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Abstract

The Arctic is experiencing warming and ecological shifts due to climate change and 

the compounded effects of polar amplification. There is a deficit of information surrounding 

the carbon cycle response in Arctic Alaskan coastal marsh environments to these forces. 

The Cape Espenberg barrier beach system has been mostly preserved through time as a 

shoreline-parallel, linear geometry prograding geomorphic feature. This study determines 

the Arctic carbon and mineral accumulation trends in marsh environments at Cape Espen- 

berg for both paleo (pre 1850 AD) and modern (post 1850 AD) timeframes. This pro ject 

makes connections between the responses of carbon and mineral materials to paleo and mod

ern climate changes, and how this relationship may have evolved through time. Analytical 

analyses through radioisotope 137 Cs and 210 Pb, 14 C, stable isotope spectrometry (δ 13 C), el

emental (%C, %N, C:N), and dry bulk density and carbon density measurements yield a 

comprehensive physical and chemical dataset. Radioisotope dating techniques in the Arctic 

have proved challenging due to the dynamism of the environment. However, the combina

tion of Constant Rate of Supply and Constant Initial Concentration age depth models has 

helped constrain ages to sediment cores even under variable conditions. Results indicate car

bon and mineral accumulations have increased from paleo to modern times which indicates 

better growing and/or preservation conditions for organic matter (OM) under a modern cli

mate. This agrees well with paleoclimate trends in the Medieval Climate Anomaly (MCA), 

and warm periods interspersed within the Little Ice Age (LIA), which correlate to greater 

productivity of terrestrial organic matter and isotopically lighter δ13 C values (a terrestrial 

signature). Cold climate periods within the Little Ice Age correlate with increased aquatic 

organic matter sourcing and heavier δ13 C values. Modern warming will likely continue to 

drive carbon sourcing towards terrestrial signatures as future temperatures are predicted to 

rise with global climate change. If the swale environments at Cape Espenberg can maintain 

ideal growing conditions (i.e. wet/anoxic soils and lower salinity to limit organic material 
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decay, higher temperatures to promote growth) then Cape Espenberg will likely remain a 

viable carbon reservoir in the future. However, the question of whether the barrier system as 

a whole will continue to prograde under a regime of rising sea levels and increased storm im

pacts is unclear. The results of this study contribute towards understanding the dynamism 

of Arctic coastline mineral and carbon cycling and their ecological response to the current 

warming climate.
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1 INTRODUCTION

1.1 Study Intention

Recent warming in the Arctic has resulted in significant changes to coastal environ

ments including coastal erosion, decreased sea ice duration and extent, and warming per

mafrost (Farquharson et al., 2018). Atmospheric carbon dioxide has increased 40% since 

1750 (IPCC , 2014), and significantly contributed to atmospheric warming (Ward , 2020). 

Vegetated coastal environments (seagrasses, mangroves, and salt marshes) hold large stores 

of pedologic and biotic carbon by removing C O2 from the atmosphere during photosynthe

sis (Chmura et al., 2003; Ward , 2020). The ability of wetlands to sequester carbon will 

be impacted by climate change (increasing or decreasing storage) which will determine if a 

wetland is a source or sink for atmospheric carbon (Chmura et al., 2003; Bianchi et al., 2013; 

Osland et al., 2016; Ward , 2020). Society's ability to understand, plan, and mitigate these 

changes has been hindered due to a paucity of information regarding the geomorphic and 

ecological responses of Arctic coastal marsh environments to a warming climate (Ford and 

Pearce , 2009; Wassmann et al., 2010; Seifollahi-Aghmiuni et al., 2019). This is significant 

because wetlands cover vast areas in Alaska and the sensitivity of these ecotypes to climate 

change needs to be constrained. Wetland extent in Alaska was studied by Hall et al., (1994), 

and although this study is nearly 30 years old, it is one of the few wetland surveys con

ducted in the region (Hall et al., 1994). It was estimated that the total wetland extent for 

Alaska is 174,683,900 acres; excluding interior regions, the estimated coastal wetland extent 

is 2,190,600 acres (Hal l et al., 1994). The current lack of literature on the geomorphic and 

ecological responses of these wetlands to changes in climate is a major deficit in scientific 

knowledge that is increasingly needed in the face of rapid global climate change. To ad

dress this gap in knowledge, this thesis aims, by studying the sedimentation regime at Cape 

Espenberg, located in Northwestern Alaska, to answer this question:
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“Have the carbon and mineral accumulation rates in the coastal wetlands of Cape Espen- 

berg changed over time in response to climate change and the variability of storm impacts?”

This is a quantitative study that aims to answer the above research question by testing 

the following hypothesis: carbon and mineral accumulation rates within the coastal marsh 

environments of Cape Espenberg increase during warmer climate periods. This increase in 

organic activity could be due to longer growing seasons (warmer temperatures, shorter and 

milder winters) and greater availability of carbon dioxide to fuel organic growth. Addition

ally, warmer air temperatures and longer growing seasons have the potential to increase peat 

and organic accumulation, if other growth limiting factors like permafrost thaw don't neg

atively impact the water necessary for peat formation (e.g. wetland draining; Genet et al., 

2013). Alternatively, a decrease in organics could be attributed to increased storm flooding 

and salinization, mineral deposition, and decomposition or erosion. Additionally, northern 

and western Alaskan coastlines are becoming less protected by sea ice and more suscepti

ble to wave action, storm surge, and thermo-mechanical erosion of permafrost (Holt et al., 

2016; Farquharson et al., 2018; Jones et al., 2018). Increased erosion (sediment transport) 

associated with warmer periods can lead to increased deposition in low energy areas, build

ing up sediment deposits. Note that in this study the terms marsh and wetland are used 

interchangeably.

Cape Espenberg (Figure 1.1) is a sand spit and barrier beach system that has experi

enced little-to-no interference in the sedimentation record from tectonic or glacial eustatic 

sea-level change during the late Holocene (Jordan and Mason , 1999). Peat deposits at Cape 

Espenberg are formed on land that is saturated, typically in swales between the many shore

parallel ridges along the sand-spit. Marine sands are transported along the coastline from 

waves and currents and moved landward by wind, waves, and storm surge. There have been 

several geomorphic evolution studies (e.g. Mason , 1990; Mason et al., 1991; Mason and 

Jordan , 1993; Mason et al., 1997; Jordan and Mason , 1999) on Cape Espenberg. However, 

there is a paucity of data and published work that use radioisotopes to date and model the 
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upper peat stratigraphy of marsh sediment cores from Cape Espenberg to determine the 

variability of carbon storage and burial responses to climate change through time. Litera

ture is also sparse surrounding Cape Espenberg's sedimentation and carbon records during 

prehistoric and protohistoric climatic events that include: The Medieval Climate Anomaly 

(MCA, prehistoric), and Little Ice Age (LIA, protohistoric). This research will provide novel 

analysis of the sedimentation and carbon storage and burial response to a warming climate 

on Cape Espenberg, using a variety of datasets and age-depth modeling techniques (e.g. 

radioisotopes 210 Pb, 137 Cs, and 14 C). This study will advance our understanding of sedi

mentary organic carbon storage, isotope source changes through time, and can be combined 

with previous archaeology (e.g. horizontal stratigraphy of house depressions: Darwent et al., 

2013) and other research (e.g. paleo storm reconstructions: Mason et al., 2020) to produce 

new insights into how these environments have responded to variations in storm and climate 

regimes through time due to climate forcing events. This research could also be used as an 

analogue for other similar Arctic coastal settings, and provide useful insights into coastal 

geomorphic and ecological evolution in northwestern Alaska.

1.2 Research Questions & Ob jectives

1.2.1 Research Questions

This research pro ject developed from many questions, all of which stem from the overall 

research question: Have the carbon and mineral accumulation rates changed at Cape Espen- 

berg in response to a warming Arctic? What are mineral and carbon sedimentation rates in 

marsh swales at Cape Espenberg? How do organic accumulation rates change from colder 

stable climatic conditions to warmer dynamic conditions? What are the characteristics of 

the paleoclimate on Cape Espenberg, and how are they different from modern conditions? 

What effect do storm events have on the sedimentation and carbon accumulation at the 

Cape? What future predictions for the sedimentation and carbon accumulation at Cape 

Espenberg can be made using this research? To begin to answer some of these questions, 
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the overarching goal of this research is to analyze 14 sediment cores from Cape Espenberg to 

understand the dynamism of sediment and carbon burial and storage in Arctic coastal marsh 

systems in response to climatic change. To address this goal the below three main ob jectives 

will be carried out.

1.2.2 Ob jectives

1. Determine the carbon and mineral content and physical characteristics of coastal marsh 

sediments. Analytical techniques for this ob jective include: core logging and measurement 

of Dry Bulk Density (DBD), as well as elemental analyses such as %C, %N, and stable 

C isotope spectrometry. This objective will allow for comparisons to be made about the 

differences and similarities among the selected 14 cores.

2. Process and analyze sediment samples to develop age-depth models and calculate sed

iment accumulation rates in paleo (pre 1850 AD) and modern (post 1850 AD) sediments. 

Analysis techniques for this objective included: 210 Pb and 137 Cs gamma spectroscopy and 

radiocarbon dating techniques and the use of nonlinear Bayesian Constant Rate of Supply 

(CRS) models and linear Constant Initial Concentration (CIC) modeling. This ob jective will 

result in dated accumulation rates for each core and help to fill gaps in knowledge surround

ing carbon storage and sedimentation in the Arctic wetland environment. These data will 

be used to compare changes in accumulation rates through time (from paleo to modern) for 

this environment both spatially (horizontally) across the spit (e.g. oldest swale is landward 

vs youngest swale is seaward due to the progradation of swales), and vertically through each 

sediment core (e.g. bottom sediments are oldest vs surface sediments are youngest) which 

will be used to create a comprehensive sedimentation and carbon storage rate history.

3. Compare the rates of sediment accretion and carbon burial across cores (paleo and 

modern) with preexisting Arctic climate and storm proxy data to determine possible corre

lations between sediment deposition patterns and climate/storm forcing events. Analytical 

techniques for this objective include: linking proxy results to age-depth models and assess
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ing changes in physical and chemical characteristics through time (DBD, %C, stable isotope 

data). These data will be compared to existing Arctic climate proxy datasets (tree-ring 

width chronologies; D'Arrigo et al., 2005) to identify any responses of carbon and sediment 

materials to climatic forcing events like the MCA and LIA. This has the potential to provide 

insights into possible future responses to global warming

1.3 Study Site

Cape Espenberg is located on the northern tip of the Seward Peninsula in Northwest 

Alaska (Figure 1.1). The barrier beach complex sits on the Arctic Circle and is located on 

the eastern coast of the Chukchi Sea within the semi-sheltered Kotzebue Sound. The study 

site encompasses the area of the Cape at the easternmost tip (~ 2 km wide) of the barrier 

beach system (Figure 1.1). Cores were collected at this location by Bigelow from 2009 to 

2011 and Maio and Bigelow in 2016 and 2017. A total of 14 cores were selected for analysis 

based on their geographic location along the sand spit and availability of existing data (Table 

3.2).

Cape Espenberg has been continuously prograding seaward for approximately the last 

5,000 years (Mason, 1990; Jordan and Mason, 1999; Mason et al., 2020), providing a system 

that is uniquely situated to preserve a record of environmental change (Jordan and Ma

son, 1999). Cape Espenberg is part of the Bering Land Bridge National Preserve, which 

encompasses 2.7 million acres (NPS, 2015) in the Northwest section of the Seward Penin

sula (Willingham, 2018), and is a part of the National Parks System (Willingham, 2018). 

Cape Espenberg and the Bering Strait area have a rich Indigenous prehistory as the area 

was once the Bering land bridge (spanning ~ 1600 km) during the last glacial maximum 

leading to the migration of early humans between Asia and the North American continent 

prior to the flooding of the land bridge approximately 12,000 years ago (Willingham, 2018). 

There have been several studies conducted at Cape Espenberg covering a subject range of 

geomorphic to archaeological research (e.g. Mason et al., 1991; Mason and Jordan, 1993; 
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Mason et al., 1997; Urban et al., 2016; Bogardus et al., 2020; Mason et al., 2020). Cape 

Espenberg has been inhabited intermittently for the last 4,500 years up to the 20th century 

(Giddings, 1967; Giddings and Anderson, 1986; Schaaf , 1988; Harritt , 1994; Urban et al., 

2016; Norman et al., 2017). Pioneering archaeological research at Cape Espenberg was con

ducted by James Louis Giddings when he established the presence of Denbigh Arctic Small 

Tool tradition (ASTt) artifacts (Giddings , 1967; Farquharson et al., 2019). The western 

and northern Alaskan coastlines are associated with the house depressions and artifacts of 

the Ipiutak, Birnirk, Punuk and Thule cultures, with evidence of the Ipiutak, Birnirk, and 

Thule people occupying the area in and around Cape Espenberg (Tremayne , 2015; Brown 

et al., 2021). One study by Darwent et al. (2013) examined the southernmost terminus (1 

km2) of the spit and identified 11 episodes of beach-ridge/dune formation over the last 1200 

years. The Thule-Inupiaq people built semi-underground winter houses, progressing seaward 

with the progradation of the cape as each ridge was formed, supporting a total of 177 house 

depressions with the oldest house depressions and ridges on the landward side grading to the 

youngest house depressions and ridges on the seaward side (Darwent et al., 2013; Norman 

et al., 2017). Other prominent researchers include David Hopkins (Hopkins , 1949; Hopkins 

et al., 1982), Owen Mason (Mason, 1990; Mason et al., 1997; Mason et al., 2020), James 

Jordan (Jordan and Mason, 1999; Jordan and Mason, 2002; Jordan and Krumhardt , 2003), 

and Claire Alix (Alix , 2005; Norman et al., 2017). From Jordan and Mason's early work 

(Mason et al., 1991; Mason and Jordan , 1993; Mason et al., 1997; Jordan and Mason , 1999), 

we know that the sediments at the northern end of Cape Espenberg are geologically young 

dating to the late Holocene. Mason et al. (1997), classified the barrier complex into four 

main depositional units (I, II, III, and IV; Figure 1.2). These units will be utilized in this 

thesis. Unit I was formed between BC cal. 3784 to BC cal. 1691 during a period of rapid 

progradation, and consists of the most landward beach ridges oriented
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Figure 1.1: Sediment cores (red dots) run along a general landward to seaward transect. 
Upper right insert shows study site in relation to Alaska, dashed line denotes the position 
of the Arctic Circle. The red star in upper left insert shows the location of study site on the 
north tip of the Seward peninsula. The bottom insert is a landward to seaward elevation 
profile. The areas between shore parallel linear ridges (lighter features) are occupied by 
swales (darker areas), wetlands and lakes.
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15 °SE and wider in the west than the east (Mason et al., 1997). Unit II (150 m wide) formed 

BC cal. 1574 to AD cal. 357 and consists of the Older Choris & Norton Dunes and trends 10 

°NE (Mason et al., 1997). Unit II was also characterized by a period of increased storminess 

that contributed to the dune and beach ridge formation (Mason et al., 2020). Unit III (>1.2 

km wide) formed during AD cal. 357 to AD cal. 829 as a series of rapid progradation of low 

ridges and swales likely in relation to a more quiescent period in storm impacts (Mason et al., 

1997). Unit IV formed from AD cal. 829 to present-day and consists of the Thule dunes and 

erosional features (blowouts and scarps) from storm surges and increased storminess (Mason 

et al., 1997). The oldest sediments correspond to Unit I, which date up to 5000 yr BP 

(Jordan and Mason , 1999) while the other units date progressively younger up to present 

day with Unit IV being the youngest (II >III >IV) as defined by Mason et al. (1997) (Figure 

1.2).

Cape Espenberg has remained stable through the late Holocene due to factors which 

include: abundant sediment supply into the system and stable sea-levels (Mason et al., 

1997). The Yukon River is a ma jor source of sediment for Cape Espenberg as results of 

annual sediment flux of suspended sediment for the Yukon River Delta range from 54 Mt 

(Brabets et al., 2000) to 68 Mt (Dornblaser and Striegl , 2009) across multiple studies. Some of 

these abundant sediments are transported northward by the Alaska Coastal Water current 

and then northeast by longshore current along the Seward Peninsula (Alix , 2005). This 

provided the sediment necessary to prograde Cape Espenberg under stable late Holocene 

sea-levels which during that time, were generally estimated to be rising at approximately 

0.27 mm/yr, based on a rise in mean eustatic sea-level ~ 1.5 m (Jordan and Mason, 2002). 

The continued progradation at Cape Espenberg, however, is questionable in the face of 

modern rapid sea-level rise. It is unknown if Cape Espenberg will remain stable or erode 

under these changing conditions. No modern-day relative sea-level rise (RSLR) rates have 

been calculated for Cape Espenberg, but global mean sea-level trends combined with regional 

tide gauge stations can be used as an approximation. Global mean sea-level has increased
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Figure 1.2: The four main stratigraphic units of Cape Espenberg progradation through time 
in radiocarbon ages (from Mason et al., 1997). Units are formed under unique storm and 
wave climates that drive the geomorphology of landforms within the unit. Dashed line shows 
the shoreline of unit IV superimposed on units I, II, and III, to show its changes through 
time. Arrows in Unit I, and II denote an inlet which heals in units III, and IV.
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approximately 21 to 24 cm since 1880, with an average rate of 1.4 mm/yr for the early 20th 

century, and then increasing to 3.6 mm/yr from 2006 to 2015 (Church and White , 2011; 

Lindsey , 2020). Tide gauge data at Nome, AK, located 151 miles to the south of the study 

site documents a 3.89 mm/yr rise with a 95% confidence interval of ± 2.7 mm/yr from the 

period between 1992-2020 (NOAA, 2021). This represents a rapid increase in the rate of 

RSLR in northwest Alaska over the stability of the late Holocene.

1.4 Background: Climate Change in the Arctic

Climate change is one of the most prominent issues facing ecological systems and society 

around the globe (Weart, 1997; Serreze and Barry, 2011; IPCC , 2014; Holt et al., 2016; 

Portner et al., 2019). It is essential to understand past climate change impacts in order to 

assess, plan for, and mitigate these changes in the future. According to the Intergovernmental 

Panel on Climate Change (IPCC), climate change is defined as changes in climate over time 

due to natural or human forces (Portner et al., 2019). Climate change has disproportionate 

effects on the polar regions due to a process called polar amplification in which the Arctic 

climate is warming more rapidly compared to mid-latitude regions i.e. mean annual Arctic 

warming is approximately 1.9 times that of the global mean warming (Serreze and Barry , 

2011). Many different variables drive polar amplification, one of which is the decrease in 

annual and permanent sea-ice extent, resulting in a decrease of the Earth's albedo. Albedo 

represents how much solar radiation is reflected off of a surface and back into the atmosphere 

or space, versus absorbed into the system (Serreze and Barry , 2011; Portner et al., 2019). 

Lighter colored materials have higher albedo levels (e.g. snow and sea-ice), while darker 

colored materials have lower albedo levels (e.g. open ocean). Thus, sea ice has a high albedo 

while open seas have lower albedo which absorbs solar radiation creating a warming effect. 

As warming impacts Arctic tundra, another observed albedo effect is the migration of shrubs 

into the tundra ecosystem (e.g., Myers-Smith et al., 2015). The increase of deciduous shrub 

vegetation like willow and alder, reduces albedo in winter and summer, which impacts the 

10



local permafrost, carbon, water, and energy balances (Tape et al., 2006; Myers-Smith et al., 

2015). Overall, the decreases in albedo levels due to loss of sea ice and changing vegetation 

form a positive feedback loop that reinforces the atmosphere's warming trend. A main 

cause for global warming is the greenhouse effect which occurs when concentrations of gasses 

like carbon dioxide (CO2) and methane (CH4) trap heat in the atmosphere in the form of 

infrared radiation (Weart, 1997). The greenhouse effect might be a natural phenomenon, 

however, the rate at which carbon dioxide in the global atmospheric concentration records 

been increasing since measurements began in 1958 at the Mauna Loa Observatory, Hawaii 

(i.e. Tans and Keeling , 2020), suggests it is human driven (Figure 1.3).

Since then, an expanded series of global stations have collected C O2, CH4, and other 

greenhouse gas concentrations to produce and calculate global greenhouse gas trends. The 

closest station to Cape Espenberg is located at Utqiagvik, Alaska and was founded in 1973 

(Peterson et al., 1981). Carbon dioxide data from Utqiagvik shows a larger range of C O2 

levels due to the seasonal flux between summer and winter months but with averaged levels 

of 1.2 to 2.5 p.p.m/yr higher in Utqiagvik than in Mauna Loa (Peterson et al., 1981). 

Possibilities for the difference may be due to Utqiagvik having additional inputs like local 

natural or anthropogenic contamination, or atmospheric circulation changes (Peterson et al., 

1981). Based on the relative proximity of Utqiagvik to Cape Espenberg the potential for 

similar occurrences in CO2 levels and the wider range in seasonal flux (compared to Mauna 

Loa) at Cape Espenberg is possible.

Climate change also affects different parts of Alaska at varying rates. The North Slope 

and Northeast Interior regions of Alaska are experiencing higher rates of warming compared 

to the rest of the state (Bieniek et al., 2014; Figure 1.4). The North Slope and northeastern 

sections have experienced continuous warming trends from 1920-2012, while Cape Espenberg 

in the northwest section experienced warming from 1920-1980 and then cooling from 1981

2012 (Bieniek et al., 2014) . The trends agree with possible influences frompolar amplification 

and inner-continental weather patterns (Bieniek et al., 2014). Additionally, the unequal
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Figure 1.3: Monthly mean Atmospheric CO2 at Mauna Loa Observatory from 1958 to 2020 
(From NOAA Global Monitoring Laboratory; Tans and Keeling , 2020). The oscillating red 
line is the monthly mean air C O2 levels, and varies due to seasonal vegetation changes. The 
black line represents the monthly mean values after they have been adjusted for the average 
seasonal vegetation cycle.
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warming of Alaska is thought to be due in part to changes in ocean circulation associated 

with the Arctic Oscillation, North Atlantic Oscillation, Pacific Decadal Oscillation, El Nino- 

Southern Oscillation, and the Pacific North American Teleconnection (Chapin et al., 2005). 

Based on these data, it is possible that ocean circulation patterns could cause western Alaska 

and Cape Espenberg to experience a period of cooling from 1981-2012, while the North Slope 

and Northeast Interior regions experienced warming. Cape Espenberg overall (from 1920

2012) exhibits a warming trend of 1.0 °C, while the North Slope trends at 1.6 °C (Bieniek 

et al., 2014). Permafrost on the northern and western coasts is eroding at alarming rates due 

to these increased temperatures in conjunction with decreased sea-ice which has historically 

buffered the coastlines from storm and wave action (Farquharson et al., 2018). Satellite 

observations beginning in 1979 show approximately 13% per decade decrease in sea-ice extent 

of the Arctic (www.nsidc.org), and a decrease in duration of land-fast ice of the Chukchi Sea 

by one week per decade (Chapin et al., 2005; Mahoney et al., 2014). This increases the 

chances that fall storms will reach land before the land-fast ice can form its protective 

barrier along the coastlines (Forbes et al., 2010; Bogardus et al., 2020). Storm events during 

these more vulnerable times can dramatically influence the geomorphology of Arctic coastal 

regions (Mason et al., 1996; Barnhart et al., 2014; Bogardus et al., 2020).

Coastal permafrost is also a key influence on geomorphic processes over time. Thawing 

permafrost can destabilize Arctic coastlines and lead to increased erosion along ice-rich 

bluffs, with possible enrichment of sediment supply to barrier islands and beaches, spits, 

and foredunes (Jones et al., 2009; Jones et al., 2018). According to Panda et al. (2016), 

mean annual ground temperatures are projected to rise 3 °C by 2050 at the Bering Land 

Bridge National Park and Preserve (BELA), which encompasses Cape Espenberg. The 

combined effects of albedo, greenhouse gases, permafrost thaw, and decreased sea ice extent 

will likely continue to change with the climate of the Arctic, and affect the carbon and 

mineral accumulation and ecological environments of Cape Espenberg.
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Figure 1.4: Gold star denotes location of Cape Espenberg. Historic and regional mean annual 
temperature anomalies for Alaska divided into regional sections based on science station 
measurement density and locations (after Bieniek et al., 2014). The average temperature for 
each time range is shown in the upper right corner of each panel. The severity of change in 
mean annual temperatures over time correlates to the vibrancy of the color. Regions that 
have experienced the most warming over the study period (1920-2012) are the North Slope 
and Northeastern Interior followed by the West coast and Cook Inlet regions.
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This study is additionally trying to understand how these sediments may have responded 

to past climate forcing events like the Medieval Climate Anomaly (MCA) (1000-1300 AD), 

and the Little Ice Age (LIA) (1600-1850 AD) with additional cold periods before and after 

the LIA ( 1400s to1600s and 1800s to 1990s) (D'Arrigo et al., 2005; Figure 4.5). The time 

between the 1600s and 1990s AD also showed sporadic warm periods (D'Arrigo et al., 2005; 

Figure 4.5).

The timing of the end of the LIA is hard to define, but for this project it was deter

mined by maximum glacial activity during the Dalton solar minimum in the 18th century 

which was followed by glacial retreat moving into the 1900s (Barclay et al., 2003; Wiles 

et al., 2004; Wiles et al., 2008). The main drivers for the MCA and LIA climate anomalies 

globally, and regionally in Alaska include changes in sun-spot cycles/solar irradiance levels 

(Steinhilber and Beer, 2011), solar radiation-reducing volcanic events ( C rowley and Lowe ry , 

2000; D'Arrigo et al., 2004), and regional ocean-atmosphere circulation changes (Bradley 

et al., 2003; D'Arrigo et al., 2004). The reconstructed timing of the MCA and LIA varies 

regionally in Alaska, more localized paleoclimate reconstructions can narrow down the tim

ing of the MCA and LIA in Northwestern Alaska. One such paleoclimate reconstruction is 

based on northwestern Alaska white spruce composite tree-ring width chronologies, which 

are valuable paleo-temperature records for the North Pacific and western Arctic regions and 

will be used as the main source for determining the timing of the MCA and LIA at Cape 

Espenberg (D'Arrigo et al., 2005).

2 METHODS

2.1 Introduction

This section provides the specific methods used to accomplish each objective and the 

instruments and techniques that have been used to perform the different analyses. Across 

this seaward to landward transect of 14 sediment cores (56-117 cmin length) modern to paleo 

depositional environments were deciphered to understand changes in accumulation rates as 
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related to climate fluctuations and variations in active storm periods. The cores' general 

stratigraphy is from sands at the lowest depths, upwards to peat (sometimes intermixed with 

sand horizons), and then to surface organic matter. Radiocarbon (a long-lived radioisotope) 

samples were taken at the peat-sand transition or organic rich horizons within the sands, 

and upwards towards the surface. Short-lived radioisotope samples were taken, for 210Pb and 

137Cs, from the upper 15-30 cm of peat from each core. All radioisotope (short-and long- 

lived) results were used within linear modeling using Microsoft Excel or Bayesian statistical 

age-depth modeling in R software with programs rbacon and rplum (Blaauw and Christen, 

2011; Aquino-Lopez et al., 2018), to create age-depth models which calculated historic and 

modern accumulation rates.

2.2 Coring Methods & Sediment Core Logs

2.2.1 Coring Methods

Sediment cores from Cape Espenberg were collected during the field season of 2009, 2010, 

2016, and 2017 with a 3 inch modified SIPRE auger modeled after Hughes and Terasmae 

(1963), and a hammer corer (Hughes and Terasmae, 1963). The method of coring depended 

on the location and presence of permafrost, with the SIPRE auger required for areas un

derlain by permafrost, and the hammer corer on unfrozen sediments. The diameter of the 

hammer corer was 3 inches. The cores were contained in 3 inch sediment tubes (PVC for 

SIPRE cores and aluminum for hammer cores), and shipped to the University of Alaska 

Fairbanks. Cores were split lengthwise and stratigraphic facies and special features (e.g. 

wood fragments, grain size changes, color changes, macrofossils, etc.), were drawn and core 

logged in the corresponding Arctic Coastal Geoscience Lab (ACGL) field book. Cores were 

then wrapped with clingfilm and sealed in plastic D-tubes and stored in refrigerators kept 

at 40 °F.
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2.2.2 Sediment Core Logs

Core logs were created by visually and physically appraising the sedimentology. The 

peat structure was examined for the presence of variations in color, texture, and organic 

composition. The presence of macro fossils (roots, wood fragments, seeds), or mineral hori

zons (sand and/or silt) within peat deposits were also noted. Within sand deposits, special 

features such as bedding/layering, dark organic layers, wood fragments, shells, variations in 

color, and grain size were noted. All boundaries and changes in stratigraphy were recorded 

in the corresponding field book, with a detailed description and sketch. The sketch and de

scription were then used to create digital core logs using Adobe Illustrator-64 and universal 

symbology (adapted from U.S.G.S., 2006 FGDC Digital Cartographic Standard) for each 

stratigraphic unit among all sediment cores (Figure 2.1).

2.3 Analytical Techniques

2.3.1 Radiocarbon

Radiocarbon (14 C) has a half-life of approximately 5,700 years and can be used to date 

materials up to 50,000 years old (Marra , 2019). Raw (uncalibrated) radiocarbon ages are 

reported in 14 C years before 1950.

A total of 31 radiocarbon dates have been produced for this pro ject, however only 27 

radiocarbon dates were used in the generation of results (i.e. age-depth modeling) as some 

dates were anomalous. 21 radiocarbon dates were preexisting from Maio and Bigelow (with 

3 anomalous dates), while this pro ject acquired 10 new organic samples for radiocarbon 

dating, which resulted in 9 usable radiocarbon dates and 1 anomalous date. The sampling 

process started by identifying an organic rich horizon in the sediment core stratigraphy, close 

to the peat-to-sand transition. A 1-2 cm thick section was then extracted and placed in a 

250-micron sieve. The sample was rinsed under Reverse Osmosis (RO) water to separate the 

fine silts out of the organic materials. Subsamples of the organic matter taken from the core
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Figure 2.1: Symbology applied in 14 digitized sediment core logs from Cape Espenberg. 
Adapted from U.S.G.S., 2006, FGDC Digital Cartographic Standard for Geologic Map Sym
bolization (PostScript Implementation): U.S.G.S. Techniques and Methods 11-A2, Section 
37.
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were then placed in a petri dish with Distilled (DI) water and subjectively picked through 

for datable materials. All materials not selected for dating were stored in whirl Pak bags at 

40 °F. Considerable time was spent identifying datable materials which included seed and 

terrestrial plant remains. Meticulous and time consuming sampling was required to avoid 

contamination from old carbon (Pleistocene-aged fossils) sources such as wood fragments. 

Samples were then cleansed of modern contamination (from modern rootlets) by manual 

picking with tweezers under the microscope at 64X-100X magnification. Samples were then 

rinsed in DI water and placed in a pre-weighed tin boat and dried at 50-55 °C for 24 hours, 

and the dry weight was recorded. The samples were placed in glass scintillation vials and 

labeled with their ID's and weights (mg). All samples were sent to the radiocarbon lab at 

the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility located in 

Woods Hole, Massachusetts, which used a Continuous Flow AMS system (CFAMS) (WHOI , 

2015). All reasonable radiocarbon dates have been calibrated using the IntCal20 calibration 

curve and used in age-depth modeling. Results from the radiocarbon dates and age-depth 

modeling serve to determine carbon and sediment accumulation rates in project cores.

2.3.2 Gamma Spectroscopy

Isotopes within the Uranium-Thorium (U-Th) decay series provide valuable naturally 

occurring chronometers in the environment and will be applied in this study to determine 

accretion rates for sediments deposited during the past 100-150 years (Nittrouer et al., 1979; 

Gonneea et al., 2019). This research focuses on the radioactive isotopes 137Cs, which is a 

result of nuclear weapons testing, and 210Pb and 226Ra, which are natural decay products 

within the U-Th decay series. It should be noted that the results from the gamma detector 

provide the total 210Pb activity which is made of two components. The first is supported- 

210Pb, which forms from in situ parent nuclide decay (226Ra and 222Rn) trapped within the 

sediment, while the second component consists of unsupported-210Pb, which forms from the 

escape of 222Rn (gaseous) into the atmosphere where it decays into 210Pb and deposits on 

19



the sediment surface from atmospheric fallout (Appleby , 2001; Hagedorn et al., 2008). The 

elements of interest in this project have set half-lives which are: 137Cs: 30 years, 210Pb: 22.3 

years, and 226Ra: 1,599 years (Hagedorn et al., 2008;De la Cruz et al., 2011; Voltaggio and 

Spadoni, 2011; Baltas et al., 2018). The radioactive atoms decay through alpha, beta, and 

gamma particle emission through their measurable half-life decay rates (Faure and Mensing, 

2004), and can be used to calculate the time since those materials were isolated from the 

source of the radioisotope by using the ratio of parent to daughter isotopes and the constant 

half-life decay rate (Faure and Mensing, 2004). These short-lived radioisotopes are especially 

useful for geochronology purposes and can be applied to dating sediments deposited over the 

past century (within ~ 5 half-lives). The 137Cs event horizon is a result of the Nuclear 

Testing Ban in 1963 which led to a dramatic increase in testing prior to the treaty, and 

allows us to directly date the 137Cs peak to the year 1963 (Baskaran and Naidu, 1995). It 

should be noted that 137Cs can migrate in situ (high mobility) which can cause uncertainty 

in age-depth modeling, but can be mitigated by integration with other radionuclides/age- 

markers (e.g. 210Pb) (Drexler et al., 2018). In this study short-lived radionuclide data is 

used to construct age models based on 137Cs and 210Pb sediment activities using both linear 

(CIC) models and Bayesian (CRS) modeling software (Appleby , 2001; Blaauw and Christen, 

2011) (These models are further discussed in section 2.3.3). A total of 253 sediment samples 

were taken from the 14 sediment cores to develop the age models. From these samples 167 

were run on the gamma detectors (86 samples were not run as 210Pb extinction was reached 

at higher depths in the cores). Sample preparation methods started with sampling the first 

0-15 cm (and up to 30 cm in 2 cores) from each of the 14 sediment cores. All cores had 

previously been sampled for other research, leaving an unknown volume of material in each 

core. The cores were divided into 1 cm thick sections (following the horizontal sediment 

stratigraphy). Each 1 cm section was then carefully dissected and placed in a volumetric 

syringe with the top cut off. Two syringe plungers (one on each end) centered the sample 

in tandem (and with light pressure) to a volume tick mark and the sample volume was then 
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recorded. After recording volume, the sample was ejected into a pre-weighed and labeled tin 

boat, and dried at 55-60 °C for 4-7 days. Each day, the sample weights were recorded, and 

drying stopped when weights remained constant. Samples were then homogenized into a 

fine powder by hand with a mortar and pestle and transferred to a labeled glass scintillation 

vial (for samples run by the USGS lab) or a plastic petri dish sealed with electrical tape (for 

samples run by the ACGL). The majority of samples (producing 145 sample results) were 

run on a Low Energy Germanium Detector (LEGe) operated by the United States Geological 

Survey (USGS), housed at the Woods Hole Oceanographic Institute (WHOI), and run by 

committee member Dr. Eagle's research team. The rest of the samples (producing 22 sample 

results) were run on a High Purity Broad Energy (BeGe 38/30) Germanium Detector with 

a Cryostat U-style LMR-2 final assembly cooling system in the Arctic Coastal Geoscience 

Lab (ACGL) University of Alaska Fairbanks. The GENIE 2000 basic and Gamma Option 

software package was used to produce and analyze all gamma detector data.

The USGS gamma detectors : Samples were received through the United States Postal 

Service from the ACGL and then transferred to a jar, sealed, and let sit for a minimum of 

three weeks to allow 226Ra and supported-210Pb to come to equilibrium. Samples were then 

counted for 5 days. The energy peaks in kiloelectron-Volts (KeV) for each nuclide counted 

were: 352 KeV for 214Pb (which is the channel and isotope used to measure 226Ra as they 

are in equilibrium), 46.5 KeV for 210Pb, and 662 KeV for 137Cs. The gamma counter was 

calibrated to an EPA standard pitchblende ore, the same geometry of the standardization 

was used for running the samples. Self-absorption (suppression of low energy peaks) was 

corrected for by using the Cutshall and others (1983) method (Cutshall et al., 1983; Gonneea 

et al., 2019). Detector efficiency was calibrated from the same standard and geometry used 

for self-absorption calibrations. Decay corrections were made to the time of collection for the 

activities of137Cs, and 210Pb. The unsupported 210Pb detection limit was 0.05 disintegrations 

per minute per gram (dpm/g).
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The ACGL gamma detector : Samples were sealed in plastic petri-dishes and counted 

on a BeGe 38/30 detector for 2-4 days. The energy peaks for each nuclide counted were: 

352 KeV for 226 Ra, 46.5 KeV for 210 Pb, and 662 KeV for 137 Cs. The gamma detector has 

been calibrated with an ISOCS geometry file in the same geometry as the samples. The 

LabSOCS efficiency file (cascade-corrected) uses a DUAL calibration curve which corrects 

for attenuation automatically through further input of the sample container and absorber 

dimensions and densities. Each of the nuclides of interest were decay corrected to the time 

of collection, and the time elapsed during acquisition, by entering in the collection date 

and acquisition time into the Sample Info and Acquire Adjust sections. Branching ratio 

corrections were automatically made from the Nuclide Library: “CapeEspenbergLIB.NLB” 

for the nuclides under study.

2.3.3 Calibration and Age-Depth Models

The age of sediments at Cape Espenberg (up to ~ 5,000 years) is ideal for a combined 

radioisotope analysis (210Pb, 137Cs, and 14C) because the short-lived radioisotope elements 

210Pb and 137Cs can cover modern sedimentation and long-lived radiocarbon (14C) analysis 

can cover the paleo record. The combination of short- and long-lived isotopes with different 

temporal scales can produce a comprehensive age-depth model that can be paired with 

other datasets to reconstruct accretion and organic burial rates through time. For example, 

a trusted age-depth model can be paired with stable isotope data to produce environmental 

reconstructions with reasonable confidence.

Bayesian rplum modeling is based on an adaptation of the advection-decay equation, the 

continuous rate of supply (CRS) 210Pb age model, which uses three main assumptions: a 

constant rate of unsupported-210Pb influx to the sediment, 210Pb in aqueous environments is 

rapidly sourced by particles so the unsupported 210Pb activity is primarily due to atmospheric 

fallout, and the initial unsupported 210Pb activity laid down on the surface of sediment is not 

secondarily redistributed (decays naturally through time according to the radioactive decay 
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law), (Goldberg , 1963; Appleby and Oldfield , 1978; Appleby, 2001; Blaauw and Christen, 

2011; Aquino-Lopez et al., 2018). Bayesian age-depth modeling uses the CRS equation to 

solve for age based on inputs of total 210Pb (unsupported and supported) and supported 

basal 226Ra, and the shape of the 210Pb total decay curve (i.e. exponential or variable 

shape) (Aquino-Lopez et al., 2018). Most cores were modeled with Bayesian CRS age models 

(software R version 2.5.6, rplum version 0.2.2.9, rbacon version 2.5.6) (Blaauw and Christen, 

2011; Aquino-Lopez et al., 2018). The rplum, and by extension, rbacon packages incorporate 

user-input parameters (Figure 2.2 & 2.3) and Markov Chain Monte Carlo (MCMC) t-walk 

sampling algorithms to calculate hundreds of thousands of iterations, thin them out, and 

graphically represent the mean (red line) and 2σ standard deviations (grey envelope around 

red line) (Blaauw and Christen, 2011) (e.g. Figure 3.6). Before using this model, all profiles 

were evaluated to check they were not biased towards ages that are too old or accretion rates 

too low at depth (Binford , 1990).

CIC models were made as an initial accumulation rate for each core. After this CRS 

models were attempted for each core but some required too much customization of priors 

(e.g. user-inputs: Figure 2.2) to justify the resulting accumulation rates, or resulted in failed 

modeling attempts (i.e. program would not run on limited sample sizes). The cores that had 

successful CRS models used the CRS generated accumulation rates in their results while the 

cores not suitable for CRS modeling use CIC generated accumulation rates in their results 

(which did not incorporate radiocarbon dates). Additionally, each CIC model is unique to its 

210Pb radionuclide data points. CIC models (and resulting CIC-based vertical accumulation 

rates) were made including every unsupported 210Pb datapoint. However, some data (per 

CIC model) were disqualified from contributing to eventual carbon accumulation rate (CAR) 

calculations if they deviated too much from the linear fit of the model. This resulted in each 

CIC model with a different depth to which data was used in CAR calculations. The removal 

of these sections within CIC models increases confidence in the CIC based CAR.
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The linear CIC model operates on the assumption that initial activity of unsupported 

210 Pb in the sediment surface-water boundary remains constant through time regardless of 

the sedimentation rate (Appleby , 2001; Arias-Ortiz et al., 2018) so that only decay affects 

the shape of the unsupported 210Pb profile (Equation 2.1, Appleby , 2001).

C(m) = C(0)e-λt

C(m): layer depth

C(0): activity level at depth m (2.1) 

λ: the radioactive decay constant (0.03114 y-1) 

e: base of the natural logarithm

The equations to identify the slopes used to calculate the CIC model (calculated in Excel) 

started by taking the natural log of the 210 Pb minus (214 Pb or 226 Ra) values (unsupported 

lead) through depth, and then taking the slope of all of those values in relation to depth 

(using the SLOPE function in Excel: known_ys, known_xs) Equation 2.2.
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This value (b) is then multiplied with the radioactive decay constant (λ) from Equa

tion 2.1, to produce the accumulation rates in cm/yr. Finally, accumulation rates were 

converted to mm/yr.

The rplum software is integrated with rbacon, with the first applying the CRS model to 

calculate ages based on the short-lived 210Pb and 137Cs radioisotopes and the latter using 

the long-lived 14C ages to create an integrated modern to paleo age-depth model. Modeling 

is achieved through a series of steps that begins with entering radiocarbon and radioisotope 

data into respective spreadsheets.



Figure 2.2: Basic code framework used for each CRS model, showing an example ofcodes for 
core 17ESP-F. The core name and date are changed every time a model is run for different 
cores, and the runname is changed for different runs of the same core. Prior settings like 
acc.shape and acc.mean can change among cores based on the recommended values for those 
priors that rplum/rbacon suggests.
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Table 2.1: Model input parameters used for each iteration of CRS Bayesian age-depth model 
using R. Parameters were derived from software suggested values and settings suggested by 
Dr. Eagle and Dr. Bigelow. Cores with an asterisk are those with unsuccessful CRS models 
(but with successful CIC models), The red highlighted core 10ESP-A had no successful 
age-depth model.

ID
date, 

sample
Otherdates thick Bqkg n.supp BCAD

acc. 
shape

acc.
mean

mem. 
strength

mem.
mean

phi. 
shape

phi.
mean

S. 
shape

S.
mean

*16ESP-A2 2016 16ESP-A2b.csv 1 FALSE 3 TRUE 1.5 10 10 0.5 2 50 2 1
16ESP-A1 2016 16ESP-Alb.csv 1 FALSE 3 TRUE 9 10 4 0.5 1 300 1.1 10
*16ESP-A 2016 16ESP-Ab.csv 1 FALSE 3 TRUE 1 5 4 0.5 1 300 1.1 10
*10ESP-A 2010 10ESP-Ab.csv 1 FALSE 3 TRUE 1.5 20 10 0.5 2 50 1.1 10

*09ESP-AD 2009 09ESP-Adb.csv 1 FALSE 1 TRUE 1.5 20 10 0.5 2 50 1.1 10
17ESP-H 2017 17ESP-Hb.csv 1 FALSE 3 TRUE 5 25 10 0.5 1 50 1.1 10
16ESP-G 2016 16ESP-Gb.csv 1 FALSE 3 TRUE 1 20 10 0.4 1 300 1.1 10
09ESP-D 2009 09ESP-Db.csv 1 FALSE 3 TRUE 1.5 20 10 0.5 2 50 1.1 10
16ESP-H 2016 16ESP-Hb.csv 1 FALSE 3 TRUE 1 20 4 0.5 1 300 1.1 10
09ESP-M 2009 09ESP-Mb.csv 1 FALSE 3 TRUE 1.5 50 10 0.5 2 50 1.1 10
09ESP-P 2009 09ESP-Pb.csv 1 FALSE 1 TRUE 2 50 8 0.5 2 50 5 10
*17ESP-L 2017 17ESP-Lb.csv 1 FALSE 3 TRUE 1.5 20 5 0.5 1 100 2 5
17ESP-F 2017 17ESP-Fb.csv 1 FALSE 2 TRUE 10 IOO 8 0.5 2 50 5 10
17ESP-G 2017 17ESP-Gb.csv 1 FALSE 1 TRUE 1.5 50 10 0.5 2 50 5 10

Spreadsheet setup for rplum (210 Pb data) included determining the number of supported 

samples per core (210 Pb samples at the bottom of the sampling interval that are in equilibrium 

with 226 Ra) and substituting the corresponding 226 Ra activity value for those depth intervals 

that are supported into the bottom of the 210 Pb column. The uncertainty for the 226 Ra 

substituted values were error propagated with the uncertainty of the original 210 Pb activity 

to produce combined uncertainty values. When there is no 226 Ra data available, then total 

210 Pb data is used with the assumption that it has reached equilibrium with 226Ra values and 

consists entirely of supported-210 Pb at that depth. If a core has continuous 226 Ra data, it will 

include a seventh and eighth column in the rplum spreadsheet (226 Ra(dpm/g) and sd(226Ra)) 

to include the radium data without the need to manually substitute the 226 Ra data into the 

bottom of the 210 Pb column. 137 Cs data points were converted into calendar ages (the 1963 

137 Cs event-horizon) and added to the radiocarbon spreadsheet as an additional data point.
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R version 4.0.5 32-bit and RStudio version 1.4.1106 were downloaded, and rbacon and 

rplum were installed. 14C, 137Cs, and 210Pb data sets were modeled in an integrated format 

through RStudio using rplum and rbacon. A series of commands and settings for the models 

were set by typing codes into the command dialogue box. The basic codes for rbacon and 

rplum, were provided by Dr. Meagan Eagle and Dr. Nancy Bigelow (Figure 2.2; Table 2.1). 

All aesthetic changes to the graph outputs were made in Adobe Illustrator 64.

2.3.4 Stable Isotopes

A total of 350 stable isotope samples were taken from the cores utilized in this study 

to determine sediment provenance and elemental characteristics to constrain how sediment 

and carbon sourcing may have changed through the stratigraphy. 150 of these samples were 

made during this project while the remainder were from previous work by Bigelow. The 

sampling process started with identifying a sampling interval pattern that would provide 

enough resolution to be able to identify trends in the data. This project chose to sample every 

other centimeter, while Dr. Bigelow sampled with a mixture of continuous and discontinuous 

sample intervals. Prior to sampling, the surface of the split core was cleaned with a scraping 

tool to remove contamination from the core-splitting process. Samples were also taken 

away from the edges of the core to avoid contamination from when the core was collected. 

Samples were approximately 1 cc in volume and were extracted with a 1 cm wide metal 

spatula. Samples were then placed in tin boats and dried in an oven at 50 °C for 24-48 

hours. Samples were then homogenized into a fine powder by hand with a mortar and pestle 

and transferred into labeled plastic scintillation vials. The samples were then transferred 

into 7 mm tin capsules, weighed, recorded, and placed into an isotope sampling tray.

The samples and weight data sheets were then submitted to the Alaska Stable Isotope Fa

cility (ASIF) located on the University of Alaska Fairbanks (UAF) central campus (WERC, 

2021). Samples were run on the Continuous Flow Isotope Mass Spectrometry (CF-IRMS) 

machine (WERC , 2021). Weight Percent Carbon (%C) and weight percent Nitrogen (%N) is 
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measured via an elemental analyzer on the front end of the mass spectrometer that measures 

stable isotopes. There are a total of 350 %C, %N, and δ 13 C measurements made. It should 

be noted that the δ13C reference used is the Vienna Pee-Dee Belemnite (~ 0‰), and the 

%N reference is the atmospheric value (~ 0‰). Stable isotope ratios for example, 13C/12C 

produce very small values which are reported in the thousandths, per mil (‰). Additionally, 

because the reference material has a value of zero (VPDB and Atmospheric N) naturally 

occurring isotope fractions typically fall on a negative scale, the position of which is deter

mined by the environment the isotopes originate from (e.g. δ13C terrestrial C3 plant values 

range -32 to -20‰, versus the terrestrial C4 plant range of -17 to -9‰) (Wang and Wooller , 

2006). The C:N ratio is unitless and is calculated by dividing the %C concentration by the 

%N concentration, per sample.

Mixing Models: The results of both mixing models have been used to aid in determining 

the depositional history of Cape Espenberg. An isotope mixing model can show the ratio 

contribution of specific end members to the stable isotope composition of a sample. This is 

useful information because it can show the source of stable isotopes within an environment. 

Isotope end member data was estimated for this project from various literature established 

datasets. The δ13C stable isotope mixing model (Equation 2.3) and the elemental C:N ratio 

mixing model (Equation 2.4) were calculated using a simple 2 end-member linear equation. 

End members for the elemental C:N ratio (unitless) mixing model were estimated from Wang 

and Wooller (2006) with an aquatic end member of 4 and a terrestrial end member of 30. 

End members for the stable isotope δ13C mixing model were estimated from De la Vega et al 

(2019) at -22.7‰ for marine material and from Wooller et al (2007) at -35‰ for terrestrial 

wetland material.
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A check to make sure the end member conditions of the model were not exceeded by 

sample data was performed by making sure the combination of both end member ratios 

equaled 1.

2.3.5 Dry Bulk Density (DBD) and Carbon Density (CD)

Dry Bulk Density (DBD) is a physical characteristic of a sediment sample and consists 

of the grams of dry sediment mass divided by its volume in cubic centimeters (g/cm3 ). In 

this study it is used to constrain the physical characteristics of the sediment cores and the 

generation of carbon accumulation rate (CAR) results. Individual DBD data for each sample 

was calculated by dividing the mass (weight) of the sample by the volume of the sample taken 

during gamma spectroscopy sampling. There are a total of 223 DBD sample measurements. 

Carbon density (quantity of organic carbon) is a calculation of how much carbon is in a 

given depth of soil and is calculated by multiplying the %C (unitless) by the DBD (adapted 

from Chmura et al., 2003), (Equation 2.5). Carbon density is used in this study to generate 

carbon stock results.

OC(gC∕cm3) = DBD * (g — sediment∕cm3) * (%C∕100)

OC: carbon density

DBD: dry bulk density (2.5)

%C: total carbon per sample

cm3: sample volume
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Additionally, cores had discontinuous DBD and %C sample data with depth, but both 

variables are necessary in Carbon Accumulation Rate (CAR) calculations so all the DBD 

data was plotted against all %C data to determine the relationship between both variables 

(Figure 2.3). Once the relationship (Equation 2.6) was determined, both %C and DBD could 

be solved for by manipulating the equation (Figure 2.3).

y = —0.241 * ln(x) + 1.0541

y = DBD (2.6)

x = %C

Calculation of DBD from %C for use in CAR

y = —0.241 * LN (%Cvalue) + 1.0541
v (2.7) 

Calculation of %C from DBD for use in CAR

x = e((DBDvalue — 1.0541)/— 0.241)

In this way, additional DBD measurements were estimated for deeper sections in the 

sediment cores when %C data was present. Conversely, additional %C measurements were 

estimated for sections of the core containing DBD measurements but lacking %C data. The 

combination of actual measurements and estimated values for both %C and DBD were used 

in eventual CAR calculations presented in the results and discussion sections (Table 3.6).

2.4 Statistical Post Processing

In order to determine if the carbon accumulation rates among cores along different regions 

of the spit varied significantly (had differences large enough to be statistically meaningful), 

this study utilized statistical analysis techniques computed in R to determine significance 

levels. The 14 sediment cores were sorted into 6 main groups (discussed in results section 

3.9) to make interpretations of spatial trends in CAR along the spit easier to identify. The 

data were divided into paleo (before 1850 AD) and modern (after 1850 AD) datasets within
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Figure 2.3: Example dataset that shows DBD samples (y-axis) plotted against %C samples 
(x-axis) with logarithmic trendline, its equation, and R2 value.
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the F3 unit (each sediment core was divided into 3 main facies based on stratigraphy, and 

the F3 unit has the highest carbon content). Before analysis, spreadsheets were set up to 

include the CAR column and group ID column. Each dataset was statistically summarized 

in R before analysis.

To determine which statistical test to use, ANOVA based QQ-plots and histograms were 

made of each dataset to visually confirm if the distribution of residuals fit normality and to 

appraise how Gaussian the histogram was. Each dataset was then tested with the Levene's 

test to numerically check for the equality of the variances, and the Shapiro test to determine 

if the residuals fit normality (normal distribution) (Stevens , 2013). The paleo dataset failed 

the Levene test, and both passed the Shapiro test. However, both datasets have a limited 

sample size per group, which also contain outliers, both factors that make each dataset 

not suitable for parametric ANOVA analysis (Stevens , 2013). The non-parametric Kruskal- 

Willis test is not affected by parameters like sample size, the presence of outliers, or high 

variances and was successfully run for both datasets and yielded at least one group with 

significant results (Kruskal and Wallis , 1952). The Dunn post-hoc test was conducted to 

determine which group-pairs are significantly different from each other (Dunn , 1961; Dinno , 

2015). Finally, integrated figures were made for each dataset that include the results of the 

QQ-plots, histogram, Kruskal-Wallis, and Dunn tests, in relation to the datasets visualized 

as box-plots (Figures 3.22 and 3.23).

Further analysis was conducted through the non-parametric version of a t-test, the Mann- 

Whitney-Wilcox (or Wilcoxon rank sum) test, to determine if there is a significant difference 

between the paleo and modern datasets. This test was chosen because the variables (Car

bon Accumulation Rate vs time) are semi-independent from each other, and the Wilcoxon 

test (while non parametric) is equivalent to the student's t-test for independent variables 

(Stevens , 2013; Soetewey , 2020). The decision to compare the entire modern dataset to the 

entire paleo datasets versus splitting both datasets into their group locations (e.g. G1, G2, 

G3, etc.) was made because the paleo dataset would have had too few sample numbers per 
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group (n <5) for meaningful comparisons in some groups (Stevens, 2013; Soetewey, 2020). 

The Wilcoxon test was chosen because both modern and paleo datasets have outliers, and the 

paleo dataset has a non-normal distribution. This test can only be used to show differences 

among groups and it cannot be used to compare medians between the two datasets because 

there is unequal variances between the groups (Stevens, 2013; Soetewey , 2020). Thus, results 

and interpretations of the Wilcoxon test will focus on the differences in distributions between 

groups and not differences in median values (Figure 3.21).

3 RESULTS

The following provides results of the multiple analytical techniques used (and their asso

ciated caveats), a brief summary of the age-depth models and their results, and an integrated 

figures section. The age depth model results focus on paleo and modern accumulation rate 

comparisons. The elemental and physical data results focus on changes through facies types 

with an emphasis on F3.

3.1 Radiocarbon

There were 31 total radiocarbon dates, however 4 were anomalous and though presented 

in Table 3.1, were not used in the generation of any results. 21 radiocarbon dates were 

preexisting from Maio and Bigelow (with 3 anomalous dates). This project produced 10 

new radiocarbon dates of which 1 was anomalous. Anomalous dates are dates >10,000 years 

due to the presence of Pleistocene-aged materials, or dating modern due to modern rootlet 

contamination.

At Cape Espenberg, extreme care was taken when picking radiocarbon macrofossils, to 

avoid contamination from shells, wood, aquatic plants, and other unidentifiable debris that 

might contain older carbon. The extent of the marine reservoir effect at Cape Espenberg is 

currently unconstrained. However, the Bering and Chukchi Sea depths near the coast are 

shallow (≤130 m) which, based on literature (i.e. Dumond and Griffin, 2002), suggests a 

33



diminished marine reservoir effect due to the higher probability of well-mixed ocean waters. 

Old carbon can also become incorporated into samples in a number of ways including: slow 

sedimentation rates, age differences in macrofossil types, permafrost thaw, and the presence 

of Pleistocene-aged fossils. The type of material being dated is important to consider because 

there may be built-in age differences within macrofossil types, differences in the source of 

carbon or plant fractionation, or mixed ages due to slow sedimentation rates (Oswald et al., 

2005). However, this is not commonly seen in radiocarbon samples taken from swale peat 

cores at Cape Espenberg, though it has happened (e.g. multiple radiocarbon dates at 74-75 

cm in core 09ESP-AD: 870 ± 35 and 965 ± 25: Figure 3.9). To add further complexity, 

there are Pleistocene-aged fossils (i.e. 14C ages >10,000 years) that wash up on the shores of 

Cape Espenberg which become incorporated into the dunes and swales as the spit progrades 

over time.

To mitigate the influence of old carbon on radiocarbon ages, radiocarbon sampling from 

Cape Espenberg has centered on terrestrial plant macrofossils taken from swales in peat 

marshes that are semi-connected to the ocean. Terrestrial macrofossils are less likely to suffer 

old carbon from reservoir effect. Additionally, the few anomalous ages (e.g. anomalous ages 

in core 09ESP-AD: 13800 ± 55 and 10,150 ± 45) from Pleistocene aged fossils have not 

been used in the generation of any results. The combination of both mitigation strategies 

has greatly increased confidence in radiocarbon dates used in this study, and subsequent 

confidence in the produced results.
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Table 3.1: Table of radiocarbon dates used in this project.

Core Name Lab No.
Latitude 

oN
Longitude 

oW

Core
Depth
(cm)

Elevation
NAVD88

(m)

Elevation 
above

MHW (m)
14C Age (yr)

2σ cal AD
Median Prob.

(yr)

2σ cal BP
Median Prob, 

(yr)
δ13C%o Δ 14C Material Dated

16ESP-A 38 OS-139406 66.5596 -163.618 38 3.04 2.78 130 ±15 1847 ±255 103 ±255 -29.64 -24.13 Plant/Wood
10ESP-A_Dl_39 OS-89983 66.5585 -163.621 38.5 2.75 2.49 410 ±30 1470 ±188 480 ±188 -27.49 -56.46 Plant/Wood
10ESP-A_Dl_48-49 OS-89824 66.5585 -163.621 48.5 2.65 2.39 635 ± 25 1354 ±104 596±104 -28.5 -82.57 Plant/Wood
10ESP-A_Dl_60-61 OS-139409 66.5585 -163.621 61.5 2.52 2.26 610 ± 15 1345 ±93 605 ±93 -28.49 -80.72 Plant/Wood
09ESP-AD_Dl_34-36 OS-103632 66.5588 -163.6231 35 2.23 1.97 365 ± 25 1520 ±176 430 ±176 -27.6 N/A Wood/Buds
*09ESP-AD_D1_39-40a *OS-89822 66.5588 -163.6231 39.5 2.17 1.91 *13800 ±55 *-14803 ±434 *16752 ±434 -15.84 -821.9 5.5 Potamogeton
*09ESP-AD_Dl_39-40b *OS-90709 66.5588 -163.6231 39.5 2.17 1.91 *10150 ±45 *-9834 ± 533 *11783 ±533 -16.49 -719.5 5.5 Potamogeton
09ESP-AD_1_74-75 OS-81156 66.5588 -163.6231 74.5 1.84 1.58 870 ±35 1183 ±216 767 ±216 -27.53 -108.9 Terrestrial Seeds
09ESP-AD 2 74-75 OS-81143 66.5588 -163.6231 74.5 1.84 1.58 965 ±25 1099 ±132 851 ±132 -35.89 -119.7 Moss
17ESP-H 19-21 OS-162317 66.5578 -163.6222 20 2.01 1.75 1070 ±35 977± 135 973±135 -26.39 N/A Plant/Wood/rootlets
17ESP-H 30 OS-141873 66.5578 -163.6222 30 1.91 1.65 610±.15 1345 ±93 605 ±93 -28.51 N/A Plant/Wood
17ESP-H 38-39 OS-152667 66.5578 -163.6222 38.5 1.36 1.10 735 .1.15 1276 ±20 674 ±20 -27.2 N/A Plant/Wood
17ESP-H 47 OS-138524 66.5578 -163.6222 47 1.27 1.01 660 ± 45 1334± 119 616 ±119 -28.6 -86.28 Plant/Wood
16ESP-G 24 OS-147162 66.5583 -163.6236 24 2.14 1.88 395 ± 15 1469 ±168 481±168 -27.32 -55.82 Plant/Wood
16ESP-G_Dl_36 OS-132752 66.5583 -163.6236 36 2.02 1.76 1080±120 952 ±530 998 ±530 N/A N/A Plant/Wood
16ESP-G_Dl_37 OS-132757 66.5583 -163.6236 37 2.01 1.75 860 ± 50 1185 ±226 765 ±226 -26.67 N/A Plant/Wood
09ESP-D_Dl_30-32 OS-89984 66.5589 -163.6257 31 1.99 1.73 685 ± 30 1299 ±114 651 ±114 -25.68 -88.46 Seeds∕leaves∕ stems
16ESP-H 16 OS-147165 66.5579 -163.6255 16 2.09 1.83 330 ± 20 1185 ±226 765 ±226 -28.21 -47.85 Plant/Wood
16ESP-H_Dl_28 OS-132581 66.5579 -163.6255 28 1.97 1.71 665 ±20 1318±106 632±106 -28.95 N/A Plant/Wood
09ESP-M_Dl_20-21 OS-173826 66.5593 -163.637 20.5 1.75 1.49 *Modern *Modem *Modern -25.7 N/A Plant/Wood
09ESP-M_Dl_30-32 OS-103631 66.5593 -163.637 31 1.69 1.43 1030 ±25 1010 ±209 940 ±209 -29.28 N/A Gramminoid fragments
09ESP-P_26-28 OS-162313 66.5553 -163.638 27 2.54 2.28 550 ± 20 1402±99 548± 99 -26.65 N/A Plant/Wood/rootlets
09ESP-P_1_38-40 OS- 81099 66.5553 -163.638 39 2.42 2.16 1520 ± 40 557 ±206 1393 ±206 -25.78 -178.9 Terrestrial Seeds
17ESP-L 36-37 OS-162316 66.5544 -163.6365 36.5 1.58 1.32 875 ±20 1187± 168 763±168 -27.57 N/A Plant/Wood/rootlets
*17ESP-L 40 *OS-139407 66.5544 -163.6365 40 1.54 1.28 *22600 ± 220 -24944 ± 873 26893 ± 873 -27.39 -940.1 Plant/Wood
17ESP-F 14-15 OS-155695 66.5554 -163.651 14.5 3.21 2.95 1090 ±15 962±116 988±116 -28.14 -133.6 Plant/Wood
17ESP-F 19-21 OS-162314 66.5554 -163.651 20 3.15 2.89 295 ±15 1550±127 400±127 -27.52 N/A Plant/Wood/rootlets
17ESP-F 27 OS-155696 66.5554 -163.651 27 3.08 2.82 2860 ± 20 1028±181 2977±181 -25.3 -304.9 Plant/Wood
17ESP-G 7-9 OS-162315 66.5568 -163.659 8 3.57 3.31 220 ± 20 1769±306 181±306 -27.02 N/A Plant/Wood/rootlets
17ESP-G 8-9 OS-155693 66.5568 -163.659 8.5 3.57 3.31 945 ± 20 1101 ±122 849 ±122 -27.25 -118.3 Plant/Wood
17ESP-G_56-57 OS-155694 66.5568 -163.659 56.5 3.09 2.83 2740 ± 20 869±97 2818±97 -28.12 -294.5 Plant/Wood

*Results denoted by an asterisk are excluded from age-depth modeling and results.



3.2 Grouping for Interpretations

To better understand and interpret the results, cores have been grouped to show trends 

(Figure 3.1). Cores have been sorted into 6 main groups based on geographic location on the 

sand spit, proximity to nearby cores, similarities in stratigraphy, and surface environment 

(salinity and vegetation) (Table 3.2).

Group 1 are the cores closest to the modern shoreline (most seaward) between ridges E1 

to E3 (3.1), encompassing three cores including 16ESP-A2 (Figure 3.5), 16ESP-A1 (Figure 

3.6), and 16ESP-A (Figure 3.7), all with low salinity levels (0.10 to 0.21 ppt), maximum 

date of 1847 ± 255 (cal AD) at 38 cm (16ESP-A), similar thicknesses of peat (14 to 20 cm), 

and similar elevations above MHW relative to NAVD88 (3.07 to 3.16 m ) (Figure 3.1 & 3.2). 

Group 2 includes cores in swales between ridges E5 and E7 (3.1) and encompasses three 

cores including 17ESP-H (Figure 3.10), 10ESP-A (Figure 3.8) and 09ESP-AD (Figure 3.9), 

with salinity levels near 0.34 ppt (17ESP-H), all with similar maximum dates (977 ± 135 

to 1345 ± 93 cal AD), a range of thicknesses of peat (30 to 96 cm), and similar elevations 

above MHW (1.95 to 2.87 m; Figure 3.2).

Group 3 cores are located in swales between ridges E5 and E7 (3.1). These include 

16ESP-G (Figure 3.11), 09ESP-D (Figure 3.12), and 16ESP-H (Figure 3.13), with salinity 

levels ranging from 0.11 to 1.85 ppt, similar thicknesses of peat (30 to 40 cm), similar 

maximum dates (1185 ± 226 to 1318 ± 106 cal AD), and similar elevations (1.99 to 2.12 

m) above MHW (Figure 3.2). The differentiating factors between group 2 and 3 are peat 

thickness and the presence of a spike in nitrogen isotopes (at group 2) associated with nearby 

archaeology sites.
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Table 3.2: The 14 sediment cores analyzed and major descriptions. Group ID identifies what group each core was assigned. 
All cores shown have completed elemental and physical analysis and calculations (δ13C, %C, DBD, gamma spectroscopy, and 
carbon density).

Core
Names

Group
ID

Core
Length

(cm)

Depth
of F3
Peat
(cm)

Oldest 14C
Age (2σ cal 
AD Median 

prob.)

Oldest
14C Age
Depth
(cm)

Latitude 
oN

Longitude 
oW

Salinity
(PPt)

Elevation
NAVD88

(m)

Elevation 
above MHW

(m)

Surface Vegetation (listed in order of most to least 
abundant)

16ESP-A2 62 -14 N/A N/A 66.5603 -163.61579 0.13 3.33 3.07 Carex and Moss, cf. Caltha, Potentill palustris

16ESP-A1 1 62 -14 N/A N/A 66.56 -163.61623 0.21 3.34 3.08 Carex and Moss, Caltha, Potentill palustris

I6ESP-A 55 -20 1847 ±255 38 66.5596 -163.61798 0.1 3.42 3.16 Carex, Eriophorum

Carex or Eriophorum , Salix, Sphagmtm , Rubus
IOESP-A

2

116 -61 1470±188 38.5 66.5585 -163.62146 N/A 3.13 2.87 Chamaemorus and Betula папа and Empetrum 
hermaphroditum

09ESP-AD 118 -75 1099±132 74.5 66.5588 -163.62308 N/A 2.58 2.32 Carex or Eriophorum, Salix

17ESP-H 67 -30 977 ±135 20 66.5578 -163.6222 0.34 2.21 1.95 Carex or Eriophorum , Rumes or Oxyr, Asteraceae

I6ESP-G 74 -28 1185 ±226 37 66.5583 -163.62356 0.11 2.38 2.12 Carex or Eriophorum , Moss. Rumex and Salix and
Eriophorum

09ESP-D 3 57 -30 1299±114 31 66.5589 -163.62571 N/A 2.30 2.04 Carex or Eriophorum

I6ESP-H 109 -30 1318 ±106 28 66.5579 -163.62546 1.85 2.25 1.99 Carex or Eriophorum

09ESP-M 4 95 ~23 1010 ±209 31 66.5593 -163.63662 N/A 2.00 1.74 Carex or Eriophorum, Salix and Asteraceae and Elymus

09ESP-P 67 -27 557 ± 206 39 66.5553 -163.63768 N/A 2.81 2.55 Carex or Eriophorum

17ESP-L
5

71 ~30 1187 ±168 36.5 66.5544 -163.63651 0.24 1.94 1.68 Carex or Eriophorum, Salix and Sedum and Rumex or 
Oxyria

17ESP-F 57 -20 1028 ±181 27 66.5554 -163.651 N/A 3.35 3.09 Carex or Eriophorum, Saxifraga

17ESP-G
6

62 -7 869 ±97 56.5 66.5568 -163.659 N/A 3.65 3.39 Carex Or Eriophorum, Betula nana and Empetrum and
Vaccinium uliginosum or Vaccinium alaskanum

*Elevation for core 09ESP-M is estimated from the elevation profile. 
*Cores 16ESP-Al and 16ESP-A2 have no radiocarbon data.



Group 4 includes one core in swales between ridges E7 and E8 (09ESP-M, Figure 3.14; 

3.1) with a maximum date of 1010 ± 209 (cal AD) at 31 cm, and peat thickness of 35 cm 

and it should be noted that this core is missing elevation data, but was estimated based 

off of the elevation profile to yield a value of 1.74 m above MHW (Figure 3.2). Group 5 

cores are located in swales between ridges E9 and E14a (3.1) which encompasses two cores 

(09ESP-P, Figure 3.15) and (17ESP-L, Figure 3.16) with salinity of 0.24 ppt (17ESP-L), 

similar thicknesses of peat (28 to 34 cm), maximum radiocarbon dates that range from 557 

± 206 to 1187 ± 168 (cal AD), and similar elevations above MHW (1.68 to 2.55 m) (Figure 

3.2). Group 6 cores are from swales landward to ridge 14b (17ESP-F, Figure 3.17) and 

(17ESP-G, Figure 3.18) with similar peat thickness (10 to 26 cm), basal peat dates that 

range from 1028 ± 181 to 1101 ± 122 (cal AD), and similar elevations above MHW (3.09 to 

3.39 m; Figure 3.2; 3.1).

3.3 Core Stratigraphy

Facies are classified based on: visual appearance, the presence of macrofossils, shells or 

wood fragments, and biogeochemical data. This study identified three main facies types: 

Facies One (F1) consists of basal sand deposits with wood, shell, and rootlet features, Facies 

Two (F2) consists of intermixed sands and peaty organic materials. Facies Three (F3) 

consists of peat and moss materials sometimes interbedded with sand horizons. The order 

in which facies occur in each sediment core is consistent throughout the study site, though 

some cores were missing F2. Transitions between F1 and F2 are abrupt, usually within 0-2 

cm. Transitions from F2 to F3 ranged from abrupt (0-2 cm) to gradual (2-5 cm).
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Figure 3.1: 9a shows core locations highlighted and numbered as groups: 1 (blue), 2 (light 
green), 3 (light purple), 4 (dark green), 5 (orange), and 6 (dark purple). 9b shows location 
map of identified dune-beach ridges in relation to core locations on Cape Espenberg.
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Figure 3.2: Spatial distribution of cores across the spit from landward to seaward versus 
the Mean High Water (MHW) elevation in meters (m) relative to NAVD88 vertical datum 
(09ESP-M has no elevation data, but is estimated from the elevation profile). Black boxes 
with G1-G6 show the core groups. Legend Symbology adapted from U.S.G.S., 2006. The 
vertical scale is exaggerated compared to the horizontal scale.
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F1 is the basal deposit present in all cores and consists of well sorted sand ranging from 

fine (125 μm) to coarse (500 μm) (Wentworth, 1922). There are a few cores that show 

poor sorting in this facies with fine and coarse grains intermixed. Shell, wood, and rootlet 

fragments are also characteristic of this unit. F1 also contains dark organic banding as seen 

in 1/3 of the cores. Other than the organic banding this unit contains very limited organic 

materials.

F2 consists of fine sand and intermixed peaty organics. The peaty organics range in color 

from light to dark brown with the intermixed sands ranging in color from medium tan to 

brown. Some cores demonstrate bands of oxidized rusty coloring through this facies. The 

mineral content of F2 are well sorted and fine grained except for core 17ESP-H (Figure 3.10) 

which exhibited medium grained sands. Rootlets are also seen in this layer, although less 

common than in F3. This facies contains some macrofossils (seeds, organic fragments, wood, 

etc.) found towards the bottom of the unit.

F3 occurs directly above F2 (and in the absence of F2, directly above F1). This unit 

is seen in every core and consists of thick peat organic material with some occurrences of 

moss layers or thin sand or silt horizons. Peat deposits consist of surficial organic material 

and preserved organic detritus. Sand horizons are fine grained (125 μm) and well sorted, silt 

horizons are very fine grained (3.9 μm) (Wentworth, 1922). Moss layers are characteristically 

“fluffy” with lower mass and more volume than the surrounding peat materials. This facies 

contains macrofossils (seeds, organic fragments, wood, etc.) found throughout the unit.

Overall, core lengths among the 14 sediment cores ranged from 56 cm to 117 cm. The 

extent of total peat deposits (F2 and F3) in cores ranged from 10 cm to 96 cm thick. Core 

locations above Mean High Water (MHW) range from 1.68 m to 3.39 m relative to NAVD88 

vertical datum. Cores that are taken from locations next to beach ridges have elevations 

higher than those taken from the center of swales which yield the lowest elevations.
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3.4 Stable Isotope and Weight Percent Carbon and Nitrogen Data

Among the 14 cores, a total of 350 samples have been analyzed providing the following 

results (Table 3.3). Results have been divided by facies due to the differences in environment 

that each facies represents, as is demonstrated with the elemental data. F1 has the heaviest 

δ13 C, lowest %C and C:N ratio, suggesting marine sources dominate the organic matter. F2 

has the lightest δ13 C, with intermediate %C and C:N ratio, indicating increasing contribu

tions of terrestrial wetland organic matter and a transition away from mainly marine organic 

matter sourcing. F3 has slightly heavier δ 13 C (compared to F2), but the highest %C and 

C:N ratio, indicating a dominance in terrestrial sources with some marine organic matter 

within terrestrial peat deposits of the coastal wetland. This project is mainly focused on the 

carbon accumulations in the F3 unit, which is examined at length in the discussion. The 

%C data shows increasing carbon concentrations between F1 and F3 (Table 3.3). C:N ratios 

also increase between F1 and F3 (Table 3.3).

Table 3.3: Stable elemental isotope data for facies units 1 through 3, and each unit's statis
tical summary.

Data Type Stats by 
Facies

Sample
Size (n) Mean Min Max Standard

Deviation

δ13C
(‰,VPDB)

F3 230 -27.68 -34.58 -25.55 1.58
F2 74 -28.08 -34.15 -26.05 1.33
Fl 46 -25.32 -29.09 -12.13 3.08
F3 230 21.86 0.02 46.77 8.84

%c F2 74 11.07 0.24 31.11 8.75
Fl 46 0.77 0.06 5.10 1.02
F3 230 1.17 0 2.17 0.48

%N F2 74 0.69 0.02 2.53 0.63
Fl 46 0.05 0.00 0.28 0.06
F3 229 18.84 10.25 38.66 3.07

C:N F2 74 17.69 8.04 30.00 4.51
Fl 46 15.42 9.64 22.70 3.10
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3.5 Gamma Spectroscopy

Data for most of the cores' Gamma Spectroscopy was run by Dr. Eagle at the United 

States Geological Survey (USGS), Woods Hole location. Only 2 cores, 16ESP-A2 and 

10ESP-A (22 samples), were run at the Arctic Coastal Geoscience Lab (ACGL), Fairbanks 

Alaska. Gamma spectroscopy data provided by Dr. Eagle covers cores: 17ESP-L, 17ESP-G, 

16ESP-G, 17ESP-F, 17ESP-H, 16ESP-H, 16ESP-A, 16ESP-A1, 09ESP-P, 09ESP-D, 09ESP- 

M, 09ESP-AD (145 samples). The total number of samples run at both labs is 167.

226 Ra was measured in all samples, 149 of which produced activities above detection 

(activities above the extinction/background level showing distinct data). 226 Ra activity 

remained relatively constant with depth in each core although some small variations in 

activity in the near surface samples were observed. Bottom core samples showed minor 

deviations with all cores reaching equilibrium between 226 Ra and 210 Pb radioisotopes (except 

09ESP-AD). The 226 Ra inventory (total activity in a core) ranged from 1.05 dpm/cm2 (core 

09ESP-P) to 4.33 dpm/cm2 (core 16ESP-A1) (Table 3.4).

149 samples had 210 Pb above detection. The 210 Pb activity depth profiles varied con

siderably between the sediment cores, with some producing ideal decay profiles (e.g. core 

16ESP-G, Figure 3.11 and 3.4), while others produced much more variable profiles (e.g. core 

16ESP-A2, Figure 3.5 and 3.4). The 210 Pb inventory (total activity in a core) ranged from 

8.12 dpm/cm2 (core 17ESP-L) to 22.59 dpm/cm2 (core 09ESP-AD) (Table 3.4).

137Cs was detected in 131 samples. Ten cores expressed 137 Cs peaks, 2 cores had no 

clearly identifiable 137 Cs peak, and 2 cores had unresolved peaks (Figure 3.4). Most full 

peaks occurred between 1.5 cm and 9.5 cm depths. Unresolved peaks either occurred at the 

surface or bottom depths (0-1.5 cm and 12.5-15.5 cm). The 137 Cs inventory (total activity in 

a core) ranged from 0.95 dpm/cm2 (core 16ESP-A2) to 4.03 dpm/cm2 (both cores 10ESP-A 

and 17ESP-L).
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Table 3.4: Radionuclides inventory of 210Pb, 226Ra, and 137Cs for each core. Cores are 
organized in order of youngest relative age (top row) to oldest relative age (bottom row). 
Group # shows which groups the cores belong to. Interval is the depth range for which 
samples had detectable 210Pb activities. Notes give further context to inventory levels.

Core ID Group ID
210Pb

Inventory
2

(dpm/cm2)

226Rd
Inventory 

(dpm/cm2)

137Cs
Inventory

2
(dpm/cm2)

Interval
(cm)

Notes

16ESP-A2 11.66 1.65 0.95 0-11
16ESP-A1 1 20.87 4.33 2.40 0-15
16ESP-A 17.59 3.00 3.08 0-15
10ESP-A 14.35 1.11 4.03 0-14

09ESP-AD 2 22.59 1.58 2.18 0-15
17ESP-H 10.10 1.84 2.69 0-12
16ESP-G 12.60 1.61 1.82 0-12
09ESP-D 3 12.11 1.80 1.17 1-15 Missing top 1 cm
16ESP-H 13.56 1.30 2.72 0-12
09ESP-M 4 20.94 1.71 3.43 0-15
09ESP-P C 14.21 1.05 3.61 0-15
17ESP-L 8.12 3.53 4.03 0-30
17ESP-F 6 7.90 1.68 1.07 0-12
17ESP-G

6
9.92 1.44 1.82 0-12

*Core 17ESP-L used calculated DBD from %C in Inventory calculations.
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There are some important caveats to consider when looking at the radionuclide data 

(and produced results) from Cape Espenberg. Cores with variable 226 Ra with depth include 

16ESP-A2 and 10ESP-A (the cores run on ACGL detectors: Figure 3.4 a & d ), 16ESP-A, 

09ESP-AD, 09ESP-D and 17ESP-L. Core 09ESP-AD has 210 Pb and 226 Ra activities not in 

equilibrium at the basal samples, and further sampling downcore is needed to identify the 

depth interval of 210 Pb extinction. Core 09ESP-D is missing the upper 0-1 cm of measure

ments, due to a very low sample mass and the inability to run such small samples (Figure 

3.4). Cores with unresolved 137Cs peaks include 10ESP-A, 17ESP-H, and 17ESP-L (Figure 

3.4). Cores with 210 Pb profiles that indicate processes other than decay have altered the 

depth profile include 16ESP-A, 09ESP-AD, 10ESP-A, 17ESP-H, and 17ESP-L (Figure 3.4).

There are seven main factors that commonly affect post-deposition of 210 Pb profiles which 

include mixing, organic matter (OM) decomposition, increasing sedimentation, changes in 

grain size, erosion, radionuclide decay, and cryo-cyclic deformation (Lokas et al., 2013; Arias- 

Ortiz et al., 2018; Figure 3.3).

The factors that change 210 Pb decay curves are the same factors that affect accumulation 

and carbon burial rates. However, many of these factors intersect and are responsible for 

multiple decay profile shapes. Thus, decay profile shape is not the best indicator of what 

post depositional force has acted on the sediment, but can be strengthened with other data 

like radioisotope inventory data (Table 3.4). If it is assumed that all swales would have the 

same depositional environment, then each core should have the same inventory unless post- 

depositionally altered. Cores with the lowest inventory and altered decay profiles may have 

experienced erosion or some other disturbance factor. Cores with low inventory are cores 

with 210 Pb inventory below 13 dpm/cm2 which include cores (e.g. 16ESP-A2, Table 3.4; 

Figure 3.4). Cores with non-ideal decay curves are those that exhibit non-exponential decay 

of the 210 Pb profile (e.g. 16ESP-A2 and 09ESP-AD: Figure 3.4). Interestingly, some of the 

cores with intersecting low inventory and altered decay profiles are cores that were modeled 

with the linear CIC age-depth model (e.g. 16ESP-A2, 16ESP-A, and 7ESP-L). The other
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Figure 3.3: Seven different types of 210 Pb profiles (based on simulations and literature data) 
from vegetated coastal sediments in the study from Arias-Ortiz et al., 2018. Numeral (I) 
demonstrates an ideal decay curve while numerals II through VII demonstrate imperfect 
decay curves and their probable causes. Figure from Arias-Ortiz et al., 2018.
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core modeled with the CIC age-depth model is 09ESP-AD (deviant decay curve but high 

inventory). It should be noted that core 10ESP-A had significant disturbance in its decay 

profile which could not be reliably modeled with either the CRS or CIC method. All other 

cores (e.g. 16ESP-A1 Figure 3.4) are near enough to the ideal to use the nonlinear Bayesian 

CRS age-depth model. Due to the limited amount of sampling completed in each core (both 

210 Pb and 14 C), distance/depth between 210 Pb and 14 C data points, and the dynamism of the 

study site (post depositional alteration), this study used both linear CIC age-depth model 

and the Bayesian (CRS) age-depth modeling software to produce age-depth accumulation 

rates. These models handle the dynamic environment at Cape Espenberg and can be seen 

in the integrated figures section 3.6 (e.g. Figures 3.5 and 3.6).

3.6 Age-Depth Models

Determining the response of carbon and mineral accumulation rates to climate change 

and storm impacts through time has been a difficult task due to the many components that go 

into paleoclimate reconstructions, and the challenges and uncertainties each method presents. 

Age-depth modeling from the radioisotope data at Cape Espenberg presented challenges due 

to the dynamic Arctic environment and lower 210 Pb radionuclide flux compared to lower 

latitude regions (Rangarajan et al., 1986; Persson , 2016). Extensive time and effort has 

gone into creating the most suitable age-depth model for each core. However, all cores have 

some amount of uncertainty, although in part due to the difficulties of producing age-depth 

models for Arctic environments, the use of appraising the decay profile to that of the ideal 

and assessing which model (CRS vs CIC) best fits it, is a good indicator of model accuracy.

Age-depth models depend heavily on the radioisotope data with the quality directly 

relating to the accuracy of the model. CRS models can handle environmental inputs (priors), 

which better reflect the dynamism of the environment (e.g. produces changing rates through 

time) versus CIC modeling (e.g. produces constant rates through time). The ma jority of
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Figure 3.4: Results showing the 210 Pb and 137Cs profiles for all cores (plots A-N). Total 210 Pb 
data (1s) is represented in orange, 226 Ra is represented in blue (1s), and 137Cs is represented 
in green (2s). The error bars show the uncertainty in percent (%).
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the cores were good candidates for CRS modeling and produced successful models. Only 

one core was unsuitable for modeling (10ESP-A) and is not included in calculations of rates 

(Figure 3.8). The cores modeled with CRS methods are: 16ESP-A1, 17ESP-H, 16ESP-G, 

09ESP-D, 16ESP-H, 09ESP-M, 09ESP-P, 17ESP-F, and 17ESP-G.

In some cases, 210 Pb and 226 Ra activities varied widely with depth, demonstrating deposi

tional (e.g. rapid mass accumulation or change in mass accumulatio rate) or post depositional 

alterations (e.g. OM decay and erosion) to the decay profile (Figure 3.3; Figure 3.5). These 

cores were unsuitable for CRS modeling and instead modeled with CIC methods to mitigate 

the variation in activity with depth (e.g. Figure 3.7). To mitigate the variations in the 

decay profile, the CIC model assumes that initial unsupported 210 Pb specific activity and 

accretion were constant through time with decay the only factor affecting the 210 Pb pro

files (Arias-Ortiz et al., 2018). The cores modeled with the CIC method include 16ESP-A2, 

16ESP-A, 09ESP-AD, 10ESP-A (i.e. non-usable model), and 17ESP-L. One drawback to the 

CIC model is that it produces accumulation rates that stay constant over time, potentially 

over or underestimating accumulation and carbon burial rates. To mitigate this effect, only 

the depths including the most linear distribution of datapoints within CIC models been used 

to ensure the highest confidence in CIC produced CARs.

It should be further noted that 7 age-depth models are lacking paleo dates. This is due 

to cores having only modern deposits (e.g. 16ESP-A2, 16ESP-A1, and 16ESP-A), or a CIC 

model that became non-linear in the paleo section of the core (e.g. 09ESP-AD and 17ESP-L), 

and one core lacked any F3 paleo deposits (17ESP-G).

3.7 Integrated Elemental and Physical Data with Age-Depth Models

This section combines stratigraphic core logs, stable isotope, Dry Bulk Density (DBD), 

and age-depth models (radioisotope age-markers 137 Cs, 210 Pb, and 14 C) into integrated figures 

for each core.
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3.7.1 Stable Isotope, %C, and DBD Data

This section pertains to the patterns in the stable isotope distribution throughout the 

sediment cores which are visualized in the integrated figures (Figures 3.5 to 3.18). Overall 

trends in δ13C seen among all core groups show heavier isotope values (~ -20‰ to -27‰) at 

the bottom of the cores (within F1 sand deposits), which grade upwards to lighter values (~ 

-27‰ to -35‰) from midcore (within F3 peat deposits) to the surface. Overall trends in %C 

seen among all core groups show very low C content at the bottom of the core (within F1 

sand deposits) which remains low until about mid-to-upper core (within F3 peat deposits) 

when it rapidly increases in value towards the surface to concentrations around 11% to 

46%. Overall trends in DBD seen among all core groups show the highest density values 

(>0.5 g/cm3) midcore (within F1 sand and F2 sand-peat deposits) which grade to the lowest 

density values (<0.5 g/cm3) from upper-core to the surface (within F3 peat deposits). An 

example of this trend can be seen in core 17ESP-F (Figure 3.17).

Additional specific trends worth noting include missing isotopic data from two cores/groups. 

Group 2 core 10ESP-A is missing the 0-26 cm isotope data and group 3 core 16ESP-G is 

missing the 0-10 cm of isotope data and (Figure 3.8 and 3.11 respectively). Some cores in 

group 2 also have lighter δ13C isotope values as well as a spike in nitrogen isotopes associ

ated with nearby archaeological sites (Figures 3.8 to 3.10). Group 2 δ13C isotope values (~ 

-29.55‰ to -34.58‰) towards the bottom of the F3 peat unit grade to heavier δ13C values 

(-27.58‰ to -26.31‰) from midcore to the surface (Figures 3.8 to 3.10). The lightest δ13C 

values and nitrogen spike correlates to moss deposits within the peat (F3) unit in 09ESP-AD 

(Figure 3.9). Notable trends for %C content include highly variable %C within group 5, core 

09ESP-P (14% to 46%) and core 17ESP-L (11% to 33%) (Figure 3.15 and 3.16 respectively).
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3.7.2 Age-Depth Models

This section pertains to the patterns in the age-depth models among the sediment cores 

which are visualized in the integrated figures (e.g. Figure 3.5 and 3.18). General trends 

among CRS models include lower accumulation rates (as seen in the less-steep slope of the 

mean line and 95% confidence envelope) in paleo times which transition abruptly to higher 

accumulation rates in modern times (as seen in the more-steep slope of the mean line and 

95% confidence envelope) (e.g. Figure 3.12). It is important to note that the linear CIC 

model/equation was generated based on all unsupported 210Pb datapoints within each core 

using this age-depth method. This is different from the extent of the CIC model depths 

used in CAR calculations. For example, core 16ESP-A2's CIC model (based on how linear 

the datapoints fit the CIC model) went to 4 cm depth, discounting the unsupported 210Pb 

data down to 10 cm (Figure 3.5). Core 16ESP-A's CIC model went down to 13 cm, and 

excluded the basal two datapoints (Figure 3.7) from CAR calculations. The CIC model 

for core 09ESP-AD only went down to 7 cm for both the vertical accretion and carbon 

accumulation rate calculations (Figure 3.9). The CIC model for core 17ESP-L went to 10 

cm and excluded the basal 6 datapoints from CAR calculations (Figure 3.16). The exclusion 

of datapoints outside the most linear distribution increases confidence in CIC-based CAR 

calculated results.
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Group 1

Figure 3.5: Integrated figure for 16ESP-A2. From left to right: sediment core log, δ13C 
isotope data in VPDB‰, C:N ratio, percent carbon (%C), DBD in g/cm3, and linear CIC 
age-depth model. The blue dots on the CIC age-depth model are unsupported 210Pb data- 
points, the black line is the CIC model with equation and R2 value.
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Figure 3.6: Integrated figure for 16ESP-A1. From left to right: sediment core log with yellow highlighted boxes showing 
calibrated radiocarbon dates in ВС/AD (2σ median probability), J13C isotope data in VPDB%o, C:N ratio, percent carbon 
(%C), DBD in g∕cm3, and CRS Bayesian age-depth model in years BC/AD. In the CRS age-depth model, the top five smaller 
graphs show the log of objectives (which shows validity of the model) and the green prior and grey posterior distributions for 
the accumulation rate, memory, the influx of 210Pb to the sediment, and the supported 210Pb levels. Radiocarbon dates in 
the age-depth model are shown as irregular blue splotches, 210Pb levels are shown as blue squares with purple squares being 
supported 210Pb data points (226Ra values). The red line is the mean age-depth curve with the grey shaded area between the 
two grey lines the 95% confidence interval envelope. Yellow bars are slope segments chosen to demonstrate accumulation rates.



Figure 3.7: Integrated figure for 16ESP-A. Symbols and legends as in Figure 3.5. Yellow 
highlighted boxes in core log show calibrated radiocarbon dates in BC/AD (2σ median 
probability).
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Group 2

Figure 3.8: Integrated figure for 10ESP-A. Symbols and legends as in Figure 3.5. Yellow 
highlighted boxes in core log show calibrated radiocarbon dates in BC/AD (2σ median 
probability). Stable isotope data is missing from the upper portion of the core due to it 
being sampled by Bigelow for a previous study which focused on the center of the core. This 
core does not have an age-depth model due to the poor quality of 210Pb data.
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Figure 3.9: Integrated figure for 09ESP-AD. Symbols and legends as in Figure 3.5. Yellow 
highlighted boxes in core log show calibrated radiocarbon dates in BC/AD (2σ median 
probability). Radiocarbon dates next to each other are a result of multiple submissions 
within the same depth interval. Radiocarbon ages with an asterisk have not been included 
in the generation of results.
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Figure 3.10: Integrated figure for 17ESP-H. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).
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Group 3

Figure 3.11: Integrated figure for 09ESP-M. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).
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Figure 3.12: Integrated figure for 09ESP-D. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show 
calibrated radiocarbon dates in BC/AD (2σ median probability). Note that upper 3 cm of gamma spectroscopy data are 
missing.
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Figure 3.13: Integrated figure for 16ESP-H. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).



Group 4

Figure 3.14: Integrated figure for 09ESP-M. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).
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Group 5

Figure 3.15: Integrated figure for 09ESP-P. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).



Figure 3.16: Integrated figure for 17ESP-L. Symbols and legends as in Figure 3.5. Yellow 
highlighted boxes in core log show calibrated radiocarbon dates in BC/AD (2σ median 
probability). Radiocarbon ages with an asterisk have not been included in the generation of 
results.

63



Group 6

Figure 3.17: Integrated figure for 17ESP-F. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).
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Figure 3.18: Integrated figure for 17ESP-G. Symbols and legends as in Figure 3.6. Yellow highlighted boxes in core log show
calibrated radiocarbon dates in BC/AD (2σ median probability).



3.8 Dry Bulk Density (DBD) and Carbon Density (CD) Data

Dry Bulk Density (DBD) measurements were taken for all gamma samples in each core 

except for 17Esp-L. Density data for core 17ESP-L was estimated using the relationship 

between DBD and %C and used in CAR calculations, but is not included in this section. 

The sampling for DBD and CD generally occurred in the F3 unit, with limited samples 

taken from F2 or F1. Due to the wide differences in density among the different facies types, 

results are presented according to facies type (Table 3.5). Results for F3 show the lowest 

DBD and the highest CD. Results for F2 fall between F3 and F1 values. Results for F1 show 

the highest DBD and the lowest CD.

Table 3.5: DBD and CD data for facies units 1 through 3, and each unit's statistical summary.

TyPe
Stats by
Facies

Sample
Size (n) Mean Min Max Standard

Deviation

F3 197 0.303 0.035 1.073 0.133
DBD (g/cm3) F2 18 0.740 0.265 1.239 0.346

Fl 3 1.170 1.120 1.238 0.061
F3 90 0.067 0.016 0.152 0.023

CD (gC∕cm3) F2 9 0.044 0.013 0.085 0.025
Fl 1 0.022 0.022 0.022 N/A

The low density (<0.5 g/cm3 ) trends typically occur among organic rich samples in F3 

and F2, and high density (>0.5 g/cm3 ) trends typically occur among mineral rich samples 

in F1 and F2 (Figure 3.19). Densities between 0.5 g/cm3 and 1.0 g/cm3 were taken from a 

mix of organic and mineral materials. Cores like 17ESP-F, 16ESP-A1, and 17ESP-G exhibit 

both DBD values below and above 0.5 g/cm3 , reflecting the organic-to-mineral transition. 

It should be noted that 17ESP-L does not have any available DBD data (Figure 3.16). 

Additional trends in DBD worth noting occur in some cores that have a peak shaped density 

distribution. Group 3 has a rough peak around 6-8 cm that ranges from 0.34 g/cm3 to 0.44 

g/cm3 compared to DBD values at the surface which range from 0.22 g/cm3 to 0.34 g/cm3
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Figure 3.19: DBD vs depth graphs for 13 sediment cores, core 17ESP-L was not sampled for 
density measurements and has no DBD data.

(Figures 3.11 to 3.13 & 3.19). Group 4 cores also show a rough peak around 5-7 cm, with 

the highest value at 0.34 g/cm3 compared to lower DBD values at 14-15 cm (0.24 g/cm3 ) 

and at the surface (0.27 g/cm3 ) (Figure 3.14 & 3.19). DBD for group 5 shows a slight peak 

at 3 cm with a value of 0.34 g/cm3 compared to lower DBD levels at 14-15 cm (Figure 3.15 

& 3.19).

Carbon density was calculated for most cores based on the availability of data (Figure 

3.20) which was limited by the number of matching %C and DBD datapoints (points within 

the same depth interval). Group 1 showed the lowest carbon densities, while groups 4 and 5 

had intermediate ranges, and groups 2 and 6 had the highest carbon densities (Figure 3.20).
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Figure 3.20: Carbon Density (gC/cm3 ) per core for all cores except 10ESP-A and 17ESP-L. 
The Y-axis is Depth in centimeters and the X-axis is Carbon Density in grams of carbon per 
centimeter (gC/cm3 ).
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3.9 Summary of Modern and Paleo Accumulation and Carbon Burial Rates

This study defines modern ages as those occurring from 1850 to present and paleo ages 

as those occurring prior to 1850. Reported values are for the F3 unit unless otherwise 

stated. Age-depth outputs from the age-depth models were separated into paleo and modern 

components for each core and then averaged. This produced the data represented in Table 

3.6, which shows the average modern and paleo accumulation and burial rates for each of 

the cores that had successful age-modeling. It should be noted that core 17ESP-L lacked 

density data so estimated density values were calculated using the relationship between DBD 

and %C when fitted to the logarithmic curve produced from the DBD vs %C relationship 

as previously mentioned in the methods section. Accumulation rates were calculated from 

the CIC or CRS age-depth models. The average accumulation rates (per core) for the times 

prior to 1850 (paleo) within F3 ranged from 0.10 ± 0.01 mm/yr (17ESP-F) to 0.41 ± 0.15 

mm/yr (16ESP-H) (The CIC models did not have any standard deviation because the value 

is constant through time; Table 3.6 Average paleo vertical accumulation rates (per group) 

indicate that paleo accumulation rates are highest in groups 3 (0.38 ± 0.11 mm/yr) and 

2 (0.37 ± 0.08 mm/yr), with the lowest paleo accumulation rate in group 6 (0.10 ± 0.01 

mm/yr) (Table 3.6). Average paleo vertical accumulation rates (among all cores) separated 

by facies type are 0.17 ± 0.02 mm/yr for F1, 0.30 ± 0.18 mm/yr for F2, and 0.32 ± 0.12 

mm/yr for F3. The average vertical accumulation rates for the times after 1850 (modern) 

ranged from 0.43 ± 0.0 mm/yr (16ESP-A2) to 1.30 ± 0.35 mm/yr (16ESP-A1) (Table 3.6). 

The average modern accumulation rates (per group) are tied for highest in group 1 (0.99 ± 

0.39 mm/yr), group 2 (0.99 ± 0.68 mm/yr), and group 5 (0.99 ± 0.24 mm/yr), and lowest 

in group 6 (0.72 ± 0.29 mm/yr) (Table 3.6).

Carbon burial rates were calculated from the vertical accumulation rates and carbon 

density data, with the average carbon burial rates (per core) for the times prior to 1850 

(paleo) from 7.05 ± 1.10 gC/m2/yr (17ESP-F) to 27.57 ± 10.83 gC/m2/yr (16ESP-H) (Table 

3.6). Average paleo carbon burial rates (per group) are highest in groups 2 (25.60 ± 2.17 
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gC/m2/yr) and 3 (24.07 ± 8.69 gC/m2/yr), and lowest in group 6 (7.05 ± 1.10 gC/m2/yr) 

(Table 3.6). Average paleo carbon burial rates (among all cores) separated by facies type are 

2.34 ± 1.36 gC/m2 /yr for F1, 17.27 ± 12.39 gC/m2 /yr for F2, and 21.43 ± 9.33 gC/m2 /yr 

for F3. The average carbon accumulation rates for the times after 1850 (modern) ranged 

from 19.42 ± 9.06 gC/m2 /yr (16ESP-A2) to 80.34 ± 31.59 gC/m2 /yr (09ESP-P) (Table 

3.6). Average modern carbon burial rates (per group) are highest in group 5 (74.71 ± 30.05 

gC/m2/yr) and 4 (74.09 ± 28.87 gC/m2 /yr), and lowest in group 1 (47.00 ± 23.10 gC/m2/yr) 

and 6 (51.62 ± 24.79 gC/m2/yr) (Table 3.6).

Carbon stocks were calculated for each core from the carbon density data and depth. 

The depths for each core are unique in that the depth goes down to the bottom of the peat 

materials (F3 & F2) in each core. Note that core 10ESP-A used estimated carbon density 

values and the group average (G2) incorporated this (Table 3.6).
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Table 3.6: Combined results from all successful age-depth models for samples within F3. Cores are organized in rows in order 
of youngest (first row) to oldest (last row) according to their geographic location on Cape Espenberg. Modern is defined here as 
any time after 1850 AD to present day. Paleo is defined here as any date older than 1850. It should be noted that core 17ESP-L 
lacked density data so density values were calculated using the DBD to %C relationship logarithmic equation. Additional %C 
or density measurements are estimated from the DBD vs %C relationship.

Core ID Group
ID

Data Type Model 
Type

F3 Avg
Modem

Accumulation
Rate (min∕yr)

Average 
per group 
(min∕yr)

F3 Avg Paleo 
Accumulation
Rate (mm∕yr)

Average 
per group 
(mm∕yr)

F3 Avg
Modem C

Burial
(gC∕m2∕yr)

Average per 
group 

(gC∕m2∕yr)

F3 Avg Paleo 
C Burial 

(gC∕m2∕yr)

Average per 
group 

(gC∕m2∕yr)

Carbon Stocks 
to basal 

peat/core 
(gC∕m2)

Average 
per group 
(gC∕m2)

16ESP-A2

1

210Pb CIC 0.43 ± 0.0

0.99 ±0.39

N/A

N/A

19.42 ±9.06

47.00 ±23.10

N/A

N/A

51.22

95.8816ESP-A1 210Pb, 137Cs CRS 1.30 ±0.35 N/A 49.45 ± 26.03 N/A 107.46

16ESP-A 210Pb, 137Cs, 14C CIC 1.01 ±0.0 N/A 52.86 ± 16.79 N/A 128.97

*10ESP-A

2

N/A N/A N/A

0.99 ±0.68

N/A

0.37 ±0.08

N/A

65.66 ±50.96

N/A

25.60±2.17

*402.19

*578.0909ESP-AD 210Pb CIC 0.81 ±0.0 N/A 45.74 ±8.31 N/A 627.51

17ESP-H 210Pb, 14C CRS 1.09 ±0.83 0.37 ±0.08 76.38 ±61.00 25.60±2.17 528.67

16ESP-G

3

210Pb, 137Cs, 14C CRS 0.80 ±0.10

0.89 ± 0.33

0.35 ±0.05

0.38 ±0.11

53.73 ±6.64

54.05 ± 17.51

19.13 ±6.64

24.07 ± 8.69

303.02

252.37*09ESP-D 210Pb, 137Cs, 14C CRS 0.92 ±0.17 0.37 ±0.10 51.11 ± 12.13 25.20 ±5.84 252.71

16ESP-H 210Pb, 137Cs, 14C CRS 0.96 ±0.58 0.41 ±0.15 57.92 ±29.09 27.57 ± 10.83 201.38

09ESP-M 4 210Pb, 137Cs, 14C CRS 0.97 ± 0.23 0.97 ± 0.23 0.24 ±0.10 0.24 ±0.10 74.09 ±28.87 74.09 ±28.87 18.81 ± 10.39 18.81 ± 10.39 284.58 284.58

09ESP-P
5

210Pb, 137Cs, 14C CRS 1.02 ±0.28
0.99 ± 0.24

0.23 ± 0.05
0.23 ± 0.05

80.34 ±31.59
74.71 ±30.05

16.16±4.85
16.16±4.85

300.92
193.84

17ESP-L 210Pb, 137Cs, 14C CIC 0.85 ±0.0 N/A 53.60 ±2.56 N/A 86.75

17ESP-F
6

210Pb, 137Cs, 14C CRS 0.84 ±0.27
0.72 ±0.29

0.10 ±0.01
0.10 ±0.01

58.85 ±23.11
51.62 ±24.79

7.05 ± 1.10
7.05 ± 1.10

77.25
56.52

*17ESP-G 210Pb, 137Cs, 14C CRS 0.54 ±0.20 N/A 36.30 ±22.47 N/A 35.78



3.9.1 Statistical Analyses Results

This section presents the results of the non-parametric Kruskal-Willis Statistical test, the 

Dunn post-hoc test, and the ANOVA based QQ-plot and histogram visual aids. For paleo and 

modern datasets, the QQ-plots (Figure 3.22 and 3.23 respectively, upper right panel) show 

deviations from normality while the histogram shows a relatively Gaussian shape. When 

testing for equality among the variances using the Levene test, the paleo dataset failed with 

a p-value of 0.01634 which is less than the significance level of 0.05 (95%). The modern 

dataset passed the Levene test with a p-value of 0.2372. When testing the normality of the 

residuals with the Shapiro test, both modern and paleo datasets passed by having a p-value 

(modern = 3.311 x 10-10, paleo = 0.002931) less than the significance level of 0.05. The 

Kruskal-Willis test was utilized, and yielded at least one group with significant results for 

both the modern and paleo datasets, with a modern p-value of 0.00648 and a paleo p-value 

of 0.000017. The Dunn post-hoc test yielded a significant group-pair G1-G4 for the modern 

dataset, and G2-G6 and G3-G6 in the paleo dataset. Integrated figures for each dataset 

include the results of the QQ-plots, histogram, Kruskal-Wallis, and Dunn tests, in relation 

to the datasets visualized as box-and-whisker plots (Figure 3.22, Figure 3.23).

Additional analysis included the Wilcoxon test to determine if the paleo and modern 

datasets are significantly different compared to each other. Results of the Wilcoxon test 

show there is a statistical difference between modern and paleo datasets with a p-value of 

2.2 x 10-16 (and 1.59 x 10-24 for the plot) which is substantially less than the 0.05 significance 

level. Thus, the modern and paleo datasets have significantly different distributions (Figure 

3.21).
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Figure 3.21: Results of the Wilcoxon test. The box-and-whisker plot over green dots signifies 
the modern dataset, while the boxplot over the orange dots is the paleo dataset. The whiskers 
show the min and max values with colored dots outside of that range consisting of outliers. 
Central box is the interquartile range and the center black line is the mean value. Statistical 
results of the Wilcoxon test are written in the upper left hand corner.
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Figure 3.22: Integrated figure for the Paleo dataset, with results of the Kruskal-Wallis test 
and the boxplots for each group in the bottom panel. The upper left panel is the result 
of the homogeneity of variances test to check for any relationship between mean of each 
group and residuals. The upper right panel is the result of the QQ-plot and histogram which 
visually check for normality of distribution of the residuals. The brackets with asterisks 
denote significant group-pairs with those of greatest significance having the most asterisks. 
The p-value for each significant pair is provided next to the asterisk.
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Figure 3.23: Integrated figure for the Modern dataset, with results of the Kruskal-Wallis 
test and the boxplots for each group in the bottom panel. The upper left panel is the result 
of the homogeneity of variances test to check for any relationship between mean of each 
group and residuals. The upper right panel is the result of the QQ-plot and histogram which 
visually check for normality of distribution of the residuals. The brackets with asterisks 
denote significant group-pairs with those of greatest significance having the most asterisks. 
The p-value for each significant pair is provided next to the asterisk.
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4 DISCUSSION

The main ob jective for this pro ject was determining how the carbon and mineral ac

cumulation rates at Cape Espenberg have responded to climate change and storm impacts 

through time. Though the Arctic is experiencing increased storminess and warmer tempera

tures (Walsh et al., 2011), this pro ject predicts carbon and mineral accretion would increase 

due to improved peat growing conditions under warmer climate. Much of the modern accre

tion is composed of organic material in F2 and F3, which is driven by the balance between 

inputs such as plant growth and allochthonous material deposition; and outputs such as de

composition and erosion. Coastal wetlands are highly sensitive to local hydrological changes 

(i.e. water table rise) due to sea-level rise, and should be considered an important framer 

in the discussion about how relative sea-level rise (RSLR) could affect peat growth and 

preservation. The main objectives to guide this research encompasses three key topics: 1) 

determining the physical characteristics of the carbon and mineral content in marsh sedi

ments; 2) developing age-depth models to produce sediment and organic accumulation rates 

through time (paleo to modern); and 3) comparing the carbon and mineral accumulation and 

burial rates with preexisting climate proxy data, to determine possible correlations between 

climate change events and wetland responses.

4.1 Interpretation of Depositional Record

The sediment core logs and proxy data indicate the main depositional environments at 

Cape Espenberg generally progresses from marine sands (F1), to a brackish transition zone 

of mixed sand and peat (F2), to terrestrial peat deposits (F3). This follows the prograding 

nature of the barrier system and the three main facies (F1, F2, & F3) each correspond to a 

depositional environment in the prograding sequence of Cape Espenberg (e.g. Figure 4.1).
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Cape Espenberg continues to prograde seaward building marine sand deposits both ver

tically (thickening) and horizontally (prograding). It is likely that the genesis of new beach 

ridges first begins with the well-developed offshore bars-which once exposed on the beach, 

begin to gain in height due to aeolian sand deposition and storm debris. Once these dunes 

become isolated from the coastline due to continued progradation they become stabilized 

ridges with the establishment of vegetation (Figure 4.1).

Figure 4.1: Conceptual model for the prograding sequences of Cape Espenberg. Core 09ESP- 
M is used as an example to demonstrate F1, F2, and F3 and how they transition both 
vertically through the core and horizontally though the spit. Adapted from Engels and 
Roberts , 2005.

This interpretation is supported by stable isotope and elemental data as different sources 

of organic carbon (e.g. plant type) in δ13C and C:N ratio data have established ranges which 

can be used to determine the nature of a carbon source in a sample (e.g. terrestrial vs 

marine) (Figure 4.2). Marine values for C:N ratios typically range between 4-10, a mixed 

marine and terrestrial carbon source range between 10-20, and a terrestrial source typically 

has values >20 (Wang and Wooller , 2006; Figure 4.2). δ13C values operate in a similar way 

in that C3-type terrestrial plants, like those found in Cape Espenberg, have a full range of ~ 
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-23‰ to -30‰ and commonly average ~ -27‰ to -28‰ (Wang and Wooller, 2006; Figure 

4.2). A marine carbon source typical for the Chukchi Sea is ~ -22.7‰ (De la Vega et al., 

2019). These established ranges for stable isotope and elemental data are used to support 

the interpretation of the depositional environment for each facies.

Figure 4.2: δ13C ranges for different organic materials and plant types in per mil (‰ vs 
VPDB), and shows typical C:N ratio ranges for different carbon sources and environmental 
type for plants (From Wang and Wooller, 2006.
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Figure 4.3: Illustration for core 09ESP-M which shows the facies identification in colored 
boxes on the left side (F1 = yellow, F2 = grey, and F3 = brown), stratigraphic core log 
in the center, age-depth model in the upper right, and stratigraphic core log legend in the 
lower right.

Facies 1 (F1) is interpreted as representing a foreshore to nearshore marine environment 

actively influenced by coastal processes. All cores contain the F1 unit and an example of the 

position of F1 can be seen from 83 cm to 36 cm in core 09ESP-M (Figure 3.14 & 4.3). The 

F1 unit comprises the oldest deposits observed based on the age models and lower position 

within the core (Figure 3.14 & 4.3).
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Evidence for the marine depositional environment of F1 includes coarse sand grains, poor 

to well sorting, and the presence of wood fragments and marine shells. Storm impacts like 

surge and overwash provide the energy sufficient to deposit coarse grains, wood, and shells. 

The wood fragments likely originate from abundant driftwood that is present in the system 

(Alix , 2005), and the presence of marine shells is a strong indicator of a marine depositional 

environment (Mason et al., 1997). Elemental data supports this, as samples from F1 show 

very low %C values consistent with marine sands (Figure 4.4). Additionally, δ 13 C values for 

F1 samples are isotopically heavier, reflecting marine carbon values typical for the Chukchi 

Sea (Wainright et al., 1998;De la Vega et al., 2019) (Figure 4.4). The mean C:N ratio for F1 

is 15.42 falling on the marine side of the mixed carbon source range (Figure 4.2). The F1 

mean δ 13 C value is -25.32 ‰ which indicates a heavy marine influence.

F1 forms the structure needed to support the succeeding F2 and F3 depositional units. 

The date of transition from F1 to F2 varies across the spit with a range from 777 AD (09ESP- 

P Figure 3.15) located between ridges E9 and E14a (Figure 3.1) to 1633 AD (17ESP-G 

Figure 3.18) located on the most landward side (Figure 3.1). It is important to note that 

the date ranges for each facies type overlap among cores horizontally (spatially) but not 

within a core. This is caused by the progradation of swales with the oldest dates per facies 

range typically occurring in the most landward swales, and the youngest dates per facies 

range typically occurring in the most seaward swales (Figure 4.1). However, the dates for 

the transition of F1 to F2 are an exception to the above rule due to the presence of more 

modern sand deposits on the lagoonal side surrounding 17ESP-G (Figure 3.18) which skew 

F1 dates towards modern values, this is discussed further in section 4.1.1.

As the beach ridge is formed and stabilized, the landward area behind the new beach 

ridge gains shelter and becomes further isolated from coastal processes which mark the end 

of F1 and the transition into F2. The increased shelter and distance from the beach creates 

a brackish environment which fosters the deposition of organic material while still receiving 

some marine sand influence through tidal, storm, and aeolian processes (Figure 4.1).
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F2 is a deposit within a brackish environment consisting of a combination of typi

cally medium to fine grained marine sand which indicates a loss of energy compared to 

F1 (McLaren and Bowles , 1985). F2 also includes intermixed peat and organic material 

which indicate the depositional environment is stable enough to support plant growth (Ma

son et al., 1997). The combination of marine and terrestrial elements suggests a brackish 

back-dune depositional environment (Figure 4.1). Elemental data supports this as the F2 

mean δ 13 C (-28.08‰) and C:N ratio (17.69) values indicate mixed terrestrial and marine 

carbon sources (Figure 4.2). The transitional nature of F2 is also expressed in the C:N and 

%C data occurring between F1 and F3 values, with the exception in that F2 δ13 C data 

is isotopically lighter than F3 (Table 3.3, Figure 4.4). The F2 unit is present in all cores 

except for 16ESP-H (Figure 3.13). An example of the typical F2 position within a core can 

be seen from 36 cm to 23 cm in 09ESP-M (Figure 3.14 and 4.3). F2 units are the second 

oldest deposits within sediment cores (e.g. Figure 4.3). The date of transition from F2 to 

F3 varies across the spit with a range of 933 AD to 1903 AD. These dates follow the ex

pected progradational rule of the landward cores (17ESP-F; Figure 3.17) having the oldest 

transition between facies and the seaward cores (16ESP-A1; Figure 3.6) having the youngest 

transition between facies (Figure 4.3).

With the continued progradation of the barrier and further isolation from marine pro

cesses, F3 begins to accumulate. The generation of a swale behind the beach ridge, combined 

with the gain in elevation of the seaward ridge, lead to the conditions conducive to terrestrial 

peat formation, which comprises F3 (Figure 4.1). An example of this facies can be seen from 

23 cm to 0 cm in 09ESP-M (Figure 3.14 and 4.3). The F3 unit comprises the most modern 

deposits at Cape Espenberg (Figure 4.3).

F3 is a deposit of terrestrial peat and signals the stabilization of the previously evolving 

landscape to that of long term peat deposition with very little input of sand or silt. Most 

sands are fine grained and very well sorted suggesting aeolian deposition or at some low-lying 

areas possibly marine incursions (Clemmensen et al., 2003). Additionally, the presence of 
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macrofossils from terrestrial species (Sphagnum L., Carex, Empetrum nigrum ) are indicators 

of a terrestrial depositional environment. Elemental data in F3 also show strong terrestrial 

signatures in %C which exhibit the highest carbon concentrations, and isotopically light 

δ13 C values (though slightly heavier than F2) typical for C3 terrestrial plants (Table 3.3, 

Figure 4.2 and 4.4). The mean C:N ratio for F3 is the highest of all facies (18.84), indicating 

the most terrestrial carbon sourcing of any unit (Table 3.3, Figure 4.2 and 4.4). The basal 

dates of F3 range from 1135 AD (17ESP-F; Figure 3.17) to 1919 AD (16ESP-A1; Figure 

3.6) and roughly follow the progradational rule of oldest deposits on the landward side (e.g. 

17ESP-F) and youngest deposits on the seaward side (e.g. 16ESP-A1).
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Figure 4.4: Elemental data used in facies interpretation. The Y-axis is divided into 4 different 
datasets (from top to bottom) %C, δ13C, δ13C stable isotope mixing model, and the C:N 
elemental mixing model. The X-axis is time in years BC/AD. A moving average (groups 
of 3) is shown by the line in each dataset figure, helps illustrate trends in the elemental 
data over time. The legend is divided among datasets with the symbology for F1 (orange 
square), F2 (grey circle), and F3 (green triangle) corresponding to the δ13C and %C data 
(top two datasets). Each mixing model has its own legend symbology (e.g. the δ13C mixing 
model symbology is terrestrial: green triangle vs marine: blue dot). Note the shift to higher 
%C concentrations after 1200 AD and the increase in %C from 1950-present. Also note the 
δ13C values are heaviest for F1, and lighest for F3 (from 1900-present). Both mixing models 
indicate higher % of terrestrial carbon around 1100-1200 AD which decreases until modern 
warming (1850-present).
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4.1.1 Exceptions to the Progradational Rule

The main progradational rule for Cape Espenberg is that formation began on the land

ward side and has vertically accumulated (the 3 facies) and horizontally accreted seaward 

through time. This would result in the most landward core groups having the oldest dates of 

transition between facies and the most seaward groups having the youngest facies transition 

dates (Figure 4.1). However, some of the facies transition dates across the spit do not follow 

this expected pattern. The dates of transition between F1 and F2 are older in the low-lying 

central region of the spit (groups 2 & 3) compared to the most landward region around group 

6.

Additionally, the basal peat ages are currently limited by 6 age-depth models not ex

tending into the lower facies (F2 & F1) which has resulted in the basal peat dates following 

the general progradation rule (i.e. older dates on the landward side and younger dates on 

the seaward side). However, if a future age-depth model were able to capture the transition 

between F1-F2 and F2-F3 in group 2 (e.g. core 09ESP-AD, F1-F2: 96-97 cm depth; Figure 

3.9) in the central region of the spit, it is likely that the facies transitions would date older 

than the basal peat deposits in the oldest core on the most landward side of the spit (e.g. 

17ESP-G, 9-10 cm depth; Figure 3.18). This hypothesis is supported by archaeology sites 

between groups 2 and 1 (ridge 5) which date between 1250 cal AD and 1450 cal AD (Norman 

et al., 2017) dating older than the F1-F2 transition of 1633-1741 AD for core 17ESP-G on 

the lagoonal side around group 6.

One hypothesis why this might be the case is that the lagoonal side of the spit is also 

prograding landward, and the original peat deposits made during the initial formation of the 

spit have been buried by a secondary modern facies succession. The distribution of dates 

of succession between facies support this hypothesis as the facies transition dates are older 

in the central region of the spit for F1-F2 vs the lagoonal side which should date the oldest 

according to the progradational regime. This would mean that if a deeper core were to be 
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collected in this area (this was not possible due to extensive permafrost) that a second (i.e. 

primary) facies sequence may be observed below those discussed in this paper. Additionally, 

this hypothetical primary basal peat deposit would be much older than any other on the 

spit and mark the point at which the barrier first formed and began to prograde seaward.

Another hypothesis why the landward side of the spit has a younger F1-F2 transition 

compared to the central region is that the landward side has experienced erosion of the 

original peat deposits made during the early formation of the spit (e.g. Bogardus et al., 

2020). Short-lived radioisotope inventory data suggests erosion may be a factor acting on 

the lagoonal side as group 6 cores have low inventory compared to the more central and 

seaward groups (Table 3.4).

In summary, the facies units at Cape Espenberg are a result of the progradational regime 

driving growth both horizontally seaward and vertically through time. Though there may be 

an exception to this general progradational rule in the areas around group 6, the majority of 

the spit follows the trend of oldest materials being landward and youngest materials being 

seaward. Additionally, the physical composition of each facies (marine sand, brackish sand

peat mixture, and terrestrial peat), the sequence of formation of facies (F1 <F2 <F3), and 

the elemental data (F1: high δ13C and low %C, F2: lightest δ13C and intermediate %C, F3: 

light δ 13 C and high %C), strongly supports this interpretation.

4.1.2 Sea-Level Rise Impacts on Spit Formation & Future Stability

The progradation of Cape Espenberg observed during the late Holocene has been depen

dent on a large source of sediment, its transport northward along the Alaska Coastal Current, 

and relative stability in sea-levels in the Bering Sea (Mason et al., 1997). There continues to 

be ample sediment supply from the Yukon River Delta (Brabets et al., 2000; Dornblaser and 

Striegl , 2009), and strong currents to transport it to Cape Espenberg, but sea-level is rising 

faster today than during the late Holocene and is pro jected to accelerate (Jordan and Mason , 

1999; Portner et al., 2019; NOAA, 2021). Jordan and Mason (2002) estimated RSLR along
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the eastern Chukchi Sea coast over the past 6000 years was only 0.27 mm/yr (~ 1.5 m total 

rise over 6000 years). Although Cape Espenberg does not have a long-running tide station 

that could be used to assess the rate of RSLR, nearby Nome, Alaska does (approximately 

250 km to the southwest on Norton Sound, tide station 9468756; NOAA, 2021). Based on 

the Nome tide gauge data, during the period between 1992 and 2020 the rate of RSLR was 

3.89 mm/yr ± 2.7 mm/yr (NOAA, 2021). To compare this to vertical accretion rates from 

Cape Espenberg, the highest modern accretion rate (core 16ESP-A1) is 1.30 ± 0.35 mm/yr 

(3.08 m above MHW), while the lowest modern accretion rate (core 16ESP-A2) is 0.43 ± 0.0 

mm/yr (3.07 m above MHW). These are some of the higher elevations on the spit (around 

group 1) which is different from the lowest elevation (1.68 m above MHW) (core 17ESP-L) 

rate of 0.85 ± 0.0 mm/yr. If these trends are extended linearly into the future it would 

take approximately 56 years for RSLR to overtake the lowest MHW elevation part of the 

spit (the area around group 4 and 5). However, RSLR is an important driver in increasing 

vertical accretion rates, and has likely served (and will continue to) accelerate accretion rates 

(Rogers et al., 2019; Wang et al., 2021). This can be seen in the 3-fold increase in vertical 

accumulation rates from paleo to modern times and the 14-fold increase in rate of RSLR from 

the late Holocene to present. With this knowledge, it is unknown if the carbon and mineral 

accumulations at Cape Espenberg will maintain equilibrium with increasing sea-level rise or 

enter into a transgressional and/or erosional regime.

In summary, the future of the progradational system is unconstrained as the changes 

in vertical accretion and RSLR are non-linear in modern times, and as rates of RSLR are 

projected to increase in the future, the vertical accretion at Cape Espenberg has the potential 

to increase as well (e.g. Gonneea et al., 2019). However, it is not known if the increase in 

vertical accumulation will be enough to sustain the progradation of Cape Espenberg or if a 

tipping point will be reached.

86



4.2 Paleoclimate Comparison Analysis: The Presence of a Little Ice Age and Medieval

Climate Anomaly in Seward Peninsula

The study by D'Arrigo et al. (2005) examined the dendroclimatology from locations 

on the Seward Peninsula, and found that the evidence (tree-ring width-based temperature 

reconstructions) indicates the presence of LIA and MCA signals in northwestern Alaska. 

In order to assess the impacts of climate change events on the chemical characteristics of 

samples taken from F1, F2, and F3, the age ranges for the LIA and MCA were compared to 

elemental data (δ 13 C and %C) from Cape Espenberg (Figure 4.5).

The occurrences of the LIA and MCA in northwest Alaska are sporadic and difficult 

to constrain both spatially and temporally, however, D'Arrigo et al (2005) identified the 

MCA as occurring from approximately between 1000 and 1300 AD. The elemental data 

δ13C shows a generally isotopically lighter signature during this interval (~ -28.5‰) which 

transitions into isotopically heavier values (~ -27.5‰ to -27‰) in the periods after 1300 AD 

(Figure 4.5). The C:N mixing model source ratio shows a dominance in terrestrial sourcing 

during the MCA (~ 60% to 80% terrestrial). The MCA is also during the time that peat 

accumulations began at Cape Espenberg which can be seen in the onset of F2 in the %C 

data around 1060 AD (Figure 4.5). %C values during the MCA increased to about 20% 

and maintained that value until after the MCA (Figure 4.5). This could indicate that the 

warmer conditions during the MCA provided an environmental setting conducive to the 

onset of peat and Organic Matter (OM) accumulation at Cape Espenberg, by increasing 

favorable growing conditions (i.e. warmer temperatures, reduced storm activity). Werner 

et al., (2018) identified a peak mean Arctic surface air temperature anomaly of +0.48 ± 

0.31 °C (from 926-935 AD) during the MCA (Werner et al., 2018). The Werner et al., 

(2018) study calculated mean Arctic temperature values using a set of50 proxy temperature 

reconstructions across the pan Arctic (area above 60 °N). Although this is a mean Arctic 

value and the timescale precedes the D'Arrigo et al., (2005) identification of the MCA in
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Figure 4.5: Symbols and legends as in Figure 4.4. LIA is represented by blue shading, 
the MCA is represented by red shading, and warm and cool periods are orange and green 
respectively. Note that in the C:N mixing model a dominance of terrestrial carbon sourcing 
is seen during the MCA, which transitions into a dominance of marine sourcing during the 
LIA. In the early 1900s there is a shift from heavier to lighter δ13C isotopic values (~ -27 ‰ 
to ~ -29 ‰) which correlates with the transition of the LIA into modern warming. Modern 
warming correlates with an increase in %C and terrestrial sourcing for δ13C mixing model. 
The C:N mixing model is increasingly variable (less distinction between carbon sources) after 
1900.
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Alaska, this temperature provides a point of reference into MCA climate conditions. Based 

on the results of this study it is inferred that the MCA climate is likely responsible for the 

terrestrial signature in the mixing model C:N sourcing, as terrestrial OM matter colonized 

the swales.

D'Arrigo et al., (2005) identified the LIA as occurring in the Seaward Peninsula from the 

early-1400s to the mid-1800s (coldest year 1780 AD). Additional cool periods occurred in the 

late 1800s AD to mid-20th century, and from the 1960s to early 1990s AD. The LIA (and 

subsequent cold periods) are interspersed with warm periods which occur from the mid-1600s 

to 1990s AD (highlighted orange in Figure 4.5; D'Arrigo et al., 2005). The warm periods 

correlate with increased terrestrial and decreased aquatic sourcing in the C:N data (Figure 

4.5). The shift in climate from the MCA to the LIA can be seen in the gradual increase in 

%C between 1300 and 1400 AD, and the mixing model source fractionation of δ13C and C:N 

which show a transition from terrestrially dominated carbon to aquatic dominated carbon 

around 1350 AD (Figure 4.5). The LIA cold periods correlate to increased aquatic sourcing 

in the C:N data, a slight increase in marine sourcing for δ13C, and increase in isotopically 

heavy δ13C values among F3 datapoints (Figure 4.5). Anomalies in surface air temperature 

created cold peaks during the LIA in 1463-1472 AD (-1.4 ± 0.2 °C) and in 1811-1820 

AD (-1.5 ± 0.2 °C) (Werner et al., 2018). Alaska glacial activity and extent increased in 

southern Alaska leading up to and during the LIA (~ 1200-1900 A.D.; Wiles et al., 2008). 

The mixing models (C/N source ratio and δ13C source ratio) showed a dominance of aquatic 

and marine carbon respectively, which indicates terrestrial peat formation was less under 

the colder climate conditions.

The transition between the end of the LIA and the 20th century can be seen in the shift 

from heavier (~ -27‰) to lighter (~ -29‰) δ13C isotopic values occurring in the early 1900s. 

Modern warming correlates with an increase in terrestrial and decrease in marine sourcing 

for δ13C (Figure 4.5). Additionally, %C shows an increase in values from the early 1900s to 

present day. The modern section of the elemental C:N mixing model is increasingly variable 
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after 1900, with less distinction between the aquatic and terrestrial signatures (Figure 4.5). 

Modern warming (improved peat and organic growing conditions) is likely one of the drivers 

for the increased terrestrial signature in the mixing model C:N and δ 13 C sourcing, as well as 

the lighter δ 13 C isotopic values (which correspond to terrestrial materials).

As for the impact on mineral accumulation during times of climate change, the literature 

suggests that dune growth on Cape Espenberg correlates with periods of colder climate and 

increased storminess (Mason et al., 1997), with some episodes of dune growth on the spit 

correlating to the LIA. The width of depositional units at Cape Espenberg is thought to 

reflect on the degree of storm impacts. For example, Unit II is ~ 75% less wide than Unit 

IV and thought to be due to more storms during the formation of Unit II vs Unit IV (Mason 

et al., 1997; Figure 1.2). The MCA occurred during the end of Unit III (1000 AD) and 

beginning of formation of Unit IV (~ 1060 AD; Figure 1.2). The formation of wide swales 

is thought to be associated with warmer and calmer climate periods, while the formation of 

the higher elevation dune-beach ridges being associated with colder and stormier climates 

(Mason et al., 1997). Based on Mason et al's (1997) work and results in this study it is 

inferred that the wide low-lying swale encompassing core groups 2 and 3 formed in response 

to environmental conditions during the MCA (Figure 1.2 & 3.1). This is supported by basal 

peat calibrated radiocarbon ages of 1099 ± 132 AD (09ESP-AD, 74.5 cm depth) and 1185 ± 

226 AD (16ESP-G, 37 cm depth) for cores in groups 2 and 3, which occur during the MCA.

The formation of alternating beach-dune ridges and swales in Unit IV is likely associated 

with the environmental variability observed during the LIA (D'Arrigo et al., 2005). Unit IV 

(core group 1) likely formed during the LIA with peat growth onset initially occurring during 

warm intervals and then later during the modern warming period. This is supported by the 

basal peat calibrated radiocarbon date from group 1 of 1847 ± 255 AD (16ESP-A, 38 cm 

depth) occurring during the LIA. The colder and stormier conditions during the LIA serve as 

a mechanism for the increases in marine carbon observed in the Cape Espenberg cores. One 

interpretation is that the colder temperatures and storminess that occurred during the LIA 
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were less conducive to terrestrial plant growth resulting in aquatic carbon sources becoming 

more dominant (Asteman et al., 2013). Vertical accretion ofpeat also continued through the 

LIA, its warm periods, and 20th century warming for the rest of the core locations on Cape 

Espenberg.

In summary, the warmer climate of the MCA (1000 to 1300 AD) was more conducive to 

the onset of peat production at Cape Espenberg for groups 2 through 6, which was dom

inated by terrestrial carbon until the transition into the LIA around 1400 AD. The cold 

temperatures during the LIA resulted in marine/aquatic dominant carbon isotope sources, 

limiting terrestrial peat growth. We infer that this was partially a result of both colder 

temperatures coupled with increased storminess during this period. The transition from 

the LIA to warmer modern climate brought with it an increase in terrestrial carbon sourc

ing likely due to increased terrestrial peat production from better growing conditions (i.e. 

warmer temperatures, less storms). This environmental variability contributed towards the 

formation of the barrier with dune building during cold periods (increased storminess) and 

swale building during warm periods (decreased storminess) (Mason et al., 1997). The results 

presented here document an increase in terrestrial carbon sourcing and greater productivity 

of OM materials during the modern warming period.

4.3 Sediment and Carbon Accumulation Rates

This section looks at the average paleo and modern sediment accumulation rates and 

carbon burial rates in the F3 unit. This study is primarily focused on examining changes in 

the peat stratigraphy (F3) so all carbon burial and vertical accumulation rates will pertain 

to F3 unless otherwise stated. Based on the results presented in this study, overall, paleo 

rates are consistently less than modern carbon burial and accumulation rates (Table 3.6).
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Average paleo vertical accumulation rates (per group) are highest in groups 3 and 2 (0.38 

± 0.11 mm/yr; 0.37 ± 0.08 mm/yr), and lowest in group 6 (0.10 ± 0.01 mm/yr; Table 3.6). 

Average paleo CAR (per group) are highest in groups 2 and 3 (25.60 ± 2.17 gC/m2/yr; 24.07 

± 8.69 gC/m2/yr) , and lowest in group 6 (7.05 ± 1.10 gC/m2/yr; Table 3.6).

The average modern vertical accumulation rates (per group) are tied for highest among 

groups 1, 2, and 5 (0.99 ± 0.39, 0.68, and 0.24), and lowest in group 6 (0.72 ± 0.29; Table 

3.6). The average modern CAR are highest in group 5 and 4 (74.71 ± 30.05 gC/m2/yr; 

74.09 ± 28.87 gC/m2/yr) , and lowest in groups 1 and 6 (47.00 ± 23.10 gC/m2/yr; 51.62 ± 

24.79 gC/m2/yr) (Table 3.6). Thus, the spatial patterns in accumulation and carbon burial 

across the spit vary through time.

This can be interpreted as the central region of the spit (around groups 2 and 3) having 

the highest paleo accretion rates as compared to the most landward side which had the lowest 

rates (Figure 3.1). The region of the spit with the highest modern accretion rates has shifted 

slightly so that the central-seaward region (around groups 1, 2, & 5) now has the highest 

rates, while the landward side (around group 6) remains the lowest. The highest paleo CAR 

was the central region (around groups 2 & 3) while the lowest rates were observed on the 

most landward side (Figure 3.1). The region of the spit with the highest modern CAR has 

shifted slightly landward (around groups 4 & 5) while the lowest rate has shifted to the most 

seaward region (Figure 3.1).

4.3.1 Driving Factors Affecting Accumulation and Carbon Burial Rates

Understanding the factors that control organic matter accumulation within a coastal 

wetland environment provides important context when examining modern and paleo accu

mulation and carbon burial rates at Cape Espenberg. Here we discuss these dynamics to 

improve the understanding of these results.
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Divergent Factors in Peat Growth & Preservation: Important factors that impact peat 

growth include temperature, moisture, and length of growing season. Literature suggests 

that warmer temperatures and higher moisture content, enhances carbon sequestration, peat 

accumulation, and plant productivity (Zhang et al., 2018; Berner et al., 2020). Soil tem

peratures at Cape Espenberg (though not sampled as part of this project) can be inferred 

from a study by Panda et al (2016) based on climate change models, in which basal active 

layer temperatures have been modeled. This study estimates increasing soil temperatures 

over modern times (e.g. -5 °C to -3 °C over the 2000s decade) projected to increase to a 

value of -2 °C to >0 °C by the 2090s (Panda et al., 2016). Moisture content (not sampled for 

this project) can be estimated based on the core elevations with those closer to MHW being 

lower in the water table (higher moisture levels) while higher elevation cores could be farther 

away from the water table (lower moisture levels; Figure 3.2). This is generally supported 

by examining the average modern CAR values for high (>3 m) vs low (<3 m) elevation core 

sites. Low elevation sites have a value of 64.11 ± 32.63 gC/m2/yr and high elevation sites 

have a value of 48.32 ± 23.68 gC/m2/yr. Low elevations are closer to the water table and 

usually have higher wetness levels which can facilitate peat growth (Zhang et al., 2018) by 

providing the moisture needed to grow peat materials. Furthermore, a high moisture content 

(anoxic environment) also acts to preserve peat and organic materials from decomposition 

(Zhang et al., 2018). Growing seasons in the northern hemisphere have been increasing at 

a rate of 3-5 days per decade (Genet et al., 2013). Arctic growing seasons are predicted to 

grow by as much as 40% by 2050 (Starr et al., 2008). This could increase seasonal biomass 

accumulation if water is not limited within the system as an increase in growing season but 

decrease in water can lead to a reduction in plant growth (Starr et al., 2008).

However, factors with divergent impact can limit peat growth and/or preservation. In

creasing annual soil temperature, summer soil moisture, and summer air temperatures are 

not always guaranteed to increase organic productivity as intersecting factors like cold soil 

temperatures, low nutrients, and less moisture can limit plant response to warming (Berner 
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et al., 2020). Indeed, there are some areas of the Arctic that experience browning under even 

ideal conditions (Berner et al., 2020). Further complexity within the Cape Espenberg system 

is added in the form of multiple permafrost features which can be seen in satellite imagery 

and field observations including earth hummocks and frost boils, palsas, ice wedge polygons, 

and thermokarst lakes and ponds (Plug , 2003). These features are most prominent in the 

lower elevation swales between dune ridges, but permafrost is continuous (1-2 m below the 

surface) through swales and ridges based on ground penetrating radar (GPR) data taken in 

2016-2017 by Maio and Bigelow. Rising temperatures could create extensive talik formation 

(unfrozen ground above permafrost) throughout the Bering Land Bridge National Preserve 

(Panda et al., 2016) and Cape Espenberg, changing the hydrologic balance.

Additionally, storm impacts are divergent in that they can be constructive and provide 

mineral inputs (e.g. overwash, surge, aeolian deposition) but they can also be destructive 

(e.g. erosion). Negative storm impacts include erosion from extreme wave action and wind, 

impacts from Ivu “Ice Push” events, and flood inundation (Bogardus et al., 2020). An Ivu 

occurs when slabs of sea-ice are pushed onto the land during storms, carving out blocks 

of permafrost and peat, and pushing them further onto the spit. This has been shown to 

contribute to thermokarst troughs and slumping (Bogardus et al., 2020). The effects of storm 

and wave action depend heavily on the intensity and duration of the storm climate, as storm 

surges, overwash, and waves are also driving forces in beach-ridge formation and mineral 

accumulation (Mason et al., 1997). A good example of this is Mason's depositional Unit 

IV (Mason et al., 1997) (<829 cal. AD): which saw a change in storm and wave climate 

characterized by periods of intense dune and ridge forming storm and wind activity (1450

1500, 1550-1600, 1700-1850 AD) interspersed with swale forming calmer climate periods 

(1500-1550, 1640-1660 AD) (Mason et al., 1997; Figure 1.2).
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In summary, the probable factors controlling peat growth and preservation at Cape Es- 

penberg are temperature, moisture, and length of growing season. Factors with divergent 

consequences include storm impacts (both depositional and erosional) and warming temper

atures (can promote peat growth and decay). Possible factors in modern times that make 

carbon accumulation and preservation more prolific include increased air and ground temper

atures (Chmura et al., 2003; Panda et al., 2016; Ward et al., 2017), coupled with increased 

anoxia (wetness) and increased mineral input from modern increases in storm climate and 

aeolian deposition (Mason et al., 1997; Walsh et al., 2011). The factors in paleo times that 

possibly decreased carbon accumulation and preservation include colder air and ground tem

peratures (Panda et al., 2016), and potentially increased erosion of materials due to high 

paleo storm intensity (Mason et al., 1997).

Carbon Accumulation Response to Sea-Level Rise: This section examines the effects of 

sea-level rise on carbon accumulation rates. A study by Rogers et al (2019) shows that 

coastal tidal marshes under the influence of rapid RSLR (from ~ 4200 years ago to present) 

have 1.7 to 3.7 times higher soil carbon concentrations than wetlands under stable sea-level. 

It is inferred that the main mechanism allowing the increase in carbon burial is the increase 

in vertical and lateral accommodation space that rising sea-levels create (Rogers et al., 2019; 

Wang et al., 2019; Wang et al., 2021). Modern mean sea-level around Nome Alaska, is rising 

at a rate of 3.89 mm/yr ± 2.7 mm/yr (NOAA, 2021) which is a dramatic increase from the 

average rate of 0.27 mm/yr (Jordan and Mason , 2002) during the late Holocene. The effect 

of modern RSLR on Cape Espenberg is potentially expressed in the CARs having increased 

2.7 fold from paleo to modern times. Rapid RSLR drives an increase in CAR and enhances 

the long-term carbon storage of the site (Wang et al., 2019; Wang et al., 2021).

However, RSLR may have negative effects on carbon and mineral accretion rates in 

regards to changing the hydrological balance that currently exists. For example, low salinity 

levels help keep the peat decomposition pathways stable (i.e. introducing salinity into a 

freshwater environment changes decomposition pathways which can speed up decomposition) 
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(Stagg et al., 2017). Salinity data at Cape Espenberg is low overall in part due to the 

permafrost underlying the spit which creates a perched water table that only experiences 

minor saline intrusion on the fringes of the spit open to the ocean (e.g. swales open to the 

ocean on the NE side).

In summary, modern carbon and accumulation rates are higher than paleo rates and can 

be attributed to several factors including increased optimal peat growing and preservation 

conditions and an increase in accumulation space from RSLR. An acceleration in RSLR will 

likely continue to drive CAR at Cape Espenberg in conjunction with current and future 

warming ground temperatures could potentially accelerate accumulation (e.g. O'Donnell 

et al., 2012). However, this will only be the case if moisture is not lost from catastrophic 

permafrost thaw drainage (O'Donnell et al., 2012; Swindles et al., 2016; Zhang et al., 2018), 

and salinity does not increase due to saline intrusion from RSLR.

4.4 Paleo vs Modern Accumulation and Carbon Burial Rate Comparison

One of the main objectives of this research has been to compare the carbon and accumu

lation rates from paleo and modern environments through time, to identify any trends from 

changes in climate and/or environment. To achieve this objective, this section compares the 

modern section of F3 (1850-present) to the paleo section of F3 (pre 1850) among all cores. 

Overall, modern carbon burial rates were higher than those during paleo times, however the 

significance of the differences in rates and changes in spatial distributions warrant examina

tion. Additionally, comparisons of CAR from Cape Espenberg to other similar environments 

across the Arctic and to rates produced in lower latitude regions can provide insight into the 

productivity of Cape Espenberg, which can contribute towards understanding the scope of 

Alaska's coastal wetland carbon storage.
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4.4.1 Statistical Differences Among CAR in Paleo and Modern Time

An important caveat to consider before interpreting the statistical results is that the 

statistical tests depend entirely on the inputs of the initial age-depth models. For example, 

the rates produced by CIC age-depth models are constant (as opposed to the CRS age-depth 

models which produce variable rates through time) which could lead to over or underesti

mations of CAR. It should be noted that CAR levels are slightly impacted by estimated %C 

values (based on the DBD vs %C relationship) used in the CAR calculation, which underes

timates some datapoints. However, these uncertainties are mitigated by the non-parametric 

Kruskal-Wallis test not being affected by outliers, which does not compare medians, but 

rather the distributions among groups. The significance group pairings based on distribu

tions are likely a real reflection of actual CAR rates at each site, with minor effects from 

model type.

The statistical significance of differences between sediment core groups was calculated 

for each period (paleo and modern). Within the paleo dataset, group 6 had significantly 

lower CAR than groups 2 and 3 (Figure 3.22). This can be interpreted as the most landward 

region around group 6 having significantly lower CAR than the central regions of the spit 

around groups 2 and 3. Within the modern set, group 4 had significantly higher rates than 

group 1 (Figure 3.23). This can be interpreted as the central region of the spit around 

group 4 having high CAR compared to the most seaward region of the spit around group 1. 

Additionally, the Wilcoxon test was run to determine if the paleo CAR and modern CAR 

are significantly different from each other. Results indicate the modern CAR is significantly 

larger than paleo CAR (Figure 3.21). The difference between paleo and modern CAR can 

be cautiously interpreted. Paleoclimate conditions could have been more limiting towards 

peat production (i.e. cooler temperatures, less moisture, increased storms). However, we do 

know that sea-levels were more stable in paleo times compared to the recent acceleration 

(i.e. Rogers et al., 2019; Wang et al., 2021) providing evidence that CAR increases more 

under rapid RSLR vs stable sea-levels.
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In summary, the decrease in significantly different groups from paleo (2 groups) to modern 

(1 group) time is likely a product of more conducive growing conditions coupled with RSLR 

that modern climate brings to the spit. This can be interpreted as modern conditions 

bringing more uniformity to group CARs compared to paleoclimate conditions.

4.4.2 Project Rate Comparison to Similar Arctic and Contiguous US Data

This section aims to compare CAR for Cape Espenberg to similar Arctic environments 

and global coastal wetland data, to provide context on how the environment at Cape Es- 

penberg preforms on a broader scale. A study by Bristol et al. (2021) found that paleo (late 

Holocene) total organic carbon (TOC) from coastal wetlands at Drew Point Alaska were 11.3 

± 3.6 gTOC/m2/yr (Bristol et al., 2021). The Average F3 paleo CAR for Cape Espenberg 

of 21.43 ± 9.33 gC/m2/yr, shows higher paleo rates than those from Drew Point Alaska. A 

study by Peteet et al. (2016) found that the south-central coastal region (Cordova, Alaska) 

had a paleo (7-3.7 ka under dry conditions) CAR of 13 gC/m2/yr and a modern (4ka to 

present under wet conditions) CAR of 50 gC/m2/yr (Peteet et al., 2016). Modern CAR for 

Cape Espenberg (58.65 ± 30.44 gC/m2/yr) is similar to modern rates from south-central 

coastal wetlands.

Furthermore, it's useful to compare total wetland CAR from Alaska versus the Contiguous 

United States (CONUS) to provide context about the magnitude of carbon storage. The 

total coastal wetland CAR for Alaska can be calculated for both modern and paleo CAR 

from Cape Espenberg and the total coastal wetland area of Alaska. Alaskan coastal wetland 

extent was estimated by Hall et al (1994) to be approximately 8.87 x 109 m2. Coastal 

wetland area for the CONUS is estimated by (Holmquist et al., 2019) to be 2.11 x 1010 m2. 

Paleo CAR for Alaska is estimated to be 0.2 TgC/yr (Tetragrams of carbon per year) and 

modern CAR for Alaska is 0.5 TgC/yr. The increase in CAR from paleo to modern times 

in Alaska is 174%. Modern CAR for the CONUS coastal wetlands are estimated to hold 

5.4 TgC/yr (Wang et al., 2019). To put this in perspective, the coastal wetland extent of 
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Alaska is 42% the area of CONUS wetland extent and Alaska modern CAR comprises 10% 

of the total modern CONUS CAR. This is a significant amount of carbon storage for the 

state of Alaska's wetlands (not counting interior wetlands) compared to the total for all of 

the contiguous 48 states. It is also very likely that modern and future global warming trends 

will increase the carbon storage in Alaska. Coastal wetlands in Alaska could potentially 

serve as a useful carbon sink to help mitigate the effects of global climate change.

In summary, CAR produced for Cape Espenberg is comparable to other similar Arctic 

coastal wetland environments. Paleo CAR in Cape Espenberg was found to be higher than 

paleo CAR from Drew Point Alaska, while modern CAR from Cape Espenberg is similar to 

CAR from south-central coastal wetlands.

5 FUTURE WORK

This study has contributed knowledge of carbon and mineral accumulation rates in Arc

tic coastal wetlands and would benefit from continued studies. Datasets were limited to the 

extent of coring vertically for sampling within a core, and horizontally through the coring 

locations. There are numerous other cores taken from Cape Espenberg that were not utilized 

in this study. Future opportunities for further work should utilize the cores not examined 

in this study, while also re-examining the cores used in this study applying new proxies and 

sampling techniques. For example, elemental sampling for this project was mostly discon

tinuous (every other sample) and in a few cases started partway through the peat sections in 

a few of the cores (16ESP-G, 17ESP-H, 10ESP-A). This lack of elemental data towards the 

top of the peat sections in those cores obscures the big picture in the modern elemental data 

making interpretations more difficult. Additionally, continuous elemental sampling would 

increase the temporal resolution and produce greater insights into how modern climate is 

affecting the carbon and mineral trends at Cape Espenberg.
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Future work should also include additional radioisotope sampling in the Arctic. Currently, 

this pro ject is one of the first to utilize radioisotope analysis like 210Pb and 137Cs techniques 

in Northern Alaska (Figure 3.4). While this is exciting frontier science, there is a paucity 

in data requiring additional studies in the region, and to a greater extent, similar coastal 

systems across the Arctic. This type of research can also be further enhanced by additional, 

higher resolution paleoclimate studies that can supplement gaps in age-depth models by 

linking specific climate conditions to the facies that are typically produced under them. 

This knowledge will help to constrain the environmental conditions of the past and how they 

have changed in response to modern climate change, and can be used to gain insight into 

how future changes in climate will affect these dynamic environments.

6 BROADER IMPACTS

This study is important from a scholarly perspective as it contributes to a limited litera

ture pool on how Arctic coastal wetland environments respond to climate changes. However, 

there are also cultural and societal impacts the knowledge from this pro ject can contribute 

to.

The research conducted on the Cape Espenberg system, though small scale, can provide 

valuable insight into similar coastal systems across the Arctic as climate change continues 

to impact the environment. For example, overall carbon burial and accumulation rates have 

increased from paleo to modern times, though not uniformly across the spit. Carbon burial 

is highest in the more sheltered central regions of the spit, while accumulation rates are 

highest in the swale nearest the modern shoreline and back-central area around groups 4 & 

5. Sea ice extent has been decreasing for decades which increases the fetch length of open 

water in the Bering and Chukchi Seas, letting storms gain intensity and leading to larger 

storm surges and wave action (Bogardus et al., 2020). The rise in sea-level in combination 

with increased storm impacts, leaves the carbon burial areas at low elevations on Cape 

Espenberg at risk to potential destabilization. Additionally, permafrost at Cape Espenberg 
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spit is also at risk of increased thaw and thermokarst development, due to the increasing 

temperatures. The combination of these factors may prove detrimental to Cape Espenberg 

and similar systems across the Arctic, in regards to remaining carbon sinks and storage sites. 

However, accumulation and carbon burial rates have increased from paleo times. If the above 

compounding factors do not inhibit organic accumulation or mineral aggradation, the cape 

may continue to prograde in the future, surviving future climate change.

Additionally, the results from this study can be used as a rough proxy for other similar 

Arctic sites, like the numerous Indigenous communities that occupy the northwest coastal 

margins of the state. Knowledge about the stability of one's home region, in the case of 

Alaskan Native communities, is extremely valuable in the rapidly changing Arctic. For 

example, there are valuable Alaska Native cultural histories preserved at Cape Espenberg 

within the permafrost. The Ipiutak, Birnirk, Punuk, and Thule people occupied Cape Es- 

penberg intermittently from the past 4500 years up to the early 20th century. This history 

created a rich cultural connection to the cape for the Native communities. The Bering Land 

Bridge National Preserve encompasses Cape Espenberg and while federally managed, still 

supports subsistence hunting, trapping, and fishing for rural communities. The cultural his

tory and subsistence lifestyles could be impacted by the responses of the land to changes in 

climate (i.e. permafrost degradation, subsidence, and increased storm impacts). Thus, it is 

important to conduct studies of this nature to provide information to guide land management 

policies and community cultural history preservation initiatives.

7 CONCLUSIONS

Modern warming has brought great changes to Arctic coastal environments due to in

tersecting factors like polar amplification, rising concentrations of greenhouse gases, and 

the degradation of permafrost (Weart , 1997; Serreze and Barry, 2011; Bieniek et al., 2014; 

Farquharson et al., 2018; Tans and Keeling , 2020). These intersecting factors contribute to 

temperature rise and increased coastal erosion due to decreased sea ice extent and duration. 
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Wetlands are sensitive environments to climate change, and cover vast areas of coastal and 

interior Alaska. Society's ability to predict and manage Arctic wetland response to changes 

in climate is limited by the lack of literature regarding their response to increased environ

mental variability associated with climate change. This research project proposed to address 

this gap in knowledge by constraining the carbon and mineral responses to climate change 

events like the MCA, LIA, and modern warming, as well as storm impacts, across the Cape 

Espenberg barrier spit. Cape Espenberg holds a continuous record of paleoclimate history 

up to approximately 5,000 years ago, due to its continued progradation through time.

This study used radioisotope dating techniques (210Pb , 137Cs, and 14C) as well as stable 

isotope (δ13C) and elemental data (%C, C:N), sediment core logs, and physical data (DBD, 

CD), to create an integrated picture of the changes the environment undergoes through 

different climate regimes. Though radioisotope dating techniques in the Arctic prove chal

lenging due to the dynamism of the environment, the combination of both CRS and CIC 

models has proven adequate at constraining age-depth sequences to the variations among 

sediment cores.

Cores have three main depositional units, F1 consists of marine sands and storm debris 

(shells, wood, large grains), F2 consists of a transitory brackish back dune environment with 

a mix of marine sands and terrestrial peat, F3 consists of terrestrial stabilization with peat 

and fine sand horizons or peat and sand mixing. Carbon and mineral accumulation rates have 

increased from paleo to modern times indicating peat and OM materials are more productive 

and/or experience less decay under modern climate conditions. Through time, periods of 

warmer climate (MCA and warm periods in LIA) are associated with greater productivity 

of terrestrial OM and isotopically lighter δ13C isotope values and swale formation on the 

spit. Periods of colder climate (LIA) are associated with increased aquatic OM sourcing 
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and isotopically heavier δ 13 C values and dune-ridge formation on the spit. Modern warming 

will likely continue to increase terrestrial sourcing in both δ 13 C and C:N ratio as future 

temperatures are predicted to rise. Statistical analysis shows that the CAR from paleo 

times are significantly lower than modern rates. Other key conclusions are:

• Overall, carbon burial and accumulation rates increased from paleo to modern times.

• Accumulation and carbon burial rates at Cape Espenberg are likely controlled by 

factors such as mean annual air and soil temperature, moisture content, elevation 

(proximity to storm impacts), and length of growing season.

— Warmer climate, higher moisture, and lower intensity storm conditions are con

ductive to peat growth.

• Paleoclimate conditions at Cape Espenberg were less conductive to peat growth during 

the LIA, and more conductive to peat growth during the MCA and warm periods.

• The MCA is associated with the onset of peat growth at Cape Espenberg.

• The central core groups yield the highest CAR under modern climate conditions, while 

the most landward group (group 6) yielded the lowest CAR under paleo conditions.

• Total paleo CAR from total coastal wetlands for the state of Alaska is estimated to be 

0.2 TgC/yr and modern estimations are 0.5 TgC/yr.

• CAR rates for Alaska have increased 174% from paleo to modern times and comprise 

10% of the total contiguous United States coastal (CONUS) wetland CAR.

This project could benefit from additional study to further determine the elemental and 

physical response of organic materials to climate change by taking additional stable and 

radioisotope measurements. However, this project can offer valuable insights into the future 

of coastal carbon reservoirs within the Cape Espenberg system and across the state of Alaska. 

Alaska coastal wetlands are only 42% the extent of CONUS wetlands but comprise 10% 
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of CONUS CAR. This is a significant amount of carbon storage that has the potential to 

dramatically change under modern warming. If the swale environments can remain conducive 

to terrestrial peat growth (i.e. anoxic wet, higher temperatures, lower salinity) then it is 

likely that Cape Espenberg (and Alaska coastal wetlands in general) will remain a viable 

carbon reservoir in the future.
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