climate system and improve climate forecasting (Greenwood & Wing, 1995; Price 

& Passey, 2013).  

Therefore, obtaining polar terrestrial proxy records for analogue warm periods is 

necessary to better constrain potential future consequences of anthropogenic warming, and will 

help clarify discrepancies between global climate models, marine climate records, and 

paleontological climate estimates in the Arctic (McInerney & Wing, 2011). 

 
1.2. Thesis Purpose 

This thesis interprets stable and clumped isotopic data from complex and altered 

palustrine carbonate rocks from Axel Heiberg and Ellesmere Islands (Figure 1). Stable isotope 

data are applied to assess the paleoclimate during the late Paleocene and early Eocene. Clumped 

isotope data are applied in models to obtain subsurface temperatures to better understand the 

Sverdrup Basin diagenetic history. Evaluating isotopic compositions alongside these islands’ 

complex geologic history and detailed paleontological records improves our understanding of 

terrestrial polar conditions. 

Overarching Research Questions:  

1. Is it possible to use the isotope geochemistry of rocks that have undergone burial and 

partial deformation to obtain reliable paleoclimate proxy data? 

2. What does the stable isotope data suggest about the climate on Ellesmere and Axel 

Heiberg Islands during the late Paleocene and early Eocene Epochs? 

3. Is it possible to apply clumped isotope temperature data in models to derive burial 

temperatures and geologic information about the Sverdrup Basin? 
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Figure 1. Maps of Axel Heiberg and Ellesmere Islands.  
A) Topographic sample map for Axel Heiberg and Ellesmere Islands. Axel Heiberg Island 
contains the sample locations: Buc and Strd. Ellesmere Island contains the sample locations: 
Haz, HW, Mos, FAW, FAE, Sthc, Splt, and Stk. Sample locations are displayed on the 
topographic map in a yellow color gradient corresponding to the localities on the stratigraphic 
column: Stenkul Fiord, Split Lake, Axel Heiberg, Strathcona Fiord, Fosheim Peninsula, and 
Lake Hazen. Topographic data from GeoMapApp (Ryan et al., 2009). B) Map of sample 
placement at sample localities. Map on the right. Blue points show each sample, and circles in 
the yellow color gradient correspond to the sample localities used in Figure 3.  
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2. BACKGROUND 

2.1. Late Paleocene and Early Eocene Climate 

The Eocene Epoch (56 to 34 Ma) was marked by high atmospheric carbon dioxide 

concentrations, warm global temperatures, and reduced to absent polar ice. The late Paleocene 

(~59 to 56 Ma) to early Eocene (~56 to 48 Ma) was punctuated by short but dramatic warming 

events, including the Paleocene-Eocene Thermal Maximum (PETM or ETM1; ~56 Ma), Eocene 

Thermal Maximum 2 (ETM2; ~54 Ma), and Early Eocene Climatic Optimum (EECO; 53 to 51 

Ma) (Zachos et al., 2008; Galeotti et al., 2010; Hyland & Sheldon, 2013). During early Eocene 

warming events, there were changes in precipitation intensity and distribution, a general pattern 

of wetter mid- to high-latitude climate, and high hydrologic sensitivity in response to changes in 

atmospheric carbon dioxide content and temperature (Zachos et al., 2001). 

The PETM and ETM2 each lasted less than 200,000 years and were marked by a 

significant negative carbon isotope excursion (CIE) in marine and terrestrial sediment records 

(Eldrett et al., 2014). The PETM negative CIE was brought on by the significant release of 13C-

depleted carbon (possibly from organic or methanogenic carbon, which discriminates strongly 

against 13C) and caused the ocean reservoir to absorb a large amount of CO2, shoaling the 

carbonate compensation depth (CCD) and causing dissolution of deep ocean carbonates (e.g. 

McInerney & Wing, 2011; Gutjahr et al., 2017). The extent of the CIE within bulk carbonate 

δ13C records show values around 2‰ before the PETM, -1‰ during the PETM, and 1‰ 

following the PETM. The CIE recovery phase involved processes like the burial of 13C-depleted 

carbon within peat and soil and negative feedbacks, which allowed temperatures to decrease into 

the late Paleocene (McInerney & Wing, 2011). 
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2.1.1. Existing Arctic Isotope and Climate Data 

Studies on Arctic conditions during the late Paleocene have observed a greater than 2.5‰ 

negative carbon isotope excursion in marine and soil carbonate records corresponding to the 

PETM. Analysis of stable hydrogen and carbon isotopes in n-alkanes from Arctic Ocean 

sediments suggest the onset of the PETM brought greater moisture delivery to the Arctic, a larger 

(-4.5 to -6‰) carbon isotope excursion in terrestrial plants than in marine carbonates, and 

persistence of warming conditions from hydrologic feedbacks (Pagani et al., 2006). Late 

Paleocene Arctic flora leaf-size analysis yields high precipitation estimates for the western and 

eastern Arctic, with a mean annual precipitation (MAP) >140 cm/year in the central area of 

Ellesmere Island directly adjacent to Axel Heiberg Island (Greenwood et al., 2010). 

A marginal marine sediment core from the Arctic Basin spanning the late Paleocene to 

early Eocene was evaluated with pollen and spore assemblages, palynofacies, lipid biomarker 

paleothermometry, and nearest living relative bioclimatic analyses to obtain terrestrial vegetation 

and climate information (Willard et al., 2019). This study found expansion of mesothermal 

forests (mean annual temperature [MAT] of 13 to 20 °C) during the PETM and ETM2, mean 

annual temperatures 2 to 3.5 °C greater during the PETM than the temperatures in the late 

Paleocene, and PETM cold-month mean temperatures ≥5 °C. This study also suggested the 

hyperthermal events corresponded with increased precipitation and runoff of nutrients into the 

ocean, with intermediate climate conditions during the late Paleocene and PETM recovery, and 

the dominance of swamp forests between the PETM and ETM2 (Willard et al., 2019). 

Terrestrial hydrologic conditions of the middle Eocene are well studied on Axel Heiberg 

Island. Arctic leaf analyses indicate a MAT of 13-15 °C, cold-month mean temperature (CMMT) 

~4 °C, and MAP of >120 cm/year on Axel Heiberg Island during the middle Eocene (Greenwood 
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et al., 2010). Analysis of pollen and spores in lignites show differences of 1‰ (δ13C) between 

terrestrial organic matter in lowland and upland environments, uniform environmental water 

oxygen isotope values, and unique precipitation patterns (Jahren et al., 2008). Carbon, oxygen, 

and hydrogen isotopic data from tree rings in the Axel Heiberg fossil forest showed increasing 

temperatures during the growing season, patterns of seasonal switch-over from storing to 

acquiring carbon during deciduous growth, and high humidity (Jahren & Sternberg, 2008). 

Analysis of fossil wood indicated that the middle Eocene Arctic experienced around three times 

greater summer precipitation than winter precipitation, and twice the present amount of 

atmospheric water vapor, maintaining greenhouse insulation even through dark winters 

(Schubert et al. 2012; Jahren & Sternberg, 2003). 

 

2.1.2. Arctic Monsoonal Climate Debate 

One significant debate for this region is whether or not Arctic precipitation was 

monsoonal. There are multiple definitions of monsoonal climate - which often factor in 

circulation, summer precipitation rates, and warm month precipitation (Zhang & Wang, 2008), 

but in the context of paleoclimate interpretations this generally refers to a region with significant 

seasonal precipitation differences.  

Global precipitation reconstructions for the Eocene have shown monsoonal precipitation 

patterns in lower and middle latitudes, but “ever-wet” (equable, non-monsoonal) conditions have 

been suggested for high latitude areas (Huber & Goldner, 2012). Contrasting to these global 

model results, intra-ring carbon isotope analysis of fossil wood within Eocene Arctic forests 

displayed significant seasonality of paleoprecipitation, with 3.1 times more precipitation in 

summer than winter (Schubert et al., 2012). These high-resolution isotopic results indicate that 
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Canadian Arctic ecosystems received around 76% of total annual precipitation during summer 

months, strongly suggesting Arctic monsoonal conditions (Schubert et al., 2012). At the other 

pole, Antarctic conditions during the early-middle Eocene were reconstructed by Jacques et al., 

(2014) using CLAMP Analysis (Climate Leaf Analysis Multivariate Program). This study 

indicated Antarctic summer monsoonal conditions and highlighted a gap in understanding of 

polar heat transfer, potentially explaining why many climate models fail to successfully 

reconstruct low latitudinal temperature gradients (Jacques et al., 2014). 

Model weaknesses are not the only source of uncertainty in the monsoonal debate, as 

other bioclimatic proxy studies in the Arctic have found little to no precipitation seasonality 

(e.g., Eldrett et al., 2009, Elberle & Greenwood, 2012). Furthermore, recent LAA (Leaf Area 

Analysis), LMA (Leaf Margin Analysis), CLAMP (Climate Leaf Analysis Multivariate 

Program), and Bioclimatic Analysis (nearest living relative method) studies were conducted on 

late Paleocene to early Eocene megaflora and palynoflora in samples from three of our same 

localities (Strathcona Fiord, Split Lake, and Stenkul Fiord), see Figure 1. In this work, 

researchers found high (MAP >150 cm/year) precipitation values, but described conditions as 

“ever-wet” or equable, and did not observe a monsoonal climate signal (West et al., 2015). 

 
 
2.1.3. Existing Arctic Paleontological Data 

During the Paleocene to early Eocene, most of the Canadian Arctic Archipelago was 

covered by deciduous vegetation, with forests in low-lying swamps. The early Eocene had 

widespread broadleaf taxa and very few evergreen conifers in fossil assemblages. Flora became 

more complex towards the middle Eocene, hosting evergreen conifers, elms, hickories, lindens, 

oaks, and plane trees (McIver & Basinger, 1999).  
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Early-middle Eocene climate and warming events resulted in unusual fauna, including 

alligators, boid snakes, primates, tapirs, and turtles living in high Arctic swamp forests (Estes & 

Hutchison, 1980; Eberle et al., 2014). Arctic macroflora analysis shows that during this time the 

Canadian Arctic was dominated by mixed conifer-broadleaf rainforests on land (similar to 

southeastern US swamp-cypress and broadleaf floodplain forests), and Azolla floating fern mats 

offshore. Arctic Ocean sea level fluctuated from tectonics, creating land bridges that facilitated 

dispersion of land plants and animals between the Canadian Arctic and North America, Europe, 

and Asia (Eberle & Greenwood, 2012). 

 
 
2.2. Nunavut Geologic Background 

2.2.1. Current Setting 

Axel Heiberg and Ellesmere are two islands located in the Canadian Arctic Archipelago 

in the Nunavut territory of Canada (Figure 2). These islands are currently positioned from 77˚N 

to 82˚N, and paleolatitudes from 66-40 Ma were roughly 2 degrees south of their current 

latitudes, at 75˚N to 80˚N (Irving & Wynne, 1991; West, 2019; Jahren, 2007). During this time, 

as now, the islands experienced continuous darkness during winter and continuous light during 

summer, with shorter spring and fall seasons (Jahren, 2007). Most of the central and southern 

portion of both islands are covered by Circumpolar Arctic bioclimatic subzone C, with 

bioclimatic subzone B around the perimeters, and bioclimatic subzone A around the 

northwestern coastal areas (CAVM Team, 2003). Summer warmth indices for the zones are 

approximately 9-12 ˚C, 6-9 ˚C, and <6 ˚C, respectively (CAVM Team, 2003; Young, 1971). 

Dominant plant types include hemi-prostrate dwarf shrubs and prostrate dwarf shrubs (Gould, 

2003). 
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Figure 2. Placement of Sverdrup Basin over the Canadian Arctic Archipelago. 
Shaded islands are the Canadian Arctic Archipelago in the Nunavut territory. The black lines 
show approximate outline of the Sverdrup Basin. Deformation is shown by pink (highly 
deformed), yellow (mildly deformed), and green (very mild deformation). Clastic sediment 
source areas are shown by arrows and labels. Information from Embry & Beuchamp (2008). 
 
2.2.2. Sverdrup Basin Geologic History 

The Sverdrup Basin covers the northern islands of the Canadian Arctic Archipelago, 

including Axel Heiberg and most of Ellesmere Island, see Figure 2. The Sverdrup Basin spans 

nearly 1,000 km by 350 km, with a depocenter that holds approximately 13,000 meters of strata, 

beginning with Carboniferous deposits (Nunez-Betelu et al., 1994). In the Carboniferous, the 

Sverdrup Basin formed as a rift basin, with rifting brought on by global plate tectonic 

reorganization. Following this, the Sverdrup Basin experienced longer cycles of uniform 

subsidence and shorter cycles of differential subsidence and uplift. Carbonates were deposited 
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between brief faulting, folding, and volcanic events through the early Permian. Following the 

rifting, deltas prograded from the south and east with deposition of submarine fans into the 

center of the basin. From the middle Permian to Jurassic, the basin experienced periods of 

reduced sediment supply and accumulated mud and silt. A second stage of rifting began in the 

middle Jurassic, resulting in uplift and heating along the Sverdrup Rim, and a rift shoulder along 

the northwest basin margin (Dewing & Obermajer, 2011). 

Seafloor spreading in an adjacent basin coincides with an early Cretaceous unconformity 

in the Sverdrup. Rates of subsidence and sediment deposition increased following formation of 

the unconformity, and the Isachsen Formation (fluvial sandstones) and Christopher Formation 

(mud, transgressive) were deposited. During the early Cretaceous, regional stress and loading, 

low amplitude folding, and thinning of sections of the Christopher Formation occurred. In the 

middle Cretaceous, dikes and sills intruded most of the northeast Sverdrup basin, initiating from 

Axel Heiberg and intruding into deeper stratigraphic levels further away. The late Cretaceous 

saw slow basin subsidence and accumulation of the Kanguk Formation (organic-rich mud, 

volcanic ash) (Dewing & Obermajer, 2011).  

Phase 1 of Eurekan Orogeny began in the early Paleocene following changes in seafloor 

spreading in the Labrador Sea and Baffin Bay, and resulted in formation of an approximately 30 

km rift zone between western Ellesmere Island and eastern Axel Heiberg Island (Gion et al., 

2017). Once northern Greenland converged with Ellesmere Island, rapid subsidence occurred in 

the eastern part of the Sverdrup basin, creating accommodation space. From the Paleocene to 

middle Eocene, clastic sediments of the Eureka Sound Group were deposited into the 

northeastern Sverdrup basin (Dewing & Obermajer, 2011).  



  11 

 

The basin experienced strike-slip movement and compressive deformation during the 

early and middle Eocene, culminating in Phase 2 of the Eurekan Orogeny, which resulted in 

fragmentation, inversion, and uplift of the basin (Stephenson & Ricketts, 1990; Gion et al., 

2017). Thrust faulting and folding occurred in the northern portion of the basin, with high-

amplitude folds in the northeast and low-amplitude folds in the west (Dewing & Obermajer, 

2011). Eurekan Orogeny compressive deformation was accompanied by uplift and erosion, 

which was then followed by sedimentation of new units above unconformities (Von Gosen et al., 

2019). 

The end of Phase 2 of the Eurekan Orogeny is defined in different ways, including the 

end of deformation before the middle Eocene (Von Gosen et al., 2019), the ~33 Ma end of 

seafloor spreading in Baffin Bay and the Labrador Sea, and the early Miocene-aged 

conglomerates that unconformably overlie Eocene deposits (Gion et al., 2017). The Axel 

Heiberg conglomerates are alluvial fan deposits that coarsen to the west and were previously 

identified as early Miocene (Trettin & Balkwill, 1979), but when compared against other 

stratigraphic unit descriptions appear to match middle Eocene Buchanan Lake conglomerates, 

corroborating Von Gosen’s approximation of an end to the Eurekan Orogeny before or during 

the middle Eocene. 

 

2.2.3. Eureka Sound Group Stratigraphy 

The clastic sediments deposited into the Sverdrup Basin during the Paleocene and Eocene 

make up the Eureka Sound Group. The Eureka Sound Group strata, which experienced 

deformation as a result of the burial and uplift phases of the Eurekan Orogeny, have inconsistent 

naming conventions and recently updated stratigraphy.   
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Initial work conducted on the Eureka Sound classified it as a formation and divided it 

into members I-IV for western and central Ellesmere Island (West et al., 1981). Miall (1986) 

redefined it as the Eureka Sound Group, composed of nine formations extending across 

Ellesmere to other southward islands in the Canadian Arctic Archipelago. Miall divided the 

Eureka Sound Group into the Mount Bell, Vesle Fiord, Mount Lawson, Mount Moore, Margaret, 

Mokka Fiord, Cape Back, Cape Lawrence, and Boulder Hills Formations. In this work, the 

Margaret Formation was correlated to West’s member IV (Miall, 1986). For the same general 

areas in the eastern Canadian Arctic Archipelago, Ricketts divided the Eureka Sound Group into 

four formations and correlated them to West’s III and IV members. Rickett named his formations 

the Expedition, Strand Bay, Iceberg Bay, and Buchanan Lake Formations (Ricketts, 1986). 

Reidiger & Bustin (1987) studied a shorter section of the Eureka Sound Group in southern 

Ellesmere Island, and identified two Paleocene and Paleocene-Eocene aged transgressive-

regressive cycles in the Eureka Sound Group and correlated their units (including a Stenkul Fiord 

non-marine Eocene unit containing vertebrate fossils) with Miall’s Margaret Formation and part 

of West’s member IV (Reidiger & Bustin, 1987; Eberle & Eberth, 2014). Due to the different 

naming conventions for the late Paleocene to early Eocene aged formations composing the 

Eureka Sound Group (e.g., Miall, 1986; Ricketts, 1986), the present study uses the updated 

naming convention published in West (2019) which combines the nomenclature conventions and 

provides a comprehensive overview of the naming schemes and refined stratigraphy.  

The analyzed samples are within the late Paleocene to early Eocene depositional period 

of the Mount Lawson, Mount Moore, Margaret, Mokka, and Buchanan Lake Formations. 

Outcrops of these formations are present in different locations across Axel Heiberg and 

Ellesmere Islands and have been assigned approximate ages through lithostratigraphy, 
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biostratigraphy, magnetostratigraphy, and U-Pb zircon dating. Because units are diachronous 

based on the location and degree of tectonic denudation experienced, a more precise age control 

beyond a range of late Paleocene to early Eocene cannot be assigned. In the stratigraphic column 

(see Figure 3), samples were placed at the 56 Ma boundary between the late Paleocene and the 

early Eocene, although there is no strong evidence that this is the exact placement and samples 

may have different ages within the 59 to 48 Ma timeframe. 

 

Figure 3. Simplified stratigraphic column with sample placement.  
Stratigraphic column displaying relevant formations (Mt. Lawson, Mt. Moore, Margaret, Mokka 
Fiord, and Buchanan Lake Formations) within the Eureka Sound Group and the approximate 
sample ages. Yellow color gradient corresponds to map localities. Base column created by West 
(2019) and adapted to the samples. Pink shaded regions indicate major climatic events.  
 

The Mount Lawson Formation, referred to as the Strand Bay Formation on Axel 

Heiberg, is mostly composed of dark brown and grey brown sandstones and mudstones from 

high-sinuosity fluvial deposits and low energy distal delta front facies (Miall, 1986; Ricketts, 

1986). Zircons from this formation at the Split Lake location were analyzed via U-Pb SHRIMP, 

and returned dates of 53.9±3 Ma (Reinhardt et al., 2013), and paleomagnetic correlations 
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assigned the formation to Chrons 25 and 26 (Tauxe & Clark, 1987). Based on the location 

(present at Split Lake and Strathcona Fiord exposures), the Mount Lawson Formation spans the 

late Paleocene to early Eocene, and lies conformably below the younger Mount Moore 

Formation (Miall, 1986). 

The Mount Moore Formation is mostly composed of cream and tan shallow marine 

sandstone interlayered with discontinuous siderite-cemented sandstone (Miall, 1986). This 

formation contains shark, teleost fish, and bivalve fossils, with foraminifera and palynomorphs 

correlated to paleomagnetic Chrons 24r to 25n (West et al., 1977; Harrison et al., 1999). Mount 

Moore samples from the Split Lake and Strathcona Fiord locations are from calcareous muddy 

tidal flat and delta plain facies, while Fosheim Peninsula samples are from delta plain facies that 

accumulated during the late Paleocene to early Eocene depositional timeframe, see Figure 4 B 

and C (Ricketts & Stephenson, 1994). 

The lower Margaret Formation, referred to as the Coal Member of the Iceberg Bay 

Formation on Axel Heiberg, is mostly composed of cross-bedded sandstone, siltstone, mudstone, 

and coals, stacked in coarsening upward cycles including delta front, delta plain, distributary 

channel, and swamp facies (Miall, 1986; Ricketts, 1986). Zircons from ash layers in the lower 

Margaret Formation at the Stenkul Fiord location were analyzed via U-Pb SHRIMP and 

produced dates of 53.7±0.6 Ma (Reinhardt et al., 2013; Von Gosen et al., 2019), and 

biostratigraphy approximated the formation spanning the late Paleocene to early Eocene (West et 

al., 1981; Eberle & Greenwood, 2012; Von Gosen et al., 2019). Margaret Formation samples 

from the Stenkul Fiord location are predominately calcareous muddy tidal flat and delta plain 

facies deposited during the late Paleocene to early Eocene (Figure 4B, C) (Ricketts & 

Stephenson, 1994). 
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The Mokka Fiord Formation, which has exposures across Ellesmere and Axel Heiberg 

Islands, is composed of cross-bedded sandstone with sideritic lenses, very fine-grained 

sandstones with ripples, silty mudstone, carbonaceous mudstone, and thin coal layers, arranged 

in fining upward cycles deposited in fluvial and flood plain environments (Miall, 1986; Ricketts, 

1986). Mokka Fiord deposits at the Lake Hazen location are primarily from floodplain and 

alluvial fan facies during the late Paleocene to early Eocene, and the formation has an equivalent 

age to the Mount Moore and Margaret Formations (Miall, 1991). Following deposition, tectonic 

denudation during the middle Eocene eroded the late Paleozoic units into a syntectonic basin at 

the Lake Hazen fault, and buried the Mokka Fiord deposits at Lake Hazen (Figure 4C, D) 

(Ricketts & Stephenson, 1994). 

The Buchanan Lake Formation on Axel Heiberg is the youngest unit of the Eureka 

Sound Group and is composed of diabase pebble conglomerates and lithic sandstones interpreted 

as alluvial fan facies. These deposits formed following uplift and thrusting, as an eastward 

directed paleocurrent brought in Mesozoic rock detritus from the west and deposited it into a 

syntectonic basin during the middle Eocene (Figure 4D) (Ricketts & Stephenson, 1994). 

Palynomorph assemblages within the Buchanan Lake Formation suggest that the type locality 

deposits are around 45 Ma (Ricketts & McIntyre, 1986; West, 2019). 
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Figure 4. Sverdrup Basin sequence stratigraphy and environmental reconstructions.  
Displayed through the mid-Paleocene, late Paleocene, early Eocene, and middle Eocene. Base 
illustrations taken directly from Ricketts & Stephenson (1994) and superimposed with some 
sample locations highlighted during the times they were deposited or altered. The yellow color 
gradient corresponds to the map (Figure 1) and stratigraphic column (Figure 3). 
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2.2.4. Eureka Sound Group Samples 

Carbonate rock samples from formations within the Eureka Sound Group were collected 

from the following general localities: Stenkul Fiord, Split Lake, Axel Heiberg, Strathcona Fiord, 

Fosheim Peninsula, and Lake Hazen (color-coded and labeled in Figures 1 and 3). From left to 

right on the stratigraphic column (Figure 3), Stenkul Fiord is located in southern Ellesmere 

Island, and samples US435, US436, and US438 are late Paleocene to early Eocene. Split Lake is 

in central to southern Ellesmere Island, and sample US444 is late Paleocene to early Eocene. 

Axel Heiberg includes the middle Eocene Buchanan Lake sample US119 and late Paleocene to 

early Eocene Strand Fiord sample US176. Strathcona Fiord is in central to southern Ellesmere 

Island, and sample US422 is late Paleocene to early Eocene. Fosheim Peninsula is located in 

central Ellesmere Island and includes the late Paleocene to early Eocene samples at Mosquito 

Creek (US196), Hot Weather Creek (US107, US108), and Fosheim Anticline (US111, US191, 

US251). Lake Hazen is located in northern Ellesmere Island, and sample US261 is late 

Paleocene to early Eocene. 

 

2.3. Stable and Clumped Isotope Geochemistry 

2.3.1. Palustrine Carbonate Formation 

Palustrine carbonates form in locations with carbonate-rich rivers and groundwater and 

are associated with lake margin, fluvial, floodplain, and swamp facies. The formation of 

palustrine carbonates is favored in highly vegetated non-tidal wetlands or low salinity tidal 

wetlands, and deposits are a combination of inorganic carbonate (greater deposition at warmer 

temperatures) and biogenic carbonate (algae and microbes). Palustrine carbonates form readily in 

sub-humid conditions, preserve more organic material during humid conditions, and only require 
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a season-long period of sub-aerial exposure to precipitate out layers of lime mud. Palustrine 

carbonate deposition can occur in all types of lacustrine basins (balanced-fill, underfilled, and 

overfilled), but are most common in overfilled basins, highstand balanced-fill basins, and 

highstand underfilled basins (Alonso-Zarza, 2003).  

A key feature of palustrine carbonates is that they display characteristics of their primary 

deposition as well as secondary transformations from exposure, pedogenesis, and water 

saturation (Freytet, 1984). Some evidence of diagenesis includes mineral stabilization and 

aggrading neomorphism causing palustrine samples to be well indurated, and the presence of 

acicular and coarse spar cementation from vadose and phreatic meteoric diagenesis, respectively 

(Wright et al., 1997). In thin-section, these terrestrial carbonates often have a primary micrite 

mud matrix (0.3-1.3 µm calcite crystals) with coarse patches of micro-spar and spar throughout. 

“More developed” palustrine limestones typically have evidence of biogenic alteration (e.g., due 

to roots or vegetation structures), while “less developed” samples tend to be associated with 

physical or chemical alteration (Alonso-Zarza, 2003). 

 

2.3.2. Stable Isotopes in Palustrine Carbonates 

Overall, palustrine carbonates tend to have more negative δ13C and δ18O values than 

unaltered lake counterparts, and more positive δ13C and δ18O values than nearby pedogenic 

carbonates (e.g., Platt, 1989; Alonso-Zarza, 2003). A range of −2 to −11‰ (δ13C) and −4 to 

−10‰ (δ18O) is typical for many palustrine carbonates, with late diagenetic calcite samples 

having significantly more negative δ18O values closer to −15 to −17‰, reflecting heated 

meteoric waters (Tandon & Andrews, 2001). 
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2.3.2.a. Primary Features 

Palustrine carbonate isotope signatures are typically similar to that of a lacustrine 

carbonate. The original lake source water composition is controlled by rainwater, evaporation, 

and river and stream surface water flows (Tandon & Andrews, 2001; Bernasconi & McKenzie, 

2007). The primary carbonate δ18O value reflects the biogenic and temperature-dependent 

fractionation occurring between the calcite and original lake source water (Kim & O’Neil, 1997; 

Cerling & Quade 1993; Alonso-Zarza, 2003). Biogenic fractionation can significantly impact 

primary oxygen isotope values, with higher primary productivity levels increasing lake pH and 

resulting in negative shifts in δ18O (Bernasconi & McKensie, 2007). Generally, the oxygen 

isotope record in lacustrine sediments more strongly reflects the δ18O of the lake water rather 

than water temperature, and assuming temperatures are consistent between similar lake 

environments, results in estimates with only minor errors (Bernasconi & McKenzie, 2007).  

Rainfall δ18O depends on the air temperature, moisture source, and seasonal distribution 

of precipitation (Rozanski et al., 1993; Kohn & Welker, 2005). Greater average air temperature 

increases the δ18O of the rainfall and therefore increases the lake δ18O when deposited into the 

source water (Kohn & Welker, 2005). Evaluating the changes in δ18O of lake carbonates though 

time can provide an indirect record of local rainfall input and help filter out uncertainty about 

lake dynamics, such as mixing variations or smaller seasonal changes (Bernasconi & McKenzie, 

2007). 

The δ13C of palustrine carbonates describes initial environmental conditions, in the form 

of decomposing land vegetation in sediments and organic productivity within the lake. Carbon 

isotope (δ13C) compositions of lacustrine carbonates approximate inorganic carbon composition 

in lake source water, which reflects the input of dissolved inorganic carbon through surface 
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water flows and groundwater sources, and CO2 composition during atmospheric exchange 

(Hollander & McKenzie, 1991; Leng & Marshall, 2004; Nelson et al., 2005). The fractionation 

of carbon isotopes between dissolved inorganic carbon and calcite are not significantly 

influenced by temperature, but are sensitive to lake productivity (Bernasconi & McKenzie, 

2007).  

In highly vegetated lake margins, isotopically negative δ13C values suggest high carbon 

input into the soil and groundwater. Increased decay of C3 organic matter in surrounding 

sediments on lake margins can cause higher soil-zone carbon, due to the high concentration of C3 

plant debris, and thus more negative δ13C values (Tandon & Andrews, 2001). Changes in relative 

amounts of C3 and C4 vegetation can be excluded as a variable that would influence the δ13C 

values in this case, because C4 plants (which are characterized by more positive δ13C values) 

evolved after the middle Eocene and after the deposition of the samples (Schaetzl & Anderson, 

2005; Urban et al. 2010). In the absence of significant land plant influence, the primary 

palustrine carbon isotope values are influenced by fractionation by microbes and algae within 

lakes (Andrews et al., 1997). High microbial and algal lake productivity reduces 12C in the 

source water, causing precipitated carbonates to display more negative δ13C relative to less 

productive lake carbonates (Alonso-Zarza, 2003). In previous studies measuring carbon isotope 

values of palustrine carbonates within similar facies, δ13C varied significantly between sites due 

to variations in primary biological productivity (Alonso-Zarza et al, 2006). 

 
 
2.3.2.b. Secondary Features 

Beyond the conditions of first-generation micrite formation, palustrine stable isotopes 

record conditions of subsequent secondary alteration. Secondary alteration can occur at Earth’s 
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surface conditions (for pedogenic and some types of diagenetic alteration), and deeper 

subsurface conditions. Variations in the stable isotope values for palustrine carbonates from lake 

settings may reflect (1) degree of exposure and pedogenic alteration, (2) surface diagenesis by 

meteoric waters, and (3) burial diagenesis by heated burial fluids (Tandon & Andrews, 2001). 

 

(1) Exposure and pedogenic alteration 

Palustrine carbonates are often modified by processes related to exposure and pedogenic 

alteration (Tandon & Andrews, 2001). Stable isotope values can change based on the specific 

processes and levels of pedogenic modification experienced. Pedogenic modifications 

(desiccation, modifications associated with roots and soil organisms, and the remobilization of 

carbonate and iron) occur early to the micrite deposits and leave behind distinguishing features 

(Alonso-Zarza, 2003). Desiccation features include nodular, brecciated, and mottled limestones 

with cracks (Freytet, 1973). Pedogenic alteration from roots and soil organisms form mottled 

limestones with roots and vegetation structures, vertical root cavities, pseudo-microkarst, and 

peloidal and intraclastic limestones (Freytet & Plaziat, 1982; Alonso-Zarza et al., 1992a). Key 

features of remobilization of iron include mottling, iron crusts, and concretions (Freytet, 1973) 

Variations of carbonate fabrics reflect subaerial exposure, brecciation, pedoturbation, and 

pedogenesis of samples (Marty & Meyer, 2006). Palustrine carbonates can generally be 

approximated on a scale between less to more pedogenic modification, which helps to clarify the 

level of physio-chemical and biogenic processes that could potentially impact the isotopic 

composition of the micrite. “Less developed” palustrine limestones are impacted by physio-

chemical processes (desiccation and iron mobilization features), while more-developed samples 

are altered by biogenic processes. The isotopic signature of more developed palustrine 
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limestones is complicated by roots moving water through the micrite during changes in lake 

levels and biochemically precipitating new carbonate. Palustrine carbonates that have undergone 

greater pedogenesis frequently have more negative δ13C and δ18O values relative to less altered 

counterparts and lacustrine carbonates (Alonso-Zarza, 2003). A lack of calcrete characteristics 

and physical shrinkage features suggest that samples experienced limited subaerial exposure and 

developed in environments with a stable ground water level (Tandon & Andrews 2001). 

Limestones with effective fossil preservation and lack of crucial pedogenic alteration features 

indicate minimal pedogenesis, and minimal modification of primary isotopic values via these 

processes (Marty & Meyer, 2006). 

 

(2) Surface diagenesis by meteoric waters 

Palustrine isotopic values are specific to whether the carbonate formed in a lake or 

wetland setting, which is differentiated by the relative contribution of surface water versus 

groundwater. For lakes, the primary input is from river and stream surface waters (secondary: 

groundwater), while for wetlands the primary input is from the groundwater table (secondary: 

surface water sheet flows) (Dunagan & Turner, 2004). The amount of change to the primary δ18O 

signal varies based on its original source water and subsequent diagenetic alteration fluid 

(Tandon & Andrews 2001). 

Surface diagenesis refers to groundwater flowing through the soil profile and modifying 

the first generation carbonates, with processes including meteoric cementation, mineralogical 

stabilization, karstification, dolomitization, and siderite formation (Alonzo-Zarza, 2003; 

Ludvigson et al., 2013). Isotopic inheritance for the secondary calcite formed in these processes 

depends on whether alteration occurs from the same water of its original depositional 
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environment. For samples formed in most wetland settings, the alteration does not significantly 

change δ18O or δ13C, because the groundwater source and soil carbon input are the same as its 

original depositional conditions. However, in some cases samples from lake settings that undergo 

alteration by meteoric-fed groundwater at near-surface temperatures will result in more negative 

δ18O and δ13C, particularly in settings with high biological activity (Tandon & Andrews, 2001). 

 

(3) Burial diagenesis by heated burial fluid 

Unlike the previous two processes, burial alteration refers to diagenetic alteration 

occurring in the subsurface, as first-generation carbonate rocks are buried over longer (million 

year) timescales. As calcium carbonate deposits are compressed and lithified beneath younger 

overburden, the increased temperatures and pressure solution can dissolve and reprecipitate 

carbonate minerals. Deeper burial isolates rock units from surface waters, and instead, 

hydrothermal and burial fluids move through pore space within the subsurface (Flugel, 2010).  

Burial diagenesis occurs when heated burial fluid modifies first-generation carbonates 

through mineralogical recrystallization, or crystallizes new coarse calcite spar in pore spaces 

(Alonzo-Zarza, 2003). Other diagenetic processes that occur in the deep burial zone include 

physical and chemical compaction, minor solution porosity, and burial dolomitization (Fugel, 

2010). Elevated temperatures associated with burial diagenesis may affect the clumped isotope 

(Δ47) and δ18O composition of samples. In general, the diagenetic alteration will lower sample 

δ18O due to the increases in temperatures due to burial (Tandon & Andrews 2001). 
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2.3.3. Carbonate Clumped Isotopes 

Carbonate clumped isotope thermometry is based on preferential bonding of heavier 

isotopes of carbon (13C) and oxygen (18O) together within minerals (Eiler, 2007). The clumped 

isotope thermometer uses the homogenous isotope exchange reaction:  

Ca13C16O3 + Ca12C18O16O2 = Ca13C18O16O2 + Ca12C16O3  [EQN2 from Eiler, 2011] 

This reaction involves clumping of 13C and 18O together to produce ion group: 13C18O16O2
-2. The 

homogeneous isotope exchange reaction involves a temperature-dependent equilibrium constant 

that behaves closer to a heterogeneous isotope exchange reaction at high temperatures (Eiler, 

2011). The heavier isotopes approach a stochastic abundance at 1000 ˚C, while at cooler 

temperatures heavier isotopes preferentially clump together (Eiler, 2007). The Δ47 value of the 

resultant CO2 from acid-digested carbonate samples is the ratio of a sample’s heavier isotope 

bond enrichment relative to its expected probability (Peters et al., 2013). Overall, clumped 

isotope thermometry involves measuring the amount of 13C and 18O bonds within the same 

carbonate ion group as a proxy method to obtain carbonate mineral growth temperatures (Eiler, 

2011). 

 Clumped isotope (Δ47)-derived temperatures provide a record of environmental and 

atmospheric temperature that is independent of source water and evaporative effects (Ghosh et 

al., 2006). The Δ47 of a sample is only affected by temperature, and can be applied to a δ18O 

record to correct for the temperature effects and isolate hydrologic changes (Kim & O’Neil, 

1997). Beyond paleoclimate applications, clumped isotopes are used to reconstruct higher 

temperature processes including burial diagenesis, dolomitization, and hydrothermal fluid flow 

(e.g., Ferry et al., 2011; Huntington et al., 2011; Bristow et al., 2011). 
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2.3.3.a. Clumped Isotope Complications 

Clumped isotope values (Δ47) can be affected by thermal reordering and recrystallization. 

Δ47 is more sensitive to burial diagenesis than stable carbon and oxygen isotope values 

(Winkelstern & Lohmann, 2016). The reheating of samples to greater than 100 °C during burial 

may result in the reordering of C-O bonds, changing the Δ47 without affecting stable isotope 

values or mineral texture (Passey & Henkes, 2012; Henkes et al., 2014). Clumped isotope 

compositions of micrite samples that maintain their fine-grain carbonate texture can also be 

altered through fluid-mediated diagenesis and recrystallization (e.g., Quade et al., 2013). The 

lack of a relationship between carbonate crystal structure and degree of resetting make it difficult 

to constrain the impact of diagenesis on Δ47 (e.g., Eiler, 2011; Passey & Henkes, 2012; Henkes et 

al., 2014; Huntington & Lechler, 2015). Differences in resetting conditions for Δ47, δ18O, and 

δ13C primary carbonate are not well constrained and there is limited information related to 

geothermal heat gradients (Huntington et al., 2011).  

Overall, thermal reordering and recrystallization are complications that can cause altered 

carbonate samples to no longer record original surface temperatures. Instead, reordering and 

recrystallization can serve as methods to obtain subsurface burial temperatures. 

 

2.3.3.b. Reordering for Burial History 

Solid-state reordering, which occurs at temperatures greater than ~100 °C, resets clumped 

isotope bonds through the diffusion of C and O through the mineral lattice (Henkes et al., 2014; 

Winkelstern & Lohmann, 2016). Although bond reordering affects the primary paleoclimate 

values, the information can still be used to reconstruct shallow crustal temperatures and cooling 

rates, by approximating solid-state reordering of C-O bonds in calcite due to its predictable 
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pattern of initial heating and alteration followed by a first-order rate law for subsequent 

reordering (Passey & Henkes, 2012). Previous work on the Navajo Sandstone used clumped 

isotope temperatures that were elevated due to solid-state reordering to reconstruct formation 

burial history (Parrish et al., 2018). This study used the characteristic clumped isotope reordering 

behavior to calculate clumped isotope temperature offsets and reconstruct burial temperatures 

(Parrish et al., 2018; Stolper & Eiler, 2015; Passey & Henkes, 2012). The predictable clumped 

isotope reordering behavior makes it possible to work backward and reconstruct sample burial 

depths across a basin based on their degree of post-depositional heating. 

 

2.3.3.c. Secondary Carbonate Δ47 for Diagenetic History 

Huntington et al. (2011) proposed the use of clumped isotope thermometry as an 

alternative method to reconstruct the diagenetic history of shallowly buried rocks. Unlike 

reordering, which occurs in original carbonate minerals, this diagenetic burial history method is 

used explicitly on new mineral growth, carbonate or otherwise, within the structure of a previous 

deposit. Huntington et al. (2011) demonstrated that clumped isotope temperatures in early 

Eocene sediments could be used to estimate the temperature of diagenetic crystal growth and 

recrystallization below 250 °C. Obtaining recrystallized Δ47 temperatures that are independent of 

source water composition permits one to approximate the δ18O of diagenetic fluids (Huntington 

et al., 2011). δ18O of water in equilibrium with secondary calcite can be calculated using the 

calcite-water isotope fractionation relationship: 

δ18Ocalcite ≈   δ18Owater + 18.03 *( 103 / T ) + 32.42  [EQN from Kim & O’Neil, 1997] 

Huntington et al. (2011) proposed using clumped isotopes to complement temperature and time-

specific vitrinite reflectance data; and suggested that future studies evaluate smaller-sized and 
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texturally homogenous samples (<4 mg, that do not combine multiple generations of carbonate) 

to obtain more explicit diagenetic information (Huntington et al., 2011). 

 

3. METHODOLOGY 

3.1. Physical Collection 

Samples were collected from surface quarries by J. Basinger and D. Greenwood during 

multiple field seasons from 1990-2000, and all carbonates were associated with described fossil 

leaf assemblages which were used to assign stratigraphic positions within the Eureka Sound 

Group (ESG). Samples were returned to the University of Saskatchewan and cleaned and 

cataloged for collections purposes within the University of Saskatchewan’s Paleobotanical 

Collection (USPC). A suite of 14 palustrine carbonate rocks was later selected from the 

collection by C. West and E. Hyland based on the presence of primary carbonate textures, and on 

both temporal and geographic distribution within the ESG.  

These specific samples were collected from seven locations on Ellesmere Island (Lake 

Hazen, Mosquito Creek, Hot Weather Creek, Fosheim Anticline, Strathcona Fiord, Split Lake, 

and Stenkul Fiord) and two sites on Axel Heiberg Island (Buchanan Lake and Strand Fiord), 

(Figure 1). Palustrine carbonate samples were extracted from the collected bulk samples within 

the Eureka Sound Group in the Mount Moore Formation (US444 at Split Lake; US422 at 

Strathcona Fiord; US196 at Mosquito Creek; US107 and US108 at Hot Weather Creek; and 

US251, US111, and US191 at Fosheim Anticline), Iceberg Bay Formation Lower Member 

(US176 at Strand Fiord), Margaret Formation (US435, US436, US438 at Stenkul Fd), Mokka 

Fiord Formation (US261 at Lake Hazen), and Buchanan Lake Formation (US119 at Buchanan 

Lake) (Figure 3). 
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3.2. Sample Evaluation 

The preparation of hand samples for analysis began with the cutting of the carbonate 

rocks with a rock saw to produce standard billets, which were sent to Wagner Petrographic for 

thin section preparation. Thin sections were examined under plain and polarized light on a 

petrographic microscope to evaluate carbonate fabric and estimate ratios of spar and micrite. 

Fabric categories included Micritic (Mic = green), Micritic to Microspar (Mic/MSp = yellow), 

Microspar (MSp = orange), and Sparry (Spar = red), Table 1. 

To more precisely classify samples into textural categories, thin sections were quantified 

by a scaled percentage of spar coverage. A random walk of 60 spar crystals within each slide was 

used to approximate an average spar length and width. Spar dimensions were applied into an 

ellipse formula to calculate average spar size, which was multiplied by a general approximation 

of percent spar coverage for each slide. That product was then divided by a baseline of maximum 

crystallinity (3141.6 µm2, the largest average spar size at 100% coverage on the slide) to produce 

a scaled percentage of spar coverage. Samples were classified into Micritic, Micritic to 

Microspar, Microspar, and Sparry based on the spar coverage order of magnitude (0.000X, 

0.00X, 0.0X, 0.X) respectively. 

Figure 5 shows microscope images of sample thin sections photographed under plain 

light and Table 1 shows the average spar size (Avg LxW, length and width units are µm), spar-

to-micrite ratio (Spar% to Mic%), scaled percentage of spar coverage (Vis Alt Coeff), and fabric 

category (Fabric). Within each rock, areas containing higher micritic content were targeted for 

sampling, as they likely experienced less recrystallization or secondary calcite formation and 

more closely reflected isotopic values of first-generation palustrine carbonate deposition (Driese 

& Mora, 1993). Microspar and Sparry samples had consistent spar distribution throughout the 
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entire sample, and therefore the classification into fabric categories allowed us to evaluate the 

isotopic composition of the spar separately. Figure 6 shows the sample fabrics at each location.  

 

Table 1. Table of alteration approximations and sample fabrics
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Figure 5. Plain light images of thin sections. Microscope image size is 700 µm by 400 µm, and 
images are of a random location in the middle of each slide with no specific features highlighted. 
Pictures beneath each microscope image is a zoomed out thin section photograph, approximately 
22 mm by 8 mm. Sample localities are marked by a dot in the yellow color gradient 
corresponding to Figures 1 and 3, and sample fabric is labeled by a green, yellow, orange, or red 
box.  
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Figure 6. Sample placement map displaying carbonate fabrics. Circles in the yellow color 
gradient correspond to the sample localities used in Figure 3. Sample names and locations are 
labeled at each point. (Mic = green, Mic/MSp = yellow, MSp = orange, Spar = red). 
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3.3. Analytical Methods 

Rocks were microsampled (at two separate locations I and II within each billet, Appendix 

B) using a carbide steel burr drill bit on a Stoelting micro drill, and subsampled from a different 

location on the hand sample (subsample III, Appendix B). Powdered samples were analyzed for 

stable (δ18O, δ13C) and clumped (Δ47) isotopes at the Paleo3 Laboratory at North Carolina State 

University. Samples were processed in a Nu Carb Automated Carbonate on-line preparation 

system at 70°C. Powdered samples (stable 500-700µg, clumped average 2200µg) were digested 

with phosphoric acid (specific gravity 1.94-1.96), and resultant CO2 was cryogenically separated 

and passed through a Porapak Q trap held at -20°C. Sample CO2 was stored in the dual inlet 

alongside a CO2 reference gas (compositions: δ13C= 4.485, δ18O= -2.450). 

δ18O, δ13C, and Δ47 values were produced by a Nu Perspective Isotope Ratio Mass 

Spectrometer configured to measure m/z ratios for masses 44–49, and are reported relative to the 

standard VPDB (Vienna-Pee Dee Belemnite) and the absolute reference frame (Dennis et al., 

2011; Defliese, 2015). Two solid standards were run before and after each set of eight unknown 

carbonate samples. δ18O and δ13C output was referenced to standards C64 and NBS-18; Δ47 

output was referenced to ETH solid standards (ETH-1, ETH-2, ETH-3, ETH-4) (Bernasconi et 

al., 2018; Methner et al., 2016). Data were processed using Easotope software, corrected with the 

70°C calcite acid fractionation of 0.066 (Petersen et al., 2019) and the Brand et al. (2010) 17O 

correction parameters (Schauer et al., 2016; Daëron et al., 2016). Replicates with Δ48 

measurements exceeding ±2‰ were rejected due to potential contamination by organics or 

hydrocarbons (Huntington et al., 2009; Guo & Eiler, 2007). Pierce Outlier test was used to 

remove statistical outliers from the stable and clumped output (Burgener et al., 2016; Huntington 
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et al., 2009), the standard error was measured based on a 95% confidence interval, and T(Δ47) 

were calculated using the Petersen et al. (2019) calibration. 

 

4. RESULTS 

4.1. Sample Descriptions  

Hand samples are tan to dark brown, fine-grained, and well-indurated carbonate rocks. 

Many hand samples have significant disseminated fine organic debris and abundant leaf fossils 

throughout, and do not have any visible physical shrinkage features. In thin section, samples 

appear to have experienced two main generations of carbonate formation (first generation micrite 

and spar recrystallization) but vary in the degree of secondary diagenetic alteration (Figure 5, 

Table 1). Sparry samples US422, US444, US436, and US176 have occasional organics and 

coarse spar crystals (average spar length ~55 µm, large spar crystal length >100 µm) distributed 

throughout the thin section. Microspar samples US111, US107, US196, and US435 have 

moderate to high organic content with a close to an equal ratio of microspar (average spar length 

~15 µm) to micrite and organics. Microspar samples US251 and US108 have low organic 

content and significant spar (average spar length ~10 µm) distribution throughout the samples. 

Micritic to Microspar samples US119 and US438 have low organic content and fine spar 

(average spar length ~7 µm) mixed in with micrite. Micritic samples US261 and US191 have 

very high organic content and very low spar presence (average spar length <7 µm). 

 

4.2. Stable Isotopes 

δ13C isotope values range from -4.6 to +12.3‰ (VPDB) and δ18O isotope values range 

from -23.1 to -15.2‰ (VPDB), see Figure 7. Samples within each fabric type (Micritic, Micritic 
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to Microspar, Microspar, and Sparry) have carbon isotope (δ13C) averages of 9.8‰, 4.5‰, 3.4‰, 

2.0‰. Samples within each fabric type have oxygen isotope (δ18O) averages of -17.2‰, -17.8‰, 

-18.0‰, -18.9‰ respectively, see Table 2 and Figure 8.  

 
Table 2. Stable Isotope Data 
 

 

 
Figure 7a. Visual Alteration Coefficient vs. carbon isotope compositions. 
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Figure 7b. Visual Alteration Coefficient vs. oxygen isotope compositions. 

 
Figure 8a. Stable carbon isotope data plotted against fabric classification.  
Isotope data averaged within each fabric type, vertical lines show standard deviation. 
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Figure 8b. Stable oxygen isotope data plotted against fabric classification.  
Isotope data averaged within each fabric type, vertical lines show standard deviation. 
 



  37 

 

 
 
Figure 9a. Stable carbon isotope data plotted spatially on Ellesmere and Axel Heiberg Islands. 
Stable isotope data plotted spatially alongside location code and visual alteration class (Mic = 
green, Mic/MSp = yellow, MSp = orange, Spar = red). 
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Figure 9b. Stable oxygen isotope data plotted spatially on Ellesmere and Axel Heiberg Islands. 
Stable isotope data plotted spatially alongside location code and visual alteration class (Mic = 
green, Mic/MSp = yellow, MSp = orange, Spar = red). 
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4.3. Clumped Isotopes 

Clumped isotope (Δ47) values range from 0.505 to 0.621‰ (CDES) with resulting 

temperature estimates from 52 to 121 °C. Temperatures were on average hotter for samples that 

have experienced more significant alteration (Spar and Microspar, 86 °C; Micritic and Micritic-

to-Microspar, 60 °C; Figure 10). Table 3 shows the number of replicates for each sample, 

average Δ47 of replicates, standard error, and calibrated temperatures. 

 
Table 3. Clumped isotope data. 
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Figure 10. Plot of T(Δ47) versus Visual Alteration Coefficient. 
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Figure 11. Clumped isotope-derived temperatures plotted spatially. Temperatures plotted 
alongside visual alteration class (Mic = green, Mic/MSp = yellow, MSp = orange, Spar = red) 
and locality zone (yellow color gradient ellipses correspond to Figures 1 and 3). 
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5. DISCUSSION 

5.1. Sample Interpretations 

Evaluation of the hand-samples and thin-sections provides a baseline to examine the 

conditions impacting the corresponding isotope values. High leaf fossil preservation in hand-

samples suggests a consistently wet depositional environment with a high water table, most 

similar to an initial lake setting. Additionally, lack of calcrete characteristics and physical 

shrinkage features indicates that the deposits did not develop in environments with fluctuating 

ground water tables or water level (Tandon & Andrews, 2001). The absence of other critical 

pedogenic alteration features suggests that the samples experienced minimal subaerial exposure 

and pedogenesis (Marty & Meyer, 2006). Due to lack of surface alteration features, all 

subsequent interpretations assume the samples are lake setting palustrine carbonates and are 

considered “less developed” palustrine carbonates (Alonso-Zarza, 2003). Well-indurated hand 

samples indicate primary micrite is mixed with recrystallized phases, and samples may have 

undergone varying degrees of aggrading neomorphism from pore fluid (Alonso-Zarza et al, 

2006).  

In thin section, consistent coarse spar distribution within Microspar and Sparry samples 

suggest they experienced burial diagenesis. The scaled percentage of spar coverage, see Section 

3.2, was used to evaluate the isotope data within respective fabric categories (Mic, Mic/MSp, 

MSp, Spar). By using a numerical classification scheme, changes in primary carbonate fabrics 

can be more accurately quantified to indicate how much alteration occurred due to burial and 

reheating. This numerical value, referred throughout the text and figures as a Visual Alteration 

Coefficient, quantifies visual evidence of increasing amounts of reheating and diagenetic 

alteration experienced by a sample. It is important to note that this Visual Alteration Coefficient 
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works on the uncertain assumption that spar size and the ratio of spar-to-micrite have an equal 

effect on the scaled percentage. 

 

5.2. Primary Carbonate Stable Isotope Interpretations  

5.2.1. Primary Carbon Isotopes  

Primary δ13C values reflect the varying influences of the biogenic δ13C composition (C3 

or C4 biomass or lake productivity) and atmospheric CO2 composition (Bernasconi & McKenzie, 

2007). High microbial and algal lake productivity cause primary carbonates to have more 

negative δ13C values (Alonso-Zarza, 2003); however, the positive 2.7 to 12.3‰ Micritic and 

Micritic to Microspar carbon isotopic values do not suggest an initially productive lake setting 

and are unusually high when compared against the typical palustrine carbonate range of −2 to 

−11‰ (δ13C) (Tandon & Andrews, 2001). Unusually positive carbon isotope values for micritic 

samples (7.2 to 12.3‰) would require a mechanism that causes significant δ13C enrichment in 

the initial settings. The two most likely enrichment mechanisms, based on the location and 

depositional environments, are cryogenic kinetic isotope effects and repeated dissolution-

precipitation enrichment.  

Cryogenic kinetic isotope effects are associated with bicarbonate dehydration in freezing 

conditions (below 0 ˚C conditions), which results in CaCO3 supersaturation (Burgener et al., 

2018). Cryogenic kinetic isotope effects typically increase both δ18O and δ13C values and 

additionally cause negative Δ47 anomalies (Tripati et al., 2015; Burgener et al., 2018). Negative 

Δ47 anomalies are not present in the clumped isotope data, and the site locations did not 

experience below zero temperatures for extended periods (e.g. Basinger et al., 1994; Jahren & 

Sternberg, 2003). Furthermore, the δ18O values are not enriched relative to the expected 
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environmental water δ18O composition (see Section 5.2.2; Jahren & Sternberg, 2008), and 

therefore it is unlikely that cryogenic kinetic isotope effects are responsible for enriching the 

primary carbonate δ13C values.  

The other potential enrichment mechanism affecting the carbon values is repeated 

dissolution-precipitation enrichment, which would increase the carbon isotope values without 

changing primary oxygen isotope values. Repeated cycles of carbonate dissolution and 

reprecipitation behaves in an asymptotic function, approaching a maximum δ13C enrichment 

value (Nakai et al., 1975; Clark & Lauriol, 1992; Burgener et al., 2018). Repeated dissolution-

precipitation cycles occurring to micrite deposits along lake margins (similar to the sample 

depositional environments) would result in high carbon enrichment within carbonates.  

Enrichment due to dissolution-precipitation cycles were modeled using the equations, 

fractionation factor, and methods described in Burgener et al. (2018; see also: Nakai et al., 1975; 

Clark & Lauriol, 1992; Bottinga, 1968). By accounting for enrichment, one can approximate the 

varying influence of biomass and atmospheric compositions on the carbon isotope values. End 

member compositions were approximated as -25‰ for C3 vegetation, the primary vegetation 

type during the Eocene, and -5.9‰ for late Paleocene to early Eocene and -6.9‰ for the middle 

Eocene atmospheric CO2 (Schaetzl & Anderson, 2005; Urban et al. 2010; Jahren & Sternberg, 

2008; Tipple et al., 2010). Cold month mean temperature (CMMT) was approximated at 2 ˚C, 

mean annual temperature (MAT) was approximated at 12 ˚C, and warm month mean temperature 

(WMMT) was approximated at 22 ˚C (Schubert et al., 2012; Eberle et al., 2010; Jahren & 

Sternberg, 2003; Greenwood & Wing, 1995; Basinger et al., 1994; Wolfe, 1994). Comparing 

maximum enrichment from the different variable combinations indicates that the most significant 

influence on δ13C for the samples is the temperature of carbonate precipitation (cold month mean 
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temperature) and atmospheric CO2 composition. This combination of variables with repeating 

dissolution-precipitation cycles would result in around 10.4‰ enrichment of sample δ13C for late 

Paleocene to early Eocene carbonates and 9.4‰ enrichment of sample δ13C for middle Eocene 

carbonates. Using a modified CMMT range of -3 ˚C to 13 ˚C (West et al., 2015), the possible 

range for δ13C enrichment due to dissolution in heavy summer rain and multiple cycles of 

reprecipitation during drier winter conditions is approximately 8 to 11‰, agreeing with the range 

of enrichment seen in the less-altered carbonate samples. This level of enrichment in the samples 

would suggest that the majority of the influence on the carbonate δ13C values would be from the 

composition of atmospheric CO2, with very little (or no) influence of vegetation or biological 

productivity.  

Using approximations from the two-component end-member mixing model makes it 

possible to work backward and approximate the environmental conditions during carbonate 

formation necessary to produce this level of primary δ13C enrichment (e.g., Burgener et al., 

2018). Examples of dissolution-precipitation cycles resulting in δ13C enrichment in the modern 

are all located in high latitude sites, such as Svalbard (e.g., Courty et al, 1994). Modern 

carbonates formed in high latitude areas may experience this enrichment mechanism due to the 

pattern of continuous darkness, resulting in low productivity and dry conditions, followed by 

continuous sunlight, associated with an influx of summer snowmelt flooding soils (Burgener et 

al., 2018). Our Eocene setting had similar continuous darkness and sunlight patterns, but likely 

did not have snowmelt (Jahren, 2007). Therefore, for this enrichment to occur, a large flux of 

water would need to be present in the summer. Seasonal precipitation variability can affect the 

timing of carbonate precipitation (e.g. Breecker et al., 2009; Gallagher & Sheldon, 2016), which 
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would provide an explanation for carbonate formation during the winter and additionally 

supports the highly seasonal summer-wet Arctic precipitation hypothesis (see Section 2.1.2).  

Isotopic studies suggesting monsoonal summer-wet precipitation conditions in the Arctic 

during early Eocene hyperthermals (e.g., Schubert et al., 2012) conflict with other Arctic studies 

and models that indicate Eocene polar conditions with low precipitation seasonality and “ever-

wet” or equable conditions (e.g., Eberle & Greenwood, 2012; Huber & Goldner, 2012). A recent 

examination of leaf physiognomy in similar formations and localities agree with approximations 

for high summer precipitation during this time, but do not explicitly support monsoonal 

conditions, and additionally suggest consistent precipitation even though summers and winters 

would have driven regional warmth (e.g., West et al., 2015).  

Overall, having both dissolution-precipitation enrichment and an exclusively atmospheric 

enrichment for the samples requires a specific pattern of summer carbonate dissolution and 

winter carbonate precipitation. This pattern most aligns with a monsoonal summer-wet climate, 

with enhanced summer rainfall. The carbon isotope record from this study supports the high 

summer rainfall approximations in other studies (e.g., Eberle & Greenwood, 2012; Huber & 

Goldner, 2012; West et al., 2015), but also strongly suggests possible monsoonal conditions 

(e.g., Schubert et al., 2012), or at least a very significant difference in saturation conditions 

between summer and winter in these environments. This would agree with the highly seasonal 

precipitation results of the fossil wood isotope record in Schubert et al. (2012), one of their sites 

being Stenkul Fiord (in the Margaret Formation), which also matches one of our sample 

locations. 

While this study suggests potential monsoonal conditions, there is insufficient data to rule 

out the ever-wet conditions detailed in other studies conclusively (e.g., West et al., 2015). It may 
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be possible for similar enrichment to occur in the ever-wet conditions; however, if so, winters 

would have needed to be significantly drier than summers to result in enough episodic drying for 

exclusive winter carbonate formation. 

 

5.2.2. Primary Oxygen Isotopes 

When interpreting primary oxygen isotope values, changes reflect a relationship between 

local temperature, evaporation, and precipitation. Absence of ice from the late Paleocene to 

middle Eocene would cause ocean water to begin with an overall lower initial δ18O value than 

during times of extensive ice cover (e.g., Zachos et al., 2008). Additionally, 18O concentration 

decreases with increasing latitude and elevation, which would further reduce the initial δ18O ratio 

in this region (Dansgaard, 1964; Bowen, 2010). With a typical terrestrial system, decreased δ18O 

indicates further distance from the ocean, as clouds carrying evaporated ocean water rain out 

heavier 18O first and become more negative further inland. In the present case, all of the sample 

locations are close to ocean water due to the small size of the islands, and therefore it is unlikely 

that significant Rayleigh distillation would affect the δ18O values as clouds bring rainwater from 

the ocean onto the land.  

δ18O is affected by ocean water composition and temperature-dependent fractionation 

occurring between the calcite and original lake source water (Kim & O’Neil, 1997; Cerling & 

Quade 1993; Alonso-Zarza, 2003). The previous carbon interpretations suggest the bulk of 

primary carbonates precipitated during winter with continuous darkness conditions resulting in 

minimal photosynthetic influence. Assuming the interpretations made from the carbon isotope 

system are reasonable, δ18O would not be significantly impacted by biogenic fractionation. 

Additionally, the dissolution/reprecipitation mechanism does not inherently affect δ18O values 
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(Burgener et al., 2018), so it is assumed that the δ18O values are not affected by this mechanism 

if the source water composition is assumed to have not changed significantly during this 

timeframe.  

As a result, the dominant influence on the sample δ18O composition is the temperature 

and the environmental water δ18OSMOW composition, previously approximated to be around -15 

to -19‰ on Axel Heiberg Island during the middle Eocene (Jahren & Sternberg, 2008). In order 

to compare Jahren & Sternberg’s environmental water values to this study’s results, VPDB 

values were converted to soil/source water values on the VSMOW scale using the Kim & O’Neil 

(1997) calcite-water isotope fractionation equation: 

δ18Ocalcite ≈   δ18Owater + 18.03 *( 103 / T ) + 32.42   [EQN from Kim & O’Neil, 1997] 

Using a 2 °C estimate for CMMT (e.g., West et al., 2015; Schubert et al., 2012; Eberle et 

al., 2010; Jahren & Sternberg, 2003; Greenwood & Wing, 1995; Basinger et al., 1994; Wolfe, 

1994), based on the assumption that the studied carbonates formed primarily during winter, the 

converted environmental water δ18OSMOW values for micritic samples range from -17.8 to -

20.5‰. Within each fabric type, δ18OSMOW averages are -19.8‰ (Mic), -20.5‰ (Mic/MSp), -

20.6‰ (MSp), and -21.6‰ (Spar) respectively. The previous fossil wood isotopic study of 

Jahren and Sternberg (2008) also inferred that increased temperatures caused the environmental 

water reservoir, used for plant uptake, to become enriched in 18O during the growing season. As 

a result, it is reasonable that winter-precipitated primary micrite samples (environmental water 

δ18OSMOW average for Mic and Mic/MSp samples are approximately -20‰), would have slightly 

lower δ18OSMOW values than values recorded during a presumable growing season (e.g., -19‰; 

Jahren & Sternberg, 2008). Additionally, these slightly lower δ18OSMOW values may further 
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support the previous carbon isotope findings that the studied samples are unique winter-

precipitated carbonates. 

 

5.3. Secondary Carbonate Stable Isotope Interpretations  

The palustrine stable isotope values are further controlled by diagenetic burial alteration. 

This general pattern is visible by the averages within each fabric class, with carbon (δ13C) 

averages decreasing from 9.8‰ for Mic, 4.5‰ for Mic/MSp, 3.4‰ for MSp, and 2.0‰ for Spar, 

and oxygen (δ18O) averages decreasing from -17.2‰ for Mic, -17.8‰ for Mic/MSp, -18.0‰ for 

MSp, and -18.9‰ for Spar. Both δ13C and δ18O averages display a slight overall decrease with 

increased alteration, showing a transition from Mic and Mic/MSp describing the primary micrite 

(original surface water composition) to MSp and Spar samples describing the secondary calcite 

spar (burial fluid composition) (Dunagan and Turner, 2004; Tandon & Andrews, 2001).  

Due to the lack of pedogenic and diagenetic surface alteration features (see Section 4.1 

and Section 5.1), and classification of samples as “less developed” lake setting palustrine 

carbonates, this study neglects the small differences associated with the possible surface 

alteration. Instead, it is assumed that the most significant influence on δ13C and δ18O decreases 

between primary and secondary calcite are due to burial-related diagenetic alteration.  

Variations in δ13C within each respective alteration class likely reflects different ratios of 

the original amount of carbon within the system (dominated by the atmospheric CO2 

composition) relative to a subsequent source of inorganic carbon (from the burial fluids that 

diagenetically altered the deposits). This secondary influx of depleted carbon is likely sourced 

from hydrothermal fluids that dissolved more deeply buried carbonates – for example, deeper 

Permian-Triassic aged carbonates from these locations have δ13Corg around -25 to -30‰ (Grasby 
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& Beuchamp, 2008) which would be roughly approximated by δ13C carbonate values around -10 

to -15‰ (Oehlert & Swart, 2014).   

Gradual decreases in δ18O from micritic to secondary calcite samples likely reflect the 

temperature-dependent fractionation of δ18O as the spar crystallized out of hot diagenetic fluids 

(Kim & O’Neil, 1997; Tandon & Andrews, 2001). Burial alteration occurs at hotter subsurface 

temperatures, which results in a lower δ18Ocalcite value – this relationship is shown in the Kim & 

O’Neil (1997) calcite-water isotope fractionation equation (see Section 2.3.3.c or Section 5.2.2 

for the full equation).  

 

5.4. Clumped Isotope Interpretations  

Clumped isotope ratios of 0.505 to 0.621‰ (CDES), which correspond to 52 to 121 °C, 

do not reflect surface temperatures. Even micritic primary samples, which did not undergo 

significant diagenetic alteration, return an average temperature of 60 °C, likely due to solid-state 

reordering during burial. For micritic samples, the clumped isotope values were affected by 

burial-related heating, but the primary stable isotope values were not affected. This is because 

clumped isotope values are more sensitive to burial diagenesis than stable isotope values 

(Winkelstern & Lohmann, 2016). 

Samples with microspar and spar present have clumped isotope values indicating 

formation at an average temperature of 86 °C, suggesting that clumped isotope output reflects a 

combination of the original micritic formation temperature mixed with the secondary diagenetic 

spar formation temperature. The clumped isotope temperature output generally increases when 

plotted by Visual Alteration Coefficient, see Figure 10, which theoretically represents a scale of 

least to most visual evidence of heating and diagenetic alteration. 
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5.4.1. Reordering Burial Temperatures 

Rapid subsidence of the eastern Sverdrup basin resulted in increased sediment 

accumulation rates from the Late Cretaceous to the middle Eocene (e.g., Embry & Beuchamp, 

2008; Dewing & Obermajer, 2011; Von Gosen et al., 2019). This regional burial event was 

followed by widespread regional uplift during the middle Eocene and onward (e.g., Dewing & 

Sanei, 2009; Von Gosen et al., 2019), see Figure 12 (which contains tectonic setting and thermal 

information adapted from Figure 2 in Dewing & Sanei, 2009). The suite of samples was 

deposited during this burial event, and appear to record these regional signals. Micritic samples 

indicating 52 to 67 °C temperatures likely reflect solid-state reordering of clumped isotope bonds 

due to burial-heating (Passey & Henkes, 2012; Henkes et al., 2014). 

Due to uncertainty about the exact ages of the samples and specific timing of the Eurekan 

Orogeny (see Section 2.2.2), the general regional burial and uplift event time estimates from 

Dewing and Sanei (2009) were used to approximate the parameters for the Clumped Isotope 

Reordering Model. Depending on the sample ages and depositional setting, million-year 

timesteps were allocated for each of the four “events” that occurred following winter carbonate 

formation: 1. consistent burial (5-10 million years), 2. stationary at max burial depth (10-15 

million years), 3) consistent uplift (15-25 million years), and 4. stationary at the surface (~10 

million years). This scenario sets up a realistic burial and uplift path based on the events of the 

Eurekan Orogeny (see Section 2.2.2 and Figure 12). 

The model simulates each carbonate rock sample transitioning through these four 

“events” following its formation to the present, and calculates how much the initial clumped 

isotope value decreases, from a hypothetical 0.765‰ (corresponding to a 2 °C CMMT) to the 

measured 0.621-0.589‰, due to burial related reordering. By using a cold 2 °C initial 
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temperature, the model calculates the greatest amount of heating required to reorder the clumped 

isotope bonds, and obtains the maximum burial temperature estimates for the micritic samples.  

Obtaining maximum burial temperatures and modeling changes in clumped isotope 

values through time is possible due to predictable reordering behavior (see Section 2.3.3.b for 

context on clumped isotope reordering; Passey & Henkes, 2012; Stolper & Eiler, 2015). The 

present mathematical model uses equations and calculated values from Passey & Henkes (2012): 

Δi47 = ( Δi-147 – Δeq,i47) exp{ –Δtkref  exp[ (Ea/R)*((1/Tref) – (1/T)) ] } + Δeq,i47  [EQN13] 

Equation 13 was applied in the Clumped Isotope Reordering Model, alongside the subsequently 

described parameters, and additional values listed out in the code in Appendix A. 

 

Figure 12. Regional burial and uplift signal modeled within the micritic samples. The general 
time approximations of burial and uplift for the region were used to assign each event duration. 
LP-EE samples shows the timing of late Paleocene to early Eocene samples, while Mid E sample 
shows the timing of the middle Eocene sample. Thermal events and tectonic settings information 
directly taken from Figure 2 in Dewing & Sanei (2009).  
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5.4.1.a. Reordering Model Parameters  

Previous studies comparing heating due to burial depth against heating from differential 

heat flow found a consistent thermal response to burial depth and relatively similar geothermal 

heat gradients across the Canadian Arctic Islands (Dewing & Sanei, 2009). This finding 

disagrees with older approximations of the regional geothermal gradient, which ranged between 

20 to 55 ˚C/km depending on the geographic location (Bustin, 1986). For the assumptions and 

model parameters, this study uses a consistent 50 ˚C/km geothermal gradient estimate. This 

geothermal gradient was used for similar locations in the Bustin (1986) paper, but more closely 

agrees with the more recent Dewing & Sanei (2009) interpretation of relatively consistent 

geothermal gradients across both islands, based on their study that evaluated thermal maturity 

dataset quality. Assuming a relatively consistent geothermal gradient across both Axel Heiberg 

and Ellesmere Islands (e.g., Dewing & Sanai, 2009), changes in micritic sample clumped isotope 

values due to regional burial and uplift events were modeled to calculate maximum burial 

temperatures. 

The sample ages used in the model were 56 Ma for US438, US261, and US191 and 45 

Ma for US119. An original micrite formation temperature of 2 ˚C was used, based on the 

assumption that the carbonates precipitated in the winter season, which had a CMMT of 

approximately 2 ˚C (e.g., Basinger et al., 1994; Greenwood & Wing, 1995; Jahren & Sternberg, 

2003). 

The model was iterated using two sets of parameters for optical calcite (ideal and 

homogenous) and labile spar (unstable and heterogeneous). Differences between the optical 

calcite and labile spar parameters are defined within the model code in Appendix A. Optical 

calcite is more applicable to these four micritic samples, and Figure 13 shows the optical calcite 
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results. Additional plots comparing the optical calcite against labile spar output are presented in 

Appendix A.  

 

Late Paleocene and Early Eocene Samples: US438, US261, US191 

The regional burial and regional uplift events that the late Paleocene to early Eocene 

samples (Stenkul Fiord: US438, Lake Hazen: US261, Fosheim Anticline: US191) were subjected 

to are shown in Figure 12. The model simulates that following formation of carbonate samples at 

2 ˚C during winter (at 56 Ma), they were steadily buried through time to a depth of 

approximately 3 km. This depth corresponds to a burial temperature of around 150 ˚C assuming 

a relatively consistent 50 ˚C/km geothermal gradient across both islands. In the model, it was 

assumed these samples experienced 10 million years of steady burial, 10 million years held at the 

maximum burial depth, 25 million years of gradual uplift, and then remained at the surface until 

the present. See Appendix A for the Late Paleocene and Early Eocene Sample Temperature Path 

that was used in the model calculations.  

 

Middle Eocene Sample: US119 

The middle Eocene carbonate sample (Buchanan Lake: US119) was not affected by the 

same regional burial history experienced by the late Paleocene to early Eocene samples, and 

formed during an interval of regional thrust faulting and uplift that brought on significant 

landform erosion and tectonic denudation (see Section 2.2.3 for information regarding 

depositional settings). Additionally, this sample formed in a syntectonic basin rapidly filling with 

rock detritus, and thus it would have experienced local burial beneath alluvium (Rickets & 

Stephenson, 1994). For the model, this sample was assumed to have experienced burial for 5 
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million years, held at maximum burial depth for 15 million years, followed by gradual uplift for 

15 million years, and then remained in the near surface until the present. See Appendix A for the 

Middle Eocene Sample Temperature Path used for the model calculations. 

 

5.4.1.b. Reordering Model Output 

The model results indicate that Stenkul Fiord (US438) Δ47 of 0.596‰ (63 ˚C) 

corresponds to a 157.5 ˚C maximum burial temperature, Lake Hazen (US261) Δ47 of 0.621‰ (52 

˚C) corresponds to a 156 ˚C maximum burial temperature, and Fosheim Anticline W (US191) 

Δ47 of 0.589‰ (67 ˚C) corresponds to a 158 ˚C maximum burial temperature. The change in 

clumped isotope value from formation to present are shown in Figure 13. Buchanan Lake 

(US119) Δ47 of 0.604‰ (60 ˚C) corresponds to a 155 ˚C maximum burial temperature, see 

Figure 13. Micritic sample maximum burial temperatures are recorded in Table 4 under 

Reordering Temp ˚C. Uncertainty in the sample ages and the exact timing of regional burial and 

uplift events creates moderate burial temperature uncertainty. Adjustments to the burial timing 

(adjusting event 1 and event 2 by 5-30 million years) result in a ±4 ˚C change in maximum burial 

temperature, while adjustments to the uplift timing (adjusting the length of event 3 and event 4 

following the burial interval) results in a ±1 ˚C change in maximum burial temperature. Using 

this model for other types of calcite material (e.g. Labile Spar) can also add uncertainty to burial 

temperature results, see Appendix A for additional plots.  
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Figure 13a. Clumped Isotope Reordering Model for late Paleocene to early Eocene. US261: 
0.589‰ in green, US438: 0.596‰ in red, US191: 0.589‰ in cyan. Heating a carbonate (formed 
at 2 ˚C = 0.7651‰) to a maximum burial temperature of 156˚C results in a reordered Δ47 value 
of 0.621‰, 157.5˚C results in a reordered Δ47 value of 0.596‰, and 158˚C results in a reordered 
Δ47 value of 0.589‰. 
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Figure 13b. Clumped Isotope Reordering Model for Middle Eocene. US119 in purple. Heating a 
carbonate (formed at 2 ˚C = 0.7651‰) to a maximum burial temperature of 155˚C results in a 
reordered Δ47 value of 0.604‰.  
 
 
5.4.2. Spar Formation Burial Temperatures 

The Microspar and Sparry fabric types contain a mix of primary micrite (average micrite 

content: 35%, Table 1) and highly recrystallized spar. As a result, measured MSp and Spar 

clumped isotope temperatures are a mix of two end-members: the original micrite formation 

temperature (~2 ˚C) and the diagenetic spar formation temperatures (hot and unknown). The 

micrite may have also experienced varying degrees of reordering (as discussed in the previous 

section with samples US119, US261, US438, and US191); however, the degree of reordering in 

micrite is challenging to isolate due to the ubiquitous spar content within MSp and Spar samples. 
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Instead, by neglecting reordering influence and using the micrite formation temperature as the 

end member, a maximum estimate for the spar formation temperature can be obtained. Using the 

lower (2 ˚C) temperature provides the maximum burial temperatures for the Eureka Sound 

Group deposits, which can then be more realistically compared against the maximum 

temperatures calculated with the reordering model and the maximum temperature values from 

apatite fission track thermochronometry and vitrinite reflectance data (c.f., Huntington et al., 

2011).   

Using a two-component end-member mixing model, the weighted relative contributions 

of micrite and spar temperatures were weighted based on thin-section micrite and spar 

percentages. This model allowed for calculation of the unknown diagenetic spar formation 

temperatures for the MSp and Spar samples and obtain the remaining maximum burial 

temperatures, listed under Spar Formation ˚C in Table 4. Uncertainty in these model results is 

primarily due to potential reordering that may have occurred in the remaining micritic portion of 

the samples. Partial reordering (greater than half of remaining micrite) would cause 3-30 ˚C 

decreases in spar formation temperature based on the sample (18 ˚C average decrease). Running 

the mixing model with complete reordering of all remaining micrite (assuming the fully 

reordered micritic end-member has a 52 ˚C temperature) results in a 5-50 ˚C decrease in spar 

formation temperature based on the sample (30 ˚C average decrease in burial temperatures 

derived from the spar formation temperature end-member mixing model).  

Calculated spar formation temperatures range from 104 to 171 ˚C. Five spar formation 

temperatures were calculated for the Fosheim Peninsula locality. At Fosheim Peninsula there are 

three sample locations with values of 170-171 ˚C and two locations with lower temperature 

values of 104 ˚C and 119 ˚C. The reordering temperature of 158 ˚C from the Fosheim Peninsula 
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agrees with the higher values. At the Stenkul Fiord locality, spar formation temperatures are 104 

˚C and 130 ˚C. Both spar formation estimates at Stenkul Fiord were lower temperatures than the 

reordering temperature approximation of 157.5 ˚C. At the Strathcona Fiord locality, there was 

one sparry sample and no reordering temperature for comparison. Strathcona Fiord had a spar 

formation temperature of 109 ˚C. Like Strathcona Fiord, Split Lake also only had one sparry 

sample present at the location. Split Lake had a spar formation temperature of 122 ˚C, a value 

that reasonably agrees with the temperatures at the geographically nearest locations, Strathcona 

Fiord and Stenkul Fiord. At the Axel Heiberg Island locality, there is a reordering temperature on 

the eastern side of the island at Buchanan Lake and one sparry sample on the western side of the 

island at Strand Fiord. Strand Fiord has a spar formation temperature of 132 ˚C, which is 

relatively consistent with the Axel Heiberg reordering temperature of 155 ˚C. Figure 14 

compares maximum burial temperatures (from spar formation and reordering calculations) 

alongside relevant fault locations.  
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Figure 14. A spatial plot of calculated maximum burial temperatures. Sample locations with two 
spar formation temperatures were averaged for clarity. Faults nearby sample locations are shown 
on the map in light blue, and crosses over the hexagons and triangles if it cuts through the sample 
locations. Temperatures less than 125 ˚C are shown in dark blue, temperatures greater than 125 
˚C are shown in dark red. Fault locations are taken from Figure 40.1 in Harrison et al. (2011), 
and only relevant faults nearby sample locations are shown here. 
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Variations in spar replacement temperatures may reflect variations in fluid chemistry or 

sediment permeability (Huntington et al., 2011), or proximity to faults. Proximity to faults 

appears to be a dominant influence on variations in spar formation temperatures, with lower 

temperatures (104 – 122 ˚C) corresponding to locations with faults present (Figure 14). Previous 

work on Paleocene cooling (initiation around ~66 Ma) found the most significant cooling in 

samples from anticlines or hangingwalls of thrust faults, including the Fosheim Anticline and 

Lake Hazen fault system, and the Vesle Fiord thrust fault (Arne et al., 2002). Explanations for 

differential cooling across faults include differences in thermal conductivity and geothermal 

gradient of the rock units on each side of faults, local variations in heat flow from groundwater, 

and varying amounts of structural erosion (Arne et al., 2002). Faulting creates new fluid 

migration pathways along the fault zone, and stresses from faulting create joint networks and 

increase permeability, allowing meteoric waters to move further down into the subsurface. 

Rather than the calcite crystalizing out of solely hot diagenetic fluids, faults allow cooler surface 

waters to mix with those fluids, which results in lower Δ47 temperatures for samples formed in 

fault locations (e.g., Hodson et al., 2016).  Variations in spar Δ47 temperatures correspond with 

fault locations and can be explained by faulting, reducing the temperature gradient, and allowing 

cooler fluids to migrate into deeper rock units, causing crystalized spar to have cooler Δ47 

temperatures relative to other samples from the same general location (e.g., Fosheim Peninsula). 
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Table 4. Table of calculated burial temperatures.  
Spar formation temperatures (Spar Formation ˚C) were derived by using a micrite and diagenetic 
spar two-component end-member mixing model. Reordering temperatures (Reordering Temp ˚C) 
were derived by using a model of the predictable clumped isotope reordering rate associated with 
prolonged burial heating. Both “Spar Formation” and “Reordering Temp” provide a burial 
temperature for heated Eureka Sound Group deposits. 
 

 

 

5.4.3. Comparing Δ47 Burial Temperatures to Past Thermal Reconstructions 

Previous burial temperature studies have been conducted in the Sverdrup Basin to 

approximate the paleogeothermal gradients and reconstruct thermal maturity for hydrocarbon 

assessment. Dewing & Sanei (2009) evaluated vitrinite reflectance and Rock-Eval Tmax data 

from the Canadian Arctic in order to provide estimates of maximum temperature experienced by 

these rock layers. As organic-rich rocks are buried, they are exposed to higher temperatures, and 

their vitrinite reflectance values increase (Dewing & Sanei, 2009). Arne et al. (2002) 

reconstructed the thermal history of Axel Heiberg and Ellesmere Islands using vitrinite 

reflectance data (R0) and apatite fission track thermochronometry. The total fission-track 

annealing depth (corresponds to R0 ~0.8% and ~125 ˚C) was reconstructed across different 

locations on the two islands. At some locations, such as northwestern Ellesmere Island and the 
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lower part of Fosheim Peninsula, units were annealed near or at the surface, while in other 

central areas, units were annealed at depths of around 2 km (Arne et al., 2002). This pattern 

suggests significant heating of units, even younger stratigraphy near the surface, and spatial 

variability of heating. Additionally, the northeastern Arctic Islands have multiple igneous 

intrusions as a result of Cretaceous volcanism, which has caused anomalously high thermal 

maturity values in other studies (Dewing & Sanei, 2009). This is especially noticeable in the 

Jurassic strata and layers currently at depths greater than 2km; however, the Eureka Sound layers 

likely were deposited late enough to avoid the influence of igneous intrusions on regional 

geothermal flux.  

Clumped isotope analysis of diagenetic and reordered calcite is an additional method to 

reconstruct sedimentary basin diagenetic temperatures and can be paired with vitrinite 

reflectance or apatite fission track thermochronometry (Huntington et al., 2011). Data from 

previous vitrinite reflectance studies generally show high thermal maturity at the base of the 

Eureka Sound Group in SW Axel Heiberg and central Ellesmere Island. These studies also show 

significant variability in thermal maturity (with a combination of high and moderate 

temperatures) across the Fosheim Peninsula (e.g., Bustin, 1986; Stewart et al., 1992). This data 

agrees well with the clumped isotope results, particularly at Fosheim Peninsula, where the hottest 

and coldest temperatures coexist. Vitrinite-derived maximum temperatures for well samples 

(before Tertiary cooling, approximate timeframe of late Cretaceous to early Eocene) also agree 

reasonably with clumped isotope burial temperatures, see Figure 15 (c.f., Arne et al., 2002). A 

spatial evaluation of burial temperatures indicates that the hottest vitrinite-derived and clumped 

isotope-derived temperatures are inferred for Axel Heiberg and central Ellesmere Island, and the 

lower burial temperatures are in the southern part of Ellesmere Island. Stenkul Fiord temperature 
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variation may be due to smaller faults present at the locality as well as differential amounts of 

burial and alteration based on the different specific sample ages.  

 
 
Figure 15. Maximum burial temperatures plotted with vitrinite reflectance temperatures. 
Clumped isotope burial temperature approximations (in °C) for the Eureka Sound Group 
(approximated from reordering and diagenetic spar formation temperatures) plotted alongside 
Arne et al. (2002) vitrinite maximum temperature approximations prior to cooling. 
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On Fosheim Peninsula, the clumped isotope burial temperature ranges (HW = 145 °C, 

Mos = 104 °C, FAE = 171 °C, FAW = 170 °C; -30 °C uncertainty) are within the vitrinite 

temperature ranges described in Arne et al. (2002) for wells Neil O-15 (greater than 120 °C), 

Taleman J-34 (80-105 °C); Fosheim N-27 (130-185 °C); and Depot Point L-24 (140-175 °C), see 

Figure 16. Clumped isotope burial temperatures across Fosheim Peninsula are 10 to 25 ˚C 

greater than the average value for the vitrinite-derived maximum temperature ranges for similar 

Fosheim Peninsula locations, see Figure 17. This is likely due to the spar formation model 

ignoring potential reordering influence within micrite (if micrite is completely reordered, spar 

formation temperatures decrease by an average of 30 ˚C). Clumped isotope estimates from 

surface outcrops yielded temperature approximations that aligned reasonably well with vitrinite 

studies that required subsurface drilling. Clumped isotope and vitrinite temperature estimates for 

the Eureka Sound Group deposits agree within their respective uncertainty ranges. Both methods 

are likely effective techniques to estimate both burial temperatures and depths within the context 

of sedimentary basin analysis.  
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Figure 16. Δ47 burial temperature ranges and vitrinite-derived maximum burial temperature 
ranges across Fosheim Peninsula. On a north to south transect across Fosheim Peninsula, the 
vitrinite wells (purple diamonds) are Neil O-15 (immediately North of Fosheim Peninsula), 
Taleman J-34 (upper middle Fosheim Peninsula); Fosheim N-27 (lower middle Fosheim 
Peninsula); and Depot Point L-24 (immediately South of Fosheim Peninsula), vitrinite data from 
Arne et al. (2002). From north to south, the clumped isotope samples (teal circles) compared 
were Hot Weather Creek (HW; 145 °C), Mosquito Creek (Mos; 104 °C), Fosheim Anticline East 
(FAE; 171 °C), and Fosheim Anticline West (FAW; 170 °C). Clumped range includes model 
uncertainty.  
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Figure 17. Crossplot of vitrinite burial temperature averages by Δ47 burial temperatures for 
Fosheim Peninsula. Vitrinite wells are Neil O-15 (~120 °C), Taleman J-34 (~93 °C); Fosheim N-
27 (~158 °C); and Depot Point L-24 (~158 °C), vitrinite data from Arne et al. (2002). Compared 
clumped isotope samples were Hot Weather Creek (HW; 145 °C), Mosquito Creek (Mos; 104 
°C), Fosheim Anticline East (FAE; 171 °C), and Fosheim Anticline West (FAW; 170 °C). Error 
bars shows the -30 °C uncertainty of the spar formation model results.  
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5.4.4. Basin Dynamics and Cooling History  

The deposition of the ESG samples was followed by burial and substantial deformation 

from thrusting and folding in the eastern portion of the Sverdrup Basin through the Paleocene 

and Eocene (Embry & Beauchamp, 2008). Regional cooling patterns suggest that deposits 

located near major structures experienced more significant cooling during deformation, 

particularly in thrust fault hangingwalls and at locations like Fosheim Anticline (e.g., Arne et al., 

2002). The Δ47 temperature data suggests that following formation and burial of the carbonate 

samples, thrusting events and the tectonic inversion of the basin promoted greater denudation to 

overlying stratigraphy, which encouraged cooling of the deposits (e.g., Arne et al., 2002). The 

lowest temperatures for Microspar and Sparry samples correspond to near-fault locations 

(US444: Split Lake, US108: Hot Weather Creek, US435: Stenkul Fiord, US111: Fosheim 

Anticline W, US422: Strathcona Fiord, US196: Mosquito Creek). Fault-induced fracture 

networks likely allowed for enhanced surface fluid migration into the subsurface, further 

promoting cooling and resulting in crystallized spar with lower Δ47 temperatures (e.g., Hodson et 

al., 2016). Following the climax of deformation in the late Eocene, the Sverdrup Basin 

experienced additional uplift, returning the rocks containing the studied samples to the surface 

and halting deposition for the entire basin (Embry & Beauchamp, 2008). 
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6. CONCLUSIONS 

6.1. Data Summary 

The isotopic (δ13C, δ18O, Δ47) analyses of palustrine carbonates from Axel Heiberg and 

Ellesmere Islands expand on existing stratigraphic, paleontological, and thermal investigations of 

the Sverdrup Basin. δ13C isotope values range from -4.6 to +12.3‰ (VPDB), with carbon 

averages of 9.8‰ (Mic), 4.5‰ (Mic/MSp), 3.4‰ (MSp), 2.0‰ (Spar). δ18O isotope values range 

from -23.1 to -15.2‰ (VPDB), with oxygen averages of -17.2‰ (Mic), -17.8‰ (Mic/MSp), -

18.0‰ (MSp), -18.9‰ (Spar). Carbon and oxygen stable isotope averages decrease with greater 

visual evidence of diagenetic alteration. Clumped (Δ47) values were 0.505 to 0.621‰ (CDES), 

corresponding to temperatures of 52 to 121 °C, and modeled Eureka Sound Group burial 

temperatures spanned 104 to 171 °C. Isotopic values and carbonate fabrics indicate solid-state 

reordering during burial heating and diagenetic recrystallization of multiple samples.  

 

6.2. Concluding Overarching Research Questions  

Question 1: Is it possible to use the isotope geochemistry of rocks that have undergone burial 

and partial deformation to obtain reliable paleoclimate proxy data? 

It is possible to obtain useful paleoclimate information using isotope geochemistry on 

altered rocks. Stable isotopes, which are less sensitive to burial diagenesis than clumped 

isotopes, can still provide useful information about late Paleocene to middle Eocene precipitation 

in less-altered primary samples (Mic and Mic/MSp). Additionally, stable isotope composition of 

MSp and Spar samples can provide information about the composition of diagenetic fluids, as 

both stable isotope values decrease with increased diagenetic burial alteration. Decreases in δ13C 

composition display the switch from atmospheric CO2 composition influencing the δ13C in 
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primary micrite, to an influx of inorganic carbon sourced from burial fluids in the secondary 

spar. δ18O in primary micrite is consistent with other regional approximations of environmental 

water, and decreases are due to the temperature-dependent fractionation between calcite spar and 

hot burial fluids. Unlike the stable isotope record, sensitive clumped isotopes do not record 

surface temperature information, even in primary samples (Mic and Mic/MSp). Instead, Δ47 

values can be applied in models to obtain Eureka Sound Group burial temperatures that expand 

our understanding of the region’s diagenetic history. 

 

Question 2: What does the stable isotope data suggest about the climate on Ellesmere and Axel 

Heiberg Islands during the late Paleocene and early Eocene Epochs? 

This study provides insight into precipitation conditions from the late Paleocene to 

middle Eocene (approximately 59 to 45 Ma), adds to the currently limited data on polar 

terrestrial regions, and contributes to studies attempting to reconstruct latitudinal climate 

gradients from greenhouse periods. The oxygen isotope values obtained in this study are 

consistent with regional environmental water δ18O estimates, and carbon isotope values for 

micritic samples are significantly enriched. This isotopic data indicates that the samples were 

enriched through the dissolution-precipitation enrichment mechanism, with significant water 

influx from summer rain and exclusively winter carbonate precipitation. Repeated dissolution-

precipitation cycles along lake margins adequately explain the high carbon enrichment within the 

primary samples. Micrite in the analyzed samples built up along lake margins with seasonal sub-

aerial exposure, and thus having dissolution-precipitation enrichment aligns with knowledge of 

the samples’ depositional environments. This exposure history makes atmospheric CO2 the 

primary influence on the δ13C composition, and it strongly suggests Arctic monsoonal conditions 
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sometime during the late Paleocene to middle Eocene. The findings of this study support 

paleontological estimates of high summer rainfall, but also support the controversial Arctic 

monsoonal climate hypothesis by suggesting dry winters. As a result, it is necessary for future 

work to analyze a well-dated and precisely mapped section of Arctic samples at multiple 

intervals through the stratigraphic section, to obtain a high-resolution record of precipitation 

changes through time. 

 

Question 3: Is it possible to apply clumped isotope temperature data in models to derive burial 

temperatures and geologic information about the Sverdrup Basin?  

The studied samples preserve the diagenetic history of events associated with the Eurekan 

Orogeny. Eocene regional burial and uplift events are observed within the Sverdrup Basin 

samples across both Axel Heiberg Island and Ellesmere Island. The burial signal is preserved by 

hot and reordered temperatures (visible in primary samples), and burial and uplift events were 

modeled to obtain reordering maximum burial temperatures. Spar formation temperatures reflect 

similarly high burial temperatures, but also display variations in cooling between locations. Rock 

fracture and joint networks facilitated the migration of cooler surface fluids into the subsurface, 

resulting in lower Δ47 temperature for Microspar and Sparry samples near faults. Lower burial 

temperatures are associated with faults and large-scale structural denudation following tectonic 

inversion of the Sverdrup Basin, which agrees with other regional thermal studies.  

Previous thermal history investigations of the Sverdrup Basin have been conducted for oil 

and gas prospecting, as thermal maturity is used to approximate the hydrocarbon potential of 

source rock. In this study, clumped isotope values were used to obtain burial temperatures for 

Eureka Sound Group deposits and increase understanding of tectonic events occurring in the 
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Sverdrup Basin. Δ47 -derived maximum burial temperatures reasonably agree with vitrinite 

derived maximum temperatures for Tertiary-aged well samples and patterns of high and low 

thermal maturity in other investigations (e.g., Arne et al., 2002; Bustin, 1986; Stewart et al 1992; 

Dewing & Sanei, 2009). Therefore, clumped isotope temperature examinations may provide an 

effective thermal maturity method for remote and unexplored locations that could potentially 

complement apatite fission track thermochronometry and vitrinite reflectance studies. 
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APPENDIX A. Clumped Isotope Reordering Model  

Clumped Isotope Reordering Model Code and Parameters: 
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Appendix A 

Model simulation results for Optical Calcite plotted against Labile Spar to compare 

maximum burial temperatures. The parameters kref (rate constant for calcites at a predetermined 

Tref), Tref (reference temperature), Ea (activation energy using Arrhenius parameter for C-O 

reordering) change based on the material (Optical or Labile). US119 is Buchanan Lake (45 Ma), 

US438 is Stenkul Fiord (56 Ma), US 261 is Lake Hazen (56 Ma), and US191 is Fosheim 

Anticline (56 Ma).  
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Appendix A 
 

Sample temperature paths used to model realistic burial and uplift events: 
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APPENDIX B. Listed Data Output 

Sample Name Subsample Carbon (VPDB) Oxygen (VPDB) D47 CDES (Final) Lab Location 

US119 I 2.4524 -19.4811 0.661 NC 

US119 I 2.4395 -19.1407 0.606 NC 

US119 II 2.69 -18.31 X NC 

US119 II 2.68 -18.25 X NC 

US119 II 2.68 -17.85  NC 

US119 III 2.91  0.5612 UW 

US119 III 3.26  0.58732 UW 

US444 I 4.6587 -23.3867 0.6 NC 

US444 I 4.6759 -23.3832 0.681 NC 

US444 II 4.88 -22.98 X NC 

US444 II 4.79 -22.73  NC 

US444 III 5.09  0.54214 UW 

US444 III 5.07  0.57108 UW 

US107 I 2.2715 -16.6122 0.546 NC 

US107 I 2.2229 -16.4777 0.578 NC 

US107 II 2.59 -16.78 X NC 

US107 II 2.78 -17.29 X NC 

US107 II 2.76 -17.15  NC 

US107 III 2.58  0.51483 UW 

US107 III 2.99  0.47881 UW 

US108 I 2.894 -17.2516 0.48308 NC 

US108 I 2.8842 -17.2869 0.45631 NC 

US108 II 3.07 -17.37 X NC 

US108 II 3.06 -17.2  NC 

US108 II 3.16 -17.47  NC 

US108 II 3.14 -17.31  NC 

US108 III 3.35  0.644 UW 

US108 III 3.08  0.605 UW 

US108 III 3.25  0.601 UW 

US435 I 7.611 -18.2895 0.613 NC 

US435 I 7.6151 -18.2984 0.564 NC 

US435 II 7.86 -17.96 X NC 

US435 II 7.86 -17.8 X NC 

US435 II 7.83 -17.98 X NC 

US435 III 8.67  0.52459 UW 

US435 III 8.2  0.56549 UW 

US435 III 7.97   UW 

US436 I 4.39 -17.87 0.531 NC 
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Appendix B (continued) 
 

Sample Name Subsample Carbon (VPDB) Oxygen (VPDB) D47 CDES (Final) Lab Location 

US436 I 4.51 -17.9977 0.584 NC 

US436 II 4.38 -16.27 X NC 

US436 II 4.41 -16.43  NC 

US436 III 7.3362  0.52649 UW 

US436 III 7.4776  0.52571 UW 

US438 I 6.4079 -17.3414 0.563 NC 

US438 I 6.4614 -17.2942 0.696 NC 

US438 I 6.3746 -17.4073 X NC 

US438 II 6.15 -16.78 0.637 NC 

US438 II 6.08 -16.5 0.633 NC 

US438 III 6.29  0.51738 UW 

US438 III 6.45  0.56533 UW 

US438 III 6.15  0.5635 UW 

US438 III 6.41   UW 

US261 I 12.366 -15.754 0.73 NC 

US261 I 12.3621 -15.7142 X NC 

US261 I 12.4456 -15.7045  NC 

US261 II 12.53 -15.49 X NC 

US261 III 12.59  0.60591 UW 

US261 III 11.8  0.56087 UW 

US261 III 12.17  0.58806 UW 

US191 I 7.4362 -18.6469 0.693 NC 

US191 I 7.2785 -18.8369 0.596 NC 

US191 I 7.2839 -18.5651 X NC 

US191 II 7.32 -18.88 X NC 

US191 II 7.23 -18.77 X NC 

US191 III 7.27  0.53308 UW 

US191 III 7.67  0.57476 UW 

US191 III 6.32  0.55042 UW 

US111 I 3.1094 -17.7448 0.594 NC 

US111 I 3.0921 -17.5656 0.601 NC 

US111 II 2.19 -16.29 0.584 NC 

US111 II 2.67 -17.25 X NC 

US111 II 2.65 -17.03  NC 

US111 III 2.34  0.5045 UW 

US111 III 2.71  0.49147 UW 

US251 I 1.2304 -19.6212 0.586 NC 

US251 I 1.2057 -19.6044 0.538 NC 

 



  90 

 

Appendix B (continued) 
 

Sample Name Subsample Carbon (VPDB) Oxygen (VPDB) D47 CDES (Final) Lab Location 

US251 II 1.59 -19.52 X NC 

US251 II 1.52 -18.68 X NC 

US251 III 1.72  0.4582 UW 

US251 III 1.57  0.43818 UW 

US422 I 2.0215 -15.4511 0.538 NC 

US422 I 2.048 -15.5798 0.59 NC 

US422 II 2.22 -15.49 0.627 NC 

US422 II 2.13 -14.31 0.629 NC 

US422 III 1.99  0.49843 UW 

US422 III 2.1  0.53562 UW 

US422 III 2.06  X UW 

US422 III 2.12   UW 

US196 I 2.3389 -19.7629 0.656 NC 

US196 I 2.3543 -19.9176 0.661 NC 

US196 II 2.46 -19.26 0.675 NC 

US196 II 2.47 -19.37 X NC 

US196 II 2.41 -19.17  NC 

US196 II 2.35 -18.5  NC 

US196 III 2.59  0.54175 UW 

US196 III 2.53  0.55725 UW 

US196 III 2.55   UW 

US176 I -4.3533 -18.5932  NC 

US176 I -4.1472 -18.8876  NC 

US176 II X X X NC 

US176 III -5.01 -21.55 0.52515 UW 

US176 III -4.72 -22.26 0.52492 UW 

 


