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Abstract 
 

Reconstructions of past climate and pollution often rely on chemical records preserved in 

glacial ice, lake sediments, and tree rings. The goal of this dissertation is to combine perspectives 

on paleoclimate and pollution from paired records developed from these archives to obtain a more 

complete understanding of past environmental change, as well as to leverage the strengths of each 

archive to address shortcomings of another. Paired ice-core and tree-ring records were developed 

from the Upper Fremont Glacier (UFG) and groves of nearby whitebark pines in the Wind River 

Range, Wyoming. The depth-age scale for the difficult-to-date ice cores was constrained by 

synchronizing the ice-core water isotopes to the absolutely-dated tree-ring chronology, both 

proxies for temperature. On the revised depth-age scale, trends in black carbon, thallium, 

bismuth, and mercury (Hg) in the ice paralleled those observed in Greenland documenting 

widespread industrial pollution. The record of ice-core Hg subsequently was used to evaluate the 

viability of tree rings for reconstructing past atmospheric Hg concentrations. Hg trends observed 

in the trees were temporally offset from the ice core, suggesting radial movement of Hg across 

ring boundaries.  

A well-dated ice core record of water isotopes and ice accumulation was developed from 

a shallow ice patch on the Beartooth Plateau, Wyoming. Radiocarbon dating indicated the ice 

patch has persisted for over 10,000 years, and these records represent the first climate records 

developed from such an archive. In conjunction with a nearby lake sediment record, the ice patch 

records were shown to document Holocene climate variability, including peak warmth around 

4,200 years ago followed by a 1,500 year-long era of colder and wetter winters, generally 

paralleling human activity in the nearby Bighorn Mountains.  

Black carbon (BC) profiles from two Wyoming lakes were used to assess how lake 

characteristics affect interpretations of lake sediment BC records. Comparisons of BC to charcoal 

data from Island Lake indicate that BC can be subject to similar depositional mechanisms as 
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charcoal, leading to locally-biased records. At North Lake, which has a comparatively smaller 

and less vegetated watershed of the two lakes, comparisons to the UFG BC record and modelling 

results indicate that the North Lake BC record is primarily atmospherically deposited and 

therefore represents regional burning. The climate and pollution records presented in this 

dissertation demonstrate how improved analytical techniques and new paleo archives can lead to 

a better understanding of environmental changes in the northern Rocky Mountains over past 

centuries and millennia.
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Introduction 
 

Understanding past environmental change is crucial for understanding natural climate 

variability on Earth as well as contextualizing modern conditions. Paleoclimate studies often rely 

on records from ice sheets and glaciers, lake and ocean sediments, tree rings, and speleothems to 

reconstruct climate and pollution over past centuries to millennia. Over the past tens or hundreds 

of thousands of years, polar ice cores and deep sediment cores document global-scale oscillations 

between glacial and interglacial conditions.1-4 Over past centuries to millennia, lake sediments, 

glacial ice, and tree rings document natural climate variability as well as anthropogenic 

pollution.5-9 The most recent period of Earth history, known as the Holocene epoch, spans the 

11,600 years since the end of the last ice age, when ice sheets covered much of North America, 

Europe, and Asia.  

 Holocene-length climate reconstructions in the Rocky Mountains are largely dominated 

by lake sediment records, one of the few natural archives that consistently record and preserve 

climate information over the past 10,000 years at the mid-latitudes. Although polar ice cores can 

extend back in time for many millennia, the only existing ice-core records from this region are 

from the Upper Fremont Glacier (UFG) in the Wind River Range, Wyoming,6, 7, 10 which only 

document the past 250 years as potentially older glacial ice is lost to flow and thinning or basal 

melt in these, and other, glacial ice cores. The length of tree ring records is generally on the order 

of the lifespan of trees, typically a few centuries but up to a few millennia for certain species, 

though some records can be extended farther back in time by sampling of fossil wood or well-

preserved dead trees.11  

The overarching goal of this dissertation is to combine perspectives on Holocene climate 

and pollution from lake sediments, glacial ice, and tree rings in the northern Rocky Mountains. 

By developing records from geographically co-located archives, it was possible to use the 

strengths of one archive to address shortcomings of another, and therefore develop paired records 
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that provide a more complete understanding of environmental processes than otherwise could be 

gained by records limited to a single archive. The paired ice-core and tree-ring records in 

Chapters 1 and 2 used the absolute dating of the tree chronology to constrain the difficult-to-date 

UFG ice-core records. In turn, the pollutant records from the ice core were used to assess trees as 

bioindicators of atmospheric pollution. The paired ice-core and lake-sediment core records in 

Chapters 3 and 4 were used to develop an enhanced understanding of hydroclimatic changes over 

the Holocene, including changes in fire history and wintertime temperature and precipitation. 

 

Holocene Climate in Wyoming 

 Preceding the transition from the Pleistocene to the Holocene epoch, northern North 

America was covered by the Cordilleran and Laurentide ice sheets at a time known as the Last 

Glacial Maximum (LGM). These two massive ice sheets began to retreat between 20,000 and 

19,000 years before present (ybp; defined here as years before 1950 CE), marking the end of the 

LGM, the deglaciation into the Holocene, and the transition to a climate more resembling that of 

present.12 The maximum extent of the Cordilleran and Laurentide ice sheets reached south across 

the modern U.S.-Canada border,13 but did not cover the mountainous areas of Wyoming. Both the 

Greater Yellowstone Area (GYA) and the Wind River Range were covered in separate, smaller 

ice caps. The deglaciation of the Wind River Range began around 15,000 ybp, and glaciers 

rapidly retreated into high-elevation cirques by 12,100 ybp.14 Similarly, the glacial system 

covering the GYA, which was ~1 km thick at its maximum, began to retreat between 15,000 and 

14,000 ybp because of rain-shadow-driven stagnation at its northern extent and overall warming 

temperatures, with glaciers stabilizing in cirques by 13,000 ybp.15  

 Reconstructions of past climate in this region going back to the deglaciation are nearly 

exclusively based on lake sediment cores,16-19 with a few speleothem records contributing to the 

overall understanding of hydroclimate.20, 21 The Holocene is roughly divided into early (11,600 to 
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8,000 ybp), middle (8,000 to 4,000 ybp), and late (4,000 ybp to modern), with more recent work 

establishing formal divisions between early-middle and middle-late at 8,200 ybp and 4,200 ybp, 

respectively, based on globally-recorded stratigraphic events in numerous paleoclimate 

archives.22 The early Holocene was thought to be characterized by overall warming23, 24 leading to 

maximum mid-Holocene warmth around 5,000 to 6,000 ybp, sometimes referred to as the mid-

Holocene climate optimum. There is conflicting evidence on the exact conditions during the mid-

Holocene,19, 25, 26 but most reconstructions support warm and dry conditions.16, 19 Differences 

between interpretations of climate during this period may be attributed to variability on smaller 

spatial scales as well as uncertainties inherent to paleoclimate reconstructions,  and points to the 

complexity of reconstructing a coherent picture of regional-scale climate. Broadly speaking, 

cooling following the mid-Holocene climate optimum generally coincided with increasing 

effective moisture in the region until modern.23  

These trends generally continued through the late-Holocene. The cooler temperatures and 

increased moisture led to the so-called Neoglacial, which refers to the advance of alpine glaciers 

worldwide27, 28 and Neopluvial, which refers specifically to highstands of many Great Basin lakes 

as a result of increased moisture.29, 30 Notable late-Holocene temperature fluctuations include the 

Medieval Warm Period, characterized by relatively warm conditions lasting from ~1100 to 800 

ybp, and the Little Ice Age, characterized by relatively cool conditions lasting from ~600 to 300 

ybp.31, 32 These climate anomalies are apparent in many proxy records from the Northern Rocky 

Mountains and western US.17, 18, 33, 34 

 

Water isotopes in mid-latitude snow and ice 

 Measurements and interpretation of stable water isotopes in snow and ice are 

fundamental to two chapters of this dissertation. The stable isotopes of the water molecule refer to 

minute differences in the weight of water molecules resulting from natural differences in the 
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masses of hydrogen and oxygen atoms. Atoms of the same element can have slightly different 

masses resulting from having different numbers of neutrons in their nucleus. On earth, the natural 

abundance of the stable isotopes of oxygen are 16O (99.76%), 17O (0.04%), and 18O (0.20%), and 

for hydrogen are 1H (99.985%) and 2H (0.015%), and water molecules can have any combination 

of these isotopes resulting in water molecules with slightly different masses. As a result of having 

different masses, water molecules with different isotopic compositions, known as isotopologues 

behave differently in physical processes, namely heavier water isotopes prefer to be in phases 

with lower energy and stronger bonds.  

 The preference of heavier water isotopes to remain in more stable phases results in 

fractionation, or separation of water isotopes, during physical processes, namely evaporation and 

condensation.35 During evaporation, heavier water isotopes will prefer to remain as a liquid, 

leading to preferential isotopic depletion of water vapor in non-equilibrium situations. As air 

masses laden with water vapor move inland from the oceans, the air mass cools and condenses, 

thereby creating precipitation. During condensation, the heavier isotopes again prefer the liquid 

phase and condense first, isotopically depleting the remaining water vapor. Thus, as storms move 

inland, precipitation becomes increasingly isotopically depleted.36 Furthermore, the amount of 

fractionation during condensation is controlled by the ambient temperature and humidity. 

Therefore, the falling precipitation is not only affected by the isotopic signature of the initial 

water and the degree of rainout to the point of deposition, but also the temperature at which the 

precipitation condensed. The isotopic imprint left by temperature is of great interest to 

paleoclimate studies, as measurements of water isotopes in snow and ice are directly 

representative of the isotopic signature of the original precipitation and therefore can be used to 

estimate the temperature at which that precipitation fell.2, 37 

 Water isotopes are reported as the ratio of the measured ratio of the heavier to lighter 

isotope in an environmental sample to that of a reference standard, generally Vienna Standard 
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Mean Ocean Water (VSMOW) for water isotopic measurements. Results are reported in delta 

notation with units of per mil, or per thousand (‰). The two commonly reported values for the 

isotopes of water are δ18O and δ2H (also referred to as δD) and for studies within this dissertation, 

isotopic measurements were made with a Picarro instrument (L2130-i; Picarro, Inc.). The Picarro 

uses a technique known as laser adsorption spectroscopy, which is a type of cavity ring-down 

spectroscopy, that measures the decay of a laser pulsed through a chamber containing water vapor 

to determine the vapor’s hydrogen and oxygen isotopic composition.38, 39 Laser adsorption-based 

instruments are affordable, precise, and small and have been used extensively for isotopic 

measurements in snow and ice;40, 41 one limitation is that they can be subject to interferences from 

organic compounds or other chemicals.42  

 

Mercury in natural systems 

 Two chapters of this dissertation relate to reconstructing past atmospheric concentrations 

of mercury (Hg). As a persistent and toxic pollutant, quantifying past emissions and releases of 

Hg is important for understanding the Hg budget and cycle at present. Hg occurs in numerous 

forms in the environment and is stored in atmospheric (~5 Mg), terrestrial (~250-300 Gg), and 

oceanic (~270-450 Gg) reservoirs.43, 44 Hg can take the form of elemental mercury (Hg0) or 

divalent mercury (HgII) that exists in gaseous, particulate, and aqueous forms, as well as 

numerous other organic and inorganic compounds. While all forms of Hg are toxic, 

methylmercury, the most common organic form of Hg, is the most toxic and can bioaccumulate 

in food chains.45 The transformation of elemental or divalent mercury to methylmercury can 

occur as a result of biotic processes facilitated by microbes or abiotic reactions. Mercury has a 

long residence time in the environment, thus, Hg can accumulate in ecosystems over time so 

understanding current Hg budgets and cycling requires accurate quantification of past 

deposition.43, 44 
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 Atmospheric Hg deposition is a crucial pathway for Hg to enter both terrestrial and 

aquatic ecosystems.43 While Hg can be emitted from natural sources, such as volcanic emissions 

or weathering, anthropogenic emissions from industrial and mining activities over the past few 

centuries have significantly altered Earth’s mercury budget, with anthropogenic emissions 

resulting in a ~300% increase in Hg deposition worldwide.43, 46 Reconstructions of atmospheric 

concentrations of Hg rely on lake sediment cores,47, 48 tree rings,49, 50 and ice cores.6, 9, 51 Chapters 

1 and 2 of this dissertation use both ice-core and tree-ring records of mercury to better quantify 

atmospheric Hg trends since 1750 CE. The dominant pathway for tree uptake of Hg is direct 

assimilation of gaseous elemental mercury through the stomata and into the tree’s tissues.52-54 

While other pathways such as via the roots or diffusion through the bark have been noted,55 they 

are thought to be insignificant. Hg in ice cores is deposited via wet and dry deposition 

representing both particulate and gaseous forms of Hg in the atmosphere.56  

 Mercury measurements in this dissertation were performed on tree-ring samples using a 

Direct Mercury Analyzer instrument (DMA-80; Milestone). This instrument measures total 

mercury by combusting the samples, thereby releasing Hg as a combustion byproduct. All 

combustion byproducts are passed through a furnace that catalyzes removal of interfering 

compounds, after which Hg vapor is selectively trapped by gold amalgamation. After all other 

byproducts are flushed though the system, Hg is released from the gold amalgamator and 

measured by atomic adsorption spectroscopy.  

 

Black carbon in ice cores and lake sediments 

 Black carbon (BC) is another natural proxy used in Chapters 1 and 4 of this dissertation. 

BC, which consists of microscopic soot particles less than a micron in diameter, is emitted as a 

result of incomplete combustion of fossil fuels or biomass. Since BC is a small, dark particle, it is 

an important driver of Earth’s energy budget because of its radiative forcing. BC decreases 
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Earth’s albedo when deposited on bright surfaces such as snow57, 58 or transported through the 

atmosphere.59 This decreased albedo translates to increased radiation absorption which can drive 

warmer atmospheric temperatures and enhanced snowmelt.57, 60, 61 BC is also important in natural 

archives such as ice cores and lake sediment cores as a proxy for past burning. Over recent 

centuries, measurements of BC in polar and alpine ice cores indicate pervasive pollution from 

coal combustion during the Industrial Revolution.58 Over longer timescales, prior to industrial BC 

emissions, BC records from Arctic and Antarctic ice cores have been used to infer trends in 

natural wildfires related to continental hydroclimate.62-64 

 BC measurements presented in this dissertation were made using the Single Particle Soot 

Photometer (SP2; Droplet Measurement Technologies). The SP2 is a highly-sensitive instrument 

specifically designed for measuring individual particles of soot in environmental samples. BC is 

introduced to the SP2 as a dry aerosol, either directly from the atmosphere or after nebulization of 

an aqueous sample. The aerosol passes through a laser cavity, where a 1064 nm Nd:YAG laser 

heats BC particles to their boiling point. The radiation emitted from the BC particles as they pass 

through the laser is directly proportional to the particle’s mass and is detected on two 

photomultiplier tubes. When first introduced, this method reduced the sample size for BC 

measurements in ice cores by three orders of magnitude,58 and it has since been adapted for BC 

measurements in lake sediment cores.65 The SP2 has also been used extensively for BC 

measurements in the atmosphere66, 67 and snow.60, 68 

 

Overview of chapters 

This dissertation examines proxy records from tree rings, lake sediments, and ice cores 

on two different timescales. Chapters 1 and 2 focus on climate and anthropogenic pollution 

records from ice cores and tree rings in the Wind River Range that extend back ~250 to 300 ybp, 
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while Chapters 3 and 4 focus on climate records from lake sediments and ice on the Beartooth 

Plateau that extend back ~10,000 ybp. Locations of study sites are shown in Figure 1. 

The goal of Chapter 1 was to develop well-dated, high-resolution pollution and climate 

records from the Upper Fremont Glacier (UFG) ice core collected by the USGS in 1998. The 

United States Geological Survey (USGS) recovered two ~160 m-long cores from UFG, the 

UFG91 and UFG98 cores, collected in 1991 and 1998, respectively. These unique ice cores are 

the only continental, alpine ice cores recovered from the contiguous U.S. known to document 

regional climate and pollution. These cores were initially dated using tritium concentrations in the 

upper 50 m to constrain the past 50 years and a radiocarbon-dated grasshopper leg to date the 

bottom of the core to between 190 and 130 ybp.10 The dating was subsequently further refined in 

a later publication by attempted volcanic synchronization of electrical conductivity data to known 

volcanic eruptions.69 These early depth-age models were used to support interpretations that the 

UFG water isotope profile documented the end of the Little Ice Age10 and that mid-19th century 

Gold Rush-era mining contributed significant mercury pollution.6 The temporal trend of mercury 

pollution, however, was not corroborated by trends observed in other nearby lake sediment 

records5 or an ice core from Alaska,9 calling into question the accuracy of the UFG mercury 

records.  

To develop new chemical records and reassess the UFG chronology, the archived UFG98 

ice core was analyzed on the continuous flow analysis ice core system at DRI and the new high-

resolution measurements were used to develop a revised chronology for the ice core while still 

maintaining the unambiguous age control points from the original depth-age scale,7 such as 

fallout from atmospheric nuclear weapons testing and radiocarbon dating. The dating between 

these sparse control points was refined by synchronizing the water isotope record to an 

absolutely-dated, nearby tree ring chronology, both hypothesized to be temperature-sensitive 

proxies. This approach did not incorporate volcanic synchronization, which is known to be 
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imprecise in alpine ice cores like UFG with high impurity concentrations. The new depth-age 

scale indicated that heavy metal pollution at UFG paralleled industrial pollution in southern 

Greenland ice cores, and that the mercury record from the UFG ice core was initially 

misinterpreted because of the original, inaccurate dating. Mercury increases previously associated 

with Gold Rush-era mining on the original chronology were shifted to coincide with 20th century 

industrial emissions on the new depth-age scale. 

Chapter 2 builds upon the improved understanding of mercury deposition at UFG with 

the new depth-age scale by complementing the ice core record with mercury records from 

precisely-dated tree rings. The goal of this study was to develop a mercury record from trees co-

located with the UFG to evaluate if tree rings can be used to develop a valid record of 

atmospheric mercury concentration. Tree rings are emerging as a potential archive for long-term 

reconstructions of atmospheric mercury concentrations,49, 50 as they are ubiquitous on the 

landscape and mercury in tree rings has been shown to be largely controlled by ambient 

atmospheric concentrations.52 However, few studies have thoroughly evaluated long-term tree 

ring mercury profiles with direct atmospheric measurements or temporal trends evident in other 

proxy records.52, 70 This project leveraged the unique situation that the trees and ice core records 

are effectively co-located at this field site, allowing direct comparison of the mercury records 

from each archive. The tree mercury record parallels the ice core mercury profile, but appears to 

be impacted by radial translocation between tree rings leading to a smoothed and temporally-

shifted signal. 

Chapter 3 transitions to a field site in northern Wyoming on the Beartooth Plateau to 

evaluate semi-permanent ice patches as climate archives. Semi-permanent ice patches are unique 

features, never growing big enough to develop into a flowing glacier yet persisting on the 

landscape for thousands of years. Ice patches have been recognized as important archaeological 

archives,71, 72 as they preserve fragile artefacts that otherwise would rapidly decompose. To 
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explore their potential as a climate archive, a ~6 m core was recovered from an ice patch in 2016. 

The chronology of the core, developed using numerous radiocarbon dates of organic material 

preserved within the core, showed that the ice patch record was ~10,000 years long and that ice 

accreted sporadically but consistently throughout the entire period. Water isotope measurements 

in the ice units showed large changes that parallel changes observed in regional lake sediment 

core and speleothem records.20 The ice cores recovered from the ice patch represent some of the 

oldest ice recovered from the mid-latitudes and the water isotope and ice accumulation records 

are, to our knowledge, the first paleoclimate records developed from this natural archive. 

Chapter 4 applies a new method for measuring BC,65 a proxy for biomass and fossil fuel 

combustion, to two lake sediment cores, one extending back 2,000 years from North Lake, 

located near the Upper Fremont Glacier, and one extending back 10,000 years from Island Lake, 

located near the ice patch on the Beartooth Plateau. The two lakes represent contrasting 

depositional environments, with Island Lake having a comparatively larger, more complex, and 

vegetated watershed than North Lake. Thus, the Island Lake BC record, which had higher BC 

deposition than expected from solely atmospheric deposition, was interpreted to be more 

representative of local burning with influences from secondary deposition processes such as 

fluvial transport, whereas BC deposition at North Lake seemed to be predominantly atmospheric 

and therefore representative of a more regional signal.
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Figure 1. Location of dissertation study sites. Chapter 1 and 2: Upper Fremont Glacier and 

Whitebark pine groves. Chapter 3: Beartooth Plateau ice patch and Island Lake. Chapter 4: Island 

Lake and North Lake.
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Abstract 

The Upper Fremont Glacier (UFG), Wyoming, is one of the few continental glaciers in 

the contiguous United States known to preserve environmental and climate records spanning 

recent centuries. Two ice cores taken from UFG have been studied extensively to document 

changes in climate and industrial pollution—most notably mid-19th century increases in mercury 

pollution. Fundamental to these studies is the chronology used to map ice core depth to age. Here 

we present a revised chronology for the UFG ice cores based on new measurements and using a 

novel dating approach of synchronizing continuous water isotope measurements to a nearby tree-

ring chronology. While consistent with the few unambiguous age controls underpinning the 

previous UFG chronologies, the new interpretation suggests a very different timescale for the 

UFG cores with changes of up to 80 years. Mercury increases previously associated with the mid-

19th century Gold Rush now coincide with early-20th century industrial emissions, aligning the 

UFG record with other North American mercury records from ice and lake sediment cores. 

Additionally, new UFG records of industrial pollutants parallel changes documented in ice cores 

from southern Greenland, further validating the new UFG chronologies while documenting the 

extent of late 19th and early 20th century pollution in remote North America. 

 

Abstract Art   
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1. Introduction 

 The Upper Fremont Glacier (UFG), located in the Wind Rivers Range of Wyoming, is 

one of the few interior continental glaciers in North America and perhaps the only one in the 

contiguous United States from which century-scale ice core records can be obtained. Two ice 

cores, both approximately 165 m in length and located 220 m apart, were collected from UFG in 

two drilling seasons in 1991 and 1998, and are hereafter referred to as UFG91 and UFG98, 

respectively. Despite the high surface melt observed at UFG, previous studies show that valid 

records of climate and anthropogenic pollution can be obtained from the UFG ice cores.1-5 For 

example, the concentrations and stable isotope ratios of nitrate and sulfate over the past 50 years 

at UFG are consistent with United States industrial emissions trends,4 and the UFG91 water 

isotope ratio record reflects the end Little Ice Age, suggesting that the UFG record is 

representative of large-scale climate.2  

Perhaps the most important record produced from the UFG cores to date is the record of 

mercury (Hg) deposition, which has become a benchmark study for understanding North 

American pollution. Schuster et al.5 posited that an initial 5-fold increase Hg deposition at UFG 

first coincided with the American Gold Rush during the 1850s before dropping to near pre-

industrial levels until the early 1900s when industrial activity resulted in a 20-fold increase of Hg 

between 1930 and 1990 CE. However, other archives of Hg from lake sediment cores6-10 and a 

western Canadian ice core11 reflect proportionally lower increases during the Gold Rush-era and 

largely do not capture the distinct mid-19th century Hg peak found by Schuster et al.5 Thus, some 

interpretations of these other archives7,11 suggest that reconstructed North American Hg 

emissions12,13 overestimate Hg releases from mining activities between 1850 and 1900 CE.  

The interpretation of the UFG ice cores hinges on accurate chronologies used to map 

from ice core depth to age. The UFG91 chronology in previous work was based on fallout from 

mid-20th century nuclear bomb testing evident in tritium and chlorine-36, as well as an insect leg 



20 
 

 

found near the bottom of the core that was carbon-14-dated to 1729±95 CE, with a smooth, nearly 

linear interpolation of the depth-age relationship between these few age control points. 2 This 

initial age scale subsequently was refined using measurements of sulfate and electrical 

conductivity (ECM) to synchronize the ice core record to known volcanic eruptions.2,14 A slightly 

modified depth-age scale was determined for the UFG98 core to account for additional snowfall 

accumulation between 1991 and 1998 CE, though this modified profile has been published only 

for the upper 50 m of the UFG98 core.3,4  However, the prevalence of surface melt and 

percolation on Fremont glacier, as well as the relatively high level of locally sourced impurities, 

hinder the identification of specific eruptions based on sulfate and ECM, particularly without 

confirmation using geochemically fingerprinted volcanic tephra.15 

Because of the importance of accurate ice chronologies for the interpretation of the 

climate and environmental records contained in the UFG ice cores, we revisit and improve upon 

the original dating of these ice cores.  The new chronologies for the UFG ice cores are 

constrained by five primary age control points, then tuned by synchronization of the UFG water 

isotope ratio records to a nearby, calendar-year dated tree-ring chronology. Using new, state-of-

the-art chemical measurements of archived UFG ice core samples and comparisons to lake 

sediment and ice core records from North America and Greenland, we then evaluate the new 

chronologies as well as the timing and extent of North American industrial pollution.  

 

2. Methods 

2.1 Laboratory analysis 

 The UFG98 ice core was collected in 1998 CE at UFG (43.1°N, 109.6°W), 

approximately 220 m from the original UFG91 core along the same ~4100 m elevation contour 

(Figure 1). The 86 mm diameter core was drilled using a 100 mm diameter thermal drill. The 

remaining archive of the UFG98 ice core, stored at the National Ice Core Laboratory (NICL) in 
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Golden, CO, included continuous samples from 9.5 to 161 m depth and an additional 20 cm 

section from 6.2 to 6.4 m depth. Longitudinal samples approximately 3 cm by 3 cm in cross-

section and 1 m in length were collected from the remaining archive at NICL in 2014. The 

majority of the archive was from the outer edge of the ice core. The samples were transported 

frozen to the Desert Research Institute (DRI), Reno, NV where they were analyzed in February 

2015 on a continuous flow analysis (CFA) system for more than 20 chemical species including 

water isotopes, black carbon (BC), a range of heavy metals, and other aerosols.16-18  δ18O was 

measured using a Picarro 2130i (Picarro Inc., Santa Clara, USA) calibrated to Vienna Standard 

Mean Ocean Water (VSMOW) using methods described by Maselli et al.18 BC was measured 

using an Apex-Q nebulizer (Elemental Scientific Inc., Omaha, USA) coupled to a Single Particle 

Soot Photometer (SP2; Droplet Measurement Technologies, Boulder, USA) adapted from the 

method described by McConnell et al.16 Trace elements were measured using two Thermo-

Finnigan Element2 Inductively Coupled Plasma Mass Spectrometers (ICP-MS) (Thermo 

Scientific, Bremen, Germany) based on methods described by McConnell et al.17,19 The ICP-MS 

sample line was acidified inline to 1% nitric acid just after the melter head for the four-minute 

transport time to the instrument, and further acidified to 2% nitric acid immediately prior to 

injection to the instrument. Plutonium (239Pu) also was measured continuously by ICP-MS using 

methods described by Arienzo et al.20 between 9.5 m and 44 m to capture fallout from nuclear 

weapons testing in the 1950s and 1960s.20 Continuous measurements were averaged to a depth 

resolution of 1.5 cm for interpretation. 

Analyses of four Greenland ice cores (ACT11d, ACT2, D4, and D5) were conducted on 

the CFA system as described above with the goal of comparing pollutants between UFG and 

Greenland. The four cores (Figure 1) were dated with annual layer counting constrained by 

volcanic synchronization.21 Estimated dating uncertainty in each of the Greenland cores is less 

than 1 year. The ACT11d (66.5°N, 46.3°W; elevation 2296 m) and ACT2 (66.0°N, 45.2°W; 



22 
 

 

elevation 2410 m)17 ice cores were collected in 2011 and 2004, respectively. The D4 (71.4°N, 

43.9°W; elevation 2766 m) 16 and D5 (68.5°N, 42.9°W; elevation 2519 m) ice cores were 

collected in 2003. Annual-averaged concentrations from these cores were then log-averaged to 

create a composite record representative of southern Greenland.  

 

2.2 Whitebark pine ring-width chronology 

Samples used to develop a Fremont whitebark pine (Pinus albicaulis) ring-width 

chronology were collected in the summer of 2001 CE at a site near the Fremont Glacier, 

approximately 4.8 km from the ice core sites (Figure 1; 43.15°N, 109.55°W; elevation 3180 m). 

The trees were growing in a granite talus field on a 30° slope with an aspect spanning 180-200°.  

The annually-resolved, ring-width chronology was constructed from a mix of living and fossil 

wood containing 32 individual ring-width series from 22 individual trees with individual growth 

rings each accurately dated (i.e. cross dated) to the calendar year in which the growth occurred. 

The ring-width chronology spans 1227 to 2001 CE, with the record attaining a maximum sample 

depth of 30 series in 1802 CE, with 25 series at 1750 CE— the approximate basal date on the 

UFG98 ice core.  All samples were first visually cross dated22 then statistically checked for dating 

errors in dplR23 in the analytical program R, 24 ensuring accurate calendar year dating of each 

growth ring across all series.  

To retain as much low-frequency climate information as possible in the final growth 

chronology, the individual ring-width records were detrended to remove the non-climatic, 

biological growth curve in the program “RCSsigFree45_v2b.app”25 using an age-dependent 

spline required to retain a zero or negative slope with initial spine stiffness set to 50-years.26 This 

individual-series detrending method is designed to preserve low-frequency climate signals and 

positive monotonic growth trends, if present, in a similar fashion to using a negative exponential 

curve, but with some advantages during the juvenile growth years.  Regional Curve 
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Standardization was not used on this chronology since the record did not meet the assumptions 

and sample depth requirements for this method.27,28 The final composite ring-width chronology 

was constructed by calculating a bi-weight robust mean from the power-transformed residuals of 

the individually detrended ring-width series. These methods reduced potential trend distortion 

from end effects that can result from the ratio method of chronology calculation on non-

transformed ring-width series. To correct for artificial increases in variance due to decreasing 

number of ring-width series through time, variance stabilization was performed using the Rbar 

method with correction of trend in variance provided by an age-dependent spline. The final 

composite ring-width chronology exhibits significant (p ≤ 0.001) and positive correlation (r = 

0.423) with summer (JJA) temperature when compared against the 0.5° gridded temperature 

dataset CRU TS3.229 over the 1900-2001 CE interval. 

 

2.3 UFG98 and UFG91 revised chronologies 

To enable consistent interpretation of both the UFG91 and UFG98 glaciochemical 

measurements, the new high-resolution δ18O record from the UFG98 core was synchronized 

visually at 24 depths to the previously published δ18O record2,30 from the UFG91 core (Figure 2a). 

An additional four depth tie points were obtained by synchronizing the tritium measurements31,32  

in the shallow sections of both cores (Figure 2c).  

To develop a revised UFG chronology, five primary age control points first were used to 

create a low frequency estimate of the depth-age scale, which subsequently was refined by 

visually synchronizing the ice core δ18O record to the composite tree-ring width chronology from 

the nearby grove of whitebark pines. Of the five primary tie points, four were unambiguous and 

also served as age constraints in the original chronology. These four points included 1998 CE at 

the glacier’s surface when the UFG98 core was collected, 239Pu and tritium peaks at 24.2 m (1963 

CE) and 36.6 m (1954 CE) coinciding with the beginning and end of nuclear weapons testing,20 
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and a radiocarbon dated insect leg encased in the ice.14 The radiocarbon-dated grasshopper leg 

found in the UFG91 ice core at a depth of 152 m (corresponding to a UFG98 depth of 150.5 m) 

was dated by Schuster et al. 14  to 1729±95 CE. The fifth primary point was largest observed BC 

peak (113.3 m) tied to the nearby Great Fire of 1910 CE, which burned over 3 million acres in 

Montana, Idaho, and Washington and is evident in charcoal records from lakes in Montana and 

Oregon.33,34 This point is the only new primary age control compared to the original dating and 

the BC spike assigned to the fire reaches 26 ppb, a factor of 2-5 higher than the industrial 

background and a factor of 5-10 higher than the pre-industrial background.  

The depth-age scale defined by these primary control points was refined using a total of 

21 tie points visually identified between the ice core δ18O record and the absolutely-dated tree-

ring width chronology (Figure 3). Both ice core water isotope ratios and tree-ring widths are 

thought to be local temperature proxies.2,3,35,36 Ties between the δ18O and tree rings used here 

generally are limited to extreme high or low points evident in both records, assuming for example 

that an extremely cold year is represented both by depleted δ18O in the ice and by lower tree 

growth. 

 

3. Results and Discussion 

3.1 UFG91 to UFG98 depth synchronization 

 Linking the two cores in depth is critical for mapping previous measurements from the 

UFG91 ice core on to the new UFG98 depth-age scale (Figure 2). The synchronized δ18O records 

agree well, including the increase in variability at depths greater than 100 m and enriched δ18O 

between 140 and 160 m. The tritium records provide four tie points in the shallower sections of 

the cores where the water isotope records are not as similar and thus more difficult to link. The 

depth offset between the two cores follows a 1:1 line (Figure 2b), indicating there are no major 

ice flow differences between the two sites. Lack of ice and data shallower than 6 m for the 
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UFG98 core prevents precise synchronization of the UFG91 surface to the UFG98 core. On 

average, the UFG91 core is offset 1.2 m deeper relative to the UFG98 core indicating a lower net 

snow accumulation rate at the UFG98 site.  

 

3.2 UFG98 chronology 

The new depth-age scale for the UFG98 ice core is very different than the original 

chronology, yet still consistent with the age control points from nuclear fallout and radiocarbon 

dating used to develop the original UFG91 chronology. Here we discuss annual layer thickness 

rather than annual net snow accumulation because no correction for density or ice flow thinning 

has been made. Such corrections would require modeling based on a thorough understanding of 

ice stratigraphy, ice flow, accumulation variability, and the bedrock and glacier geometry. This 

data is poorly constrained or non-existent at UFG. The new chronology indicates relatively small 

annual layer thicknesses (i.e., lower net snow accumulation) from the surface to 35 m, a period of 

larger annual layer thicknesses from 35 to 85 m (corresponding to 1955 to 1930 CE), and smaller 

annual layers below 85 m (Figure 4). The new age at 160 m depth near the bottom of the UFG98 

core is 1747 CE compared to 1712 CE in the original dating.14 The final correlation (Pearson’s r) 

between δ18O on the new depth-age scale and the tree-ring width index is r=0.39 (p<0.001), 

compared to r=0.08 (p=0.11) when correlating δ18O using the original dating to the tree-ring 

width record. 

Compared to the original chronology, the revised depth-age scale is older at depths above 

41 m by an average of 7.5 years and younger at depths below 41 meters by an average of 53 

years. The maximum difference between the original and new dating is between depths 126 and 

130 m, where the original dating is on average 80 years older than the new chronology. Despite 

these large differences, the new chronology maintains consistency with the original unambiguous 

age constraints of nuclear weapons testing in the 1950s and 1960s and the carbon-14-dated 
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grasshopper leg that was dated to 1729±95 CE. The new chronology dates the depth of the 

grasshopper leg to 1803 CE, well within the uncertainty of the radiocarbon date. 

This chronology incorporates effects from densification, spatial and temporal snow 

accumulation rate changes, and ice flow thinning. It is unclear whether this decadal to century 

scale variability in annual layer thickness is driven by long-term changes in regional climate, such 

as changes in overall net snow accumulation, as opposed to changes in upstream accumulation 

that affect ice flow to the coring site.  Previous work from other alpine glaciers has shown that 

large spatial changes in net accumulation from processes such as drifting and shading are likely 

near the headwall of a glacier such as UFG.37,38 There also is evidence supporting significant 

changes in snow accumulation at UFG during the 20th century. Tree ring-based snow-water 

equivalent (SWE) reconstructions and observed SWE from the Bighorn Basin, which contains 

UFG, indicate a greater than 50% increase of April 1 SWE between 1950 to 1970 CE compared 

to the preceding time period from 1900 to 1940 CE (Figure 5).39 These decades of increased SWE 

also are apparent in larger-scale SWE reconstructions for the Greater Yellowstone Region and 

Northern Rockies.39,40 Further support for increased accumulation at UFG is the slowing of 

retreat, and in some cases even advance, of glaciers in Glacier National Park, MT from the 1940s 

to 1970s as a result of climatic conditions favoring positive glacier mass balance.41,42 

Our method for synchronizing the ice core and tree-ring records assumes that in an 

extreme cold year, represented by depleted δ18O in the ice, there also is slower tree growth, and 

vice versa. By limiting tie points to extremes, we minimize uncertainties inherent to each proxy, 

such as potential effects from changes in snow accumulation and atmospheric circulation, as well 

as diffusion of water isotopes in snow and ice. Naftz et al.3 showed that during an average winter, 

there is a strong relationship between temperature and δ18O at UFG, and although this 

relationship was not as robust for a high precipitation El Niño winter, the δ18O deposited that 

winter was not anomalous. The ability to date the core using two local temperature proxies, δ18O 
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of ice and the high-elevation tree-ring chronology, implies that these two parameters record a 

similar climate signal via two different, but not necessarily unrelated, mechanisms. The water 

isotope ratios at UFG are representative of local temperature as recorded by snow deposited in 

winter storms,2,3 while variations in the tree-ring chronology largely are controlled by growing 

season temperature and to a lesser extent, winter and spring precipitation.35,36  

Schuster et al.14 refined the original depth-age scale by volcanic synchronization of ECM 

and sulfate measurements to known volcanic eruptions within the absolute constraints of the 

bomb pulses and carbon-14-dated grasshopper leg. However, the ECM record used for volcanic 

synchronization was noisy, allowing for ambiguity in what ECM spikes could be concretely 

defined as volcanic without influence from other parameters such as melt layers, organic acids 

from forest fires, industrial pollution, or continental dust, which has increased at UFG during the 

past two centuries due to industrial and agricultural activities in the American West.1 

Additionally, due to the high sulfur loading from terrestrial and industrial sources, it is difficult in 

non-polar ice cores to attribute sulfur peaks to specific volcanic eruptions without other evidence 

such as chemically fingerprinted volcanic tephra.15 Compared to the sulfur data from the Mt. 

Logan and Eclipse ice cores in the Canadian Yukon or polar ice cores, where volcanic fallout has 

been well-studied and attributed to specific eruptions using tephra,21,43,44 it is clear that the poor 

fidelity of the UFG records does not permit unambiguous volcanic synchronization using sulfur 

and ECM alone. 

 High concentrations of bismuth (Bi) previously have been linked to fallout in ice cores 

from the 1912 CE Katmai eruption in Alaska.43 The largest spike in Bi in the UFG98 record 

occurs between 1908 and 1912 CE on the new chronology (Figure 6c). However, this peak occurs 

at the height of industrial Bi pollution and we have no tephra geochemistry to support a 

conclusive link to Katmai. 
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3.3 UFG pollution records 

 The UFG ice core records have been of particular interest because they preserve an 

interior continental record of pollution. On the new chronology, trends observed in the pollutants 

Bi, thallium (Tl), and BC in the new high-resolution UFG98 measurements are surprisingly 

similar to those observed in an array of southern Greenland ice cores during the past 200 years 

(Figure 6b,c,d). Despite significant differences between UFG and Greenland – UFG is a high-

melt, mid-latitude alpine glacier influenced by completely different air masses than the low-melt, 

high-latitude southern Greenland ice sheet –  the similarities between the pollution records from 

these sites indicates that heavy metal and other Industrial pollution from late 19th and early 20th 

century coal combustion was pervasive on a regional-to-hemispheric scale. The strong covariance 

of these pollutants between UFG and Greenland, especially the synchronous increases observed 

in the late 1800s, is additional evidence supporting the new UFG98 chronology. Both the UFG98 

ice core and the southern Greenland array record sharp increases in Tl, Bi, and BC beginning in 

1870 CE and peaking in 1900 CE before declining to present. While Bi concentrations are 

consistently greater by a factor of five at UFG compared to southern Greenland, both sites show 

more than 40-fold increases from the pre-industrial to the early 20th-century. Over the same time 

period, Tl and BC concentrations at UFG both increased by a factor of three. These trends are 

consistent with previously reported coal tracer emissions of BC and Tl during the Industrial 

Revolution from the ACT2 core.17  

The lead (Pb) records from UFG and southern Greenland do not agree (Figure 6e), as 

UFG98 Pb increases in 1810 CE and gradually diminishes to present with a brief, smaller 

increase around 1900 CE whereas Pb in southern Greenland exhibits two peaks, one in 1900 CE 

and a second larger peak in the 1975 CE. The Pb record from the Eclipse ice core45 from the 

Canadian Yukon parallels the changes observed in Greenland although increases in the first half 

of the 20th century relative to those in second half are substantially larger in Greenland than at 
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Eclipse. The anomalous Pb record from UFG could be a result of more localized pollution 

transported to the site or contamination of the ice samples used for measurements, since Pb is 

contaminated easily and the remaining archive available for our analysis was from the outer edge 

of the ice core where contamination is most likely. 

The new chronology significantly changes the interpretation of the Hg record from UFG. 

The record based on the original chronology indicated a large Hg increase in the mid-1800s 

which was attributed to mining activities during the Gold Rush, with a second large increase 

beginning in 1950 CE linked to industrialization (Figure 7).5 This interpretation of  UFG Hg has 

been used in reconstructions of Hg emissions and to evaluate Hg deposition in North 

America.13,46,47 A perplexing feature of the original UFG record was the Hg increase in 1850 CE 

attributed to mining (Figure 7b) that was not represented to the same extent in other records from 

North American ice cores11 and sediment cores,6-10  or in more regional-to-hemispheric records 

from Greenland, Arctic Canada, the Alps, and the Himalayas. 48-51 In general, these archives 

document large Hg deposition increases limited to the 20th century without any preceding 

increases in the 19th century, leading to doubts of the regional-representativeness of the original 

UFG Hg record.  

The new depth-age scale reconciles the UFG Hg record with these regionally-

representative archives, including Hg concentrations in firn air at Summit, Greenland (Figure 

7a,c).49,52 The new UFG chronology largely shifts the ice age to younger years, thus moving Hg 

concentration increases at UFG into the 20th century. The absence of Hg increases in the late 19th 

century at UFG despite major increases in coal burning tracers Bi, Tl, and BC is consistent with 

low Hg emissions from coal combustion before 1900 CE as reconstructed by Streets et al. 13 

However, this new interpretation is at odds with pre-1930 CE reconstructed Hg emissions from 

mining activities, which argued for peak anthropogenic Hg emissions in 1890 CE.12,13 As noted 

by Engstrom et al.,7 it seems unlikely that such large Hg emissions would not be recorded by any 
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North American archives of Hg in sediments or ice. If the reconstructed Hg emissions increases 

associated with mining were significantly reduced, the emissions profile from Horowitz et al.12 

would be very similar to Hg observed at UFG – low Hg loading until 1900 with increasing Hg 

until the 1940s, followed by a small dip and subsequent increase to a maximum in the 1970s. 

Previously the only archive to record a 5-fold Hg increase during the Gold Rush Era, the UFG 

record, when dated using the new chronology, no longer provides evidence for significant 

influence from early North American mining activities on atmospheric Hg.  

The revised chronology and new measurements from the UFG98 ice core document the 

pervasiveness of heavy metal and BC pollution emitted during the Industrial Revolution, with the 

UFG Bi, Tl, and BC records paralleling patterns observed in southern Greenland.  The new 

chronology also reconciles the previously-anomalous UFG Hg record with data from lake 

sediment cores and other ice cores, and calls for a reassessment of Hg emissions from 19th 

century North American mining activities.  
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Figure 1. Map showing relevant research sites. 

  



32 
 

 

 

Figure 2. Depth synchronization between δ18O (a; single point is discontinuous ice from 6.2 to 

6.4 m depth).30 Relationship between UFG98 and UFG91 depth ties with 1:1 line for reference 

(b). Tritium (c) measured in the UFG91 and UFG98 ice cores.31,32  
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Figure 3. Synchronization tie points between UFG98 ice core δ18O (black; annual averages; 

single point is discontinuous ice from 6.2 to 6.4 m depth) and the Fremont whitebark pine tree-

ring chronology (red). Dashed green vertical bars represent primary age constraints. Dashed black 

vertical bars show tie points between ice core δ18O and the tree ring-width index. Inset shows 

UFG98 tritium31 (Tritium Units [TU]; annual averages) compared to a composite record of Arctic 

239Pu.20 
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Figure 4. New depth-age scale for the UFG91 (blue dashed) and UFG98 (black dotted with 

points) ice cores compared to original depth age scales for UFG9114 (red dashed) and UFG984 

(magenta dotted). 
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Figure 5. Reconstructed (grey) and observed (blue) April 1 SWE (z-scores) in the Bighorn Basin, 

MT and WY. 20-year spline fit to reconstructed SWE shown in black. Note elevated SWE from 

1950 to 1970 CE. Data from Pederson et al.39 
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Figure 6. (a) UFG mercury record5 on the new chronology. (b-e) Chemical tracers (Tl (thallium), 

Bi (bismuth), BC (black carbon), Pb (lead)) at UFG (black) compared to measurements in a 

southern Greenland array which consists of four precisely-dated ice core records (red). Pb 

measured in the northwestern Canada Eclipse ice core45 (blue) scaled by 3 on right Y axis. 

Annotations denote maximum for off-scale peaks. 
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Figure 7. (a) UFG mercury record5 on the new chronology, with firn air Hg measurements from 

Summit, Greenland in grey shading.49 (b) UFG mercury record on original depth-age scale4,5, 

arrows indicate the shift in age between the new and old chronologies. (c) Mt. Logan mercury 

record.11 
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Abstract 

 Tree ring records are a potential archive for reconstructing long-term historical trends in 

atmospheric mercury (Hg) concentrations. Although Hg preserved in tree rings has been shown to 

be largely derived from the atmosphere, quantitative relationships linking atmospheric 

concentrations to those in tree rings are limited. In addition, few tree-ring-based Hg records have 

been evaluated against co-located proxies of atmospheric Hg or direct atmospheric 

measurements. Here we develop long-term Hg records extending from 1800 to 2018 CE using 

cores collected from two whitebark pine stands co-located with the Upper Fremont Glacier in the 

Wind River Range, Wyoming, where a long-term record of atmospheric Hg previously was 

developed from an ice core. The tree ring record shows that Hg concentrations increased 

beginning in 1800 CE to a peak at ~1950 CE, before decreasing to present, generally paralleling 

the co-located ice-core record of Hg deposition. The exact timing and magnitude of the Hg 

increases in the trees, however, is offset relative to the ice-core record. Results from an advection-

diffusion model indicate that these differences are consistent with radial movement of Hg within 

the trees, indicating that while whitebark pine can be used to document hemispheric-scale Hg 

pollution at remote field sites, interpretation of temporal trends observed in these trees must 

account for potential influences from biotic processes that may impact Hg uptake and 

preservation. 

 

Abstract Art   
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1. Introduction 

 Tree-ring records are well-established proxies for past climatic change and have been 

used extensively to reconstruct temperature, precipitation, streamflow, and other environmental 

parameters during past centuries to millennia.1-4 Because of the widespread availability of trees 

across the landscape, studies also have attempted with varying degrees of success to infer past 

changes in environmental and atmospheric pollution at local and regional scales using 

dendrochemical analyses of trace metals.5-11 Of particular interest has been the potential for trees 

to serve as indicators of atmospheric mercury (Hg) concentrations. There are now a number of 

long-term tree-ring Hg records from North America and Europe that have been interpreted to 

reflect changes in regional Hg emissions.7, 8, 12 Tree rings directly record atmospheric Hg 

concentrations in contrast to other archives that record Hg deposition such as lake sediment 

cores,13-15 peat cores,16, 17 and ice cores.18-20 Firn air measurements from Greenland have been 

used to directly reconstruct atmospheric Hg concentration.21 

Previous research has shown that Hg preserved in wood tissue primarily is assimilated 

from the ambient atmosphere,22-24 and Hg concentrations in foliage, bark, and wood have been 

shown to increase with proximity to known point sources of contamination.25, 26 Additional work 

has explored whether temporal trends of Hg measured in tree cores can be attributed to past local- 

or regional-scale emissions.11, 27-29 Current understanding of Hg pathways and preservation within 

trees, while improving, is still limited.23, 24 For example, radial translocation of Hg within trees 

has been observed but remains poorly quantified23, 25 and high variability of intra-tree and intra-

grove Hg measurements requires a large number of samples from the same time period for 

confidence in mean trends.7, 8, 25, 30 Furthermore, the absence of long-term atmospheric Hg 

measurements makes quantitative assessment of tree-ring Hg records difficult or impossible, with 

few studies directly linking modern atmospheric Hg measurements to a tree Hg record.7, 23  
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Here, we developed long-term Hg records extending from 1800 to 2018 CE from two 

high-elevation whitebark pine (Pinus albicaulis) stands in the Wind River Range, Wyoming. We 

evaluated these records as indicators of past atmospheric Hg concentration using the recently 

revised, nearby Upper Fremont Glacier (UFG) ice-core record of Hg deposition extending from 

1760 to 1991 CE. This ice-core record previously was used to document hemispheric-scale 

industrial pollution and climate.19, 20, 31  

 

2. Methods 

2.1 Tree sampling and Hg analysis 

Living trees from two whitebark pine stands in the Wind River Range, hereafter the 

Fremont (FRE; 43.158 °N, 109.558 °W; 3410 masl) and the Rock Lake stands (RLK; 43.188 °N, 

109.542 °W; 3290 masl), were sampled in July 2018 (Figure 1). Five cores from four individual 

trees were recovered at the FRE stand, and four cores from four individual trees were recovered 

at the RLK stand. While a recent study recommended sampling 10 trees for Hg studies,30 the 

number of cores in this study was limited by permitting constraints in wilderness areas and 

unanticipated field conditions. The FRE stand was located on the south-facing aspect of a ridge. 

The area had a surface slope of 30–35° and largely was composed of bedrock with shallow, 

patchy soil and no upstream catchment or drainage. The RLK stand also was located on a south-

facing aspect with little to no upstream catchment, but on a less steep slope (20–25°) with slightly 

more developed soil. The FRE and RLK tree stands were located 4 km apart and 7 and 10 km 

from the UFG ice-core sites, respectively (Figure 1). Tree core sample collection and analysis 

were based on methods described by Peckham et al.30 Tree cores were collected using a new, 12-

mm Haglöf increment borer and handled with nitrile gloves. Cores were transferred directly from 

the increment borer to sealed TeflonTM tubes, frozen within 48 hours of collection, and stored at -

20 °C until further processing.  
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 Prior to subsampling, cores were dried at room temperature with clean air using a Tekran 

Model 1100 zero air generator for at least 72 hours. To facilitate dating, a flat surface was milled 

into one side of each core using a drill and clean carbide bit. If necessary, cores were polished 

with 800-grit sandpaper to better visualize individual rings. Cores were subsampled at decadal 

resolution using a stainless steel blade, freeze-dried to remove remaining moisture, and stored 

frozen until analysis. Cores were visually cross-dated against a master chronology from a 

previous collection from the area in 2001 CE20 using the list method of cross-dating.32 The 

program COFECHA33 was used to verify the accuracy of the visual cross-dating, leading to an 

estimated age uncertainty in certain cores of 1 to 3 years at 1800 CE from missing rings. This age 

uncertainty has an insignificant effect on final average Hg profiles because of the decadal 

resolution of subsampling. Samples represented the time period between 1800 and 2018 CE to 

facilitate comparison with the nearby UFG record that extends from 1760 to 1991 CE.  

 A Milestone DMA-80 instrument was used for mercury analysis. The instrument was 

calibrated using aqueous standards with a daily adjustment based on the recovery of National 

Institute of Standards and Technology (NIST) Pine Needle Standard 1575a quality control 

standards. The detection limit, calculated as three times the standard deviation of the blank, was 

0.08 ng g-1 (n=50) and the average standard deviation of triplicate measurements of the same 

sample was 0.28 ng g-1 (n=12). Measured concentration (39.2±0.9 ng g-1) of quality control 

standard NIST 1575a analyzed periodically during each day was consistent with the certified 

value (39.9±0.7 ng g-1). The DMA-80 was set to a 10 s drying time at 300 °C, a 120 s 

decomposition time at 850 °C, and a 60 s dwell time. 
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2.2 Diffusion and advection modeling 

 We used the one-dimensional advection-diffusion equation (Equation 1) to simulate how 

spatial movement from diffusion (diffusion coefficient D) and advection (advection coefficient u) 

can result in concentration changes through time. This equation, defined as: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

=  𝐷𝐷 𝜕𝜕2𝐶𝐶
𝜕𝜕𝑥𝑥2

− 𝑢𝑢 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

  (1) 

was used to model two simulations to investigate (1) how an atmospheric Hg signal could be 

altered by advection or diffusion within tree rings and (2) if such movement is plausible, how a 

valid atmospheric record could be reconstructed from the tree Hg profiles. This model included a 

finite-volume partial differential equation solver in Python.34 

First, we used this equation to evaluate how changes in atmospheric Hg uptake could be 

smoothed or distorted by diffusion or radial movement of Hg within tree rings. The Hg record 

from the nearby UFG was assumed to be representative of atmospheric Hg deposition at the site 

and used to drive a simple model of diffusion alone and of combined advection and diffusion 

processes. The tree cores were idealized as a series of equal-sized cells with widths equivalent to 

the average annual ring-widths of the FRE (0.57 mm) or RLK (0.80 mm) samples. The model 

was run from 1765 to 1991 CE in 1-year time steps with a fixed concentration at the inner 

boundary (1765 CE) and a no-flux condition at the outer edge of the most recently added cell. At 

each time-step, the domain was extended by one cell, representing one year of growth, with the 

initial concentration derived from the normalized and annually-interpolated UFG Hg flux record.  

Second, we used only the advection-term of Equation 1 to inverse-model atmospheric Hg 

concentrations from the tree ring profiles assuming, based on the forward model results, that 

diffusion processes were negligible, although loss of temporal resolution is inherent in the inverse 

advection model. This inverse model was run from 2015 to 1805 CE in decadal time steps with 

tree cores idealized as cells with a length representing the decadal resolution of the Hg 

measurements (5.7 and 8.0 mm for FRE and RLK, respectively). Boundary conditions were a 
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fixed concentration at the inner boundary (1805 CE) and a no-flux condition on the outer 

boundary. At each time-step, the outer-most cell was removed from the model domain and its 

concentration remained unchanged for all remaining solutions. 

 

2.3 UFG Ice Core Flux Calculations 

 Hg flux was calculated for the UFG ice cores by multiplying Hg concentrations by the 

water equivalent accumulation rate at the site of 0.91 m yr-1 (ice accumulation of 1 m yr-1 19). The 

depth-age relationship predicted by an ice flow model35 run using this constant accumulation rate, 

a basal melt rate of 0.05 m yr-1, and the glacier’s surface and bed topography31 along a flow line 

intersecting the ice-core site agrees well with the revised chronology from Chellman et al.20 This 

suggests that the ice-core depth-age scale largely is determined by the basin and glacier geometry, 

not by large temporal changes in accumulation rate or along the glacier flow line, and therefore it 

is reasonable to assume a constant accumulation rate through time. 

 

3. Results and Discussion 

 Average decadal Hg concentrations in individual trees ranged from 0.8 to 5.3 ng g-1 

between 1800 and 2018 CE (Figure 2). These concentrations are similar to previously reported 

measurements from other remote tree records.7, 8, 12, 30  Hg profiles—both within a single tree and 

between trees within each stand—were variable, also consistent with observations from previous 

studies.8, 12, 30 The average relative percent difference (RPD; calculated as the absolute value of 

the difference between two measurements divided by their average) for two cores taken from a 

single tree was 39±24% (n=22) for tree FRE005. Within each stand, the standard deviation (SD) 

for decadal measurements ranged between 0.06 and 1.8 ng g-1, with an average SD of 0.65 and 

0.56 ng g-1 for the FRE and RLK stands, respectively. The SD of the decadal data represents on 
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average 25–30% of the overall magnitude of the average Hg concentration, reinforcing the need 

for multiple cores to have confidence in long-term trends.  

 The source of variability between nearby tree Hg profiles is poorly understood, but 

hypothesized to derive from site- and tree-specific factors that influence atmospheric Hg 

uptake—including but not limited to asymmetrical growth, stomatal conductance, prevailing 

winds, and hill slope.8, 30 At the FRE and RLK stands, some of the differences in site physical 

characteristics are minimized, with all trees growing on a steep, fractured bedrock slope with little 

soil. The trees likely access similar, shallow water sources derived predominately from some 

combination of each year’s seasonal snowmelt and summer monsoonal rainfall, with little to no 

contributions from groundwater sources. Furthermore, these trees probably all have similar 

growing seasons controlled by mid-summer snow disappearance and the arrival of cold 

temperatures in fall. Although the physical characteristics of each site are similar, the variability 

of Hg measurements supports that there are other tree-specific biotic factors that influence 

atmospheric Hg uptake and preservation by these trees.  

Despite observed Hg variability between trees, the average composite Hg profiles from 

both sites show significant increases during the past 200 years (Figure 2). At the FRE stand, the 

average Hg concentration increased from 1.3 ng g-1 between 1800 and 1840 CE to a small peak of 

1.9 ng g-1 in 1850 CE before subsequently increasing to 3.4 ng g-1 in 1950 CE and declining to 

1.8 ng g-1 in the 2000s. All individual FRE records that extend from 1800 CE to modern (n=4) 

document increasing Hg concentrations from 1850 CE to the mid-20th century, and all individual 

FRE records (n=5) document declines between 1950 CE and modern. The coherence of all the 

individual Hg records within this stand leads to high confidence in the observed mean profile. At 

the RLK stand, the average Hg concentration ranged from 1.1 to 2.0 ng g-1 between 1800 and 

1850 CE with an increase to 2.8 ng g-1 in 1975 CE before declining to 2.4 ng g-1 in the 2000s. 

This trend agrees well with that observed at the FRE stand, but the mean Hg profile at RLK is 
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heavily influenced by a single profile from tree RLK002—the only record from this site to extend 

to 1800 CE. Without this record, the average trend at RLK still shows an industrial increase 

exceeding the standard error of the mean measurements, but the magnitude of the increase is 

lower.  The two profiles are strongly related with a near-zero intercept (FRE = 1.07*RLK + 0.06, 

r2=0.49, p <0.01), suggesting there is no significant concentration offset between the two records 

despite the slight differences in temporal trends. 

The decadal Hg concentrations showed no significant correlation to the amount of 

decadal growth at either stand (r=-0.09, p=0.37 for FRE; r=-0.18, p=0.15 for RLK). No trends in 

Hg concentration with respect to age were observed despite a large span of tree ages, with tree 

ages at RLK ranging from 125 to 224 years old and at FRE ranging from 272 to 439 years old. 

Previous Hg studies based on tree rings and lake sediment cores have calculated the ratio 

between modern and preindustrial Hg deposition to quantify how each archive has responded to 

increased atmospheric Hg concentrations originating from anthropogenic emissions.8, 13, 36 For 

FRE and RLK, the observed Hg increases correspond to a ratio of 1.7 for both stands, calculated 

here as between modern (1950 CE to present) to pre-industrial (1800 to 1850 CE) Hg 

concentrations. When calculated as the ratio of the highest modern Hg value to lowest pre-1850 

CE value, the ratio increases to 3.0 and 2.7, respectively. These are similar to ratios reported for 

another North American tree record8 (1.9 from NW Canada), but lower than values observed in 

lake sediments13 (5.6 for Wyoming, 3.2 for Western US) or ice cores19, 20 (6.2 for the UFG ice 

core).   

 The FRE and RLK stands are in close proximity to UFG, allowing for direct comparison 

of the tree-derived Hg profiles to the long-term atmospheric Hg record from the UFG ice cores 

(Figure 3). On the recently revised chronology, these ice cores document hemispheric-scale 

industrial pollution, with trends in black carbon and the pollution-related heavy metals thallium 

and bismuth paralleling those observed in Greenland ice cores.20 The Hg record from UFG shows 



51 
 

 
 

significant 20th century Hg increases peaking in 1970 CE that were attributed to industrial 

emissions, with potentially smaller contributions in the late 1800s from Gold Rush-era mining. 

The magnitude of Hg deposition at UFG, generally ranging from 1 to 22 μg m-2 yr-1, is 

comparable to fluxes from a nearby lake sediment core,37 and modern flux at UFG, between 10 

and 12 μg m-2 yr-1 from 1980 to 1990 CE, is in good agreement with estimated modern wet Hg 

deposition for the Wind River Range.38 From 2008 to 2017 CE, the only time period with 

available data for this region, Hg deposition ranged from 7.4 and 15 μg m-2 yr-1 (average 10.6 μg 

m-2 yr-1) based on precipitation-weighted, interpolated deposition data from the National 

Atmospheric Deposition Program Mercury Deposition Network.38 Although in agreement with 

these modern observations, the UFG ice core fluxes are approximately an order of magnitude 

higher than Hg fluxes observed at other alpine ice core sites.18, 39 We hypothesize the higher 

fluxes at UFG can be attributed to significant melt and refreezing processes that form ice layers, 

thereby enhancing preservation by preventing reemission of volatile Hg species.40 

 The water isotope record from the UFG cores previously has been linked to a tree-ring 

width chronology from another nearby stand of whitebark pine (Figure 1), suggesting the ice and 

tree archives document a common climate signal.20 Here we compared the tree-based Hg profile 

to the UFG ice cores, assuming both archives are exposed to the same air masses, to assess if 

these tree Hg records reflect long-term changes in atmospheric Hg concentration. Compared to 

the UFG Hg record—that showed a short-lived increase in 1880 CE (inferred from a single 

measurement) followed by a rapid ~6-fold increase from 1900 to 1970 CE (Figure 3c)—the FRE 

Hg profile was smoother with a more gradual, sustained increase between 1800 CE and 1950 CE 

and a short-lived peak at ~1850 CE. After 1950 CE, the FRE Hg decreased by a factor of 2 until 

modern, similar to declines observed in the ice core since 1970 CE. The decadal resolution of the 

FRE Hg data likely contributes to the overall smoother trend, but there is also smoothing inherent 

to the UFG Hg measurements  that were made on discrete, non-contiguous 7 cm sections of ice.19 



52 
 

 
 

The overall parallel trend between the trees and ice core suggests that the tree Hg signal is linked 

to atmospheric Hg concentrations, but there are important differences in timing—namely Hg 

increases in the trees began a century earlier and peak Hg pollution during the 20th century 

occurred approximately 20 years earlier than in the ice-core record. 

 Radial movement of Hg is a mechanism that potentially could explain the temporal 

discrepancies between the tree and ice core Hg profiles. Though the radial movement of lead and 

other species within wood, either by movement through ray cells or diffusion, has been observed 

in various tree species,41-46 previous studies have reached mixed conclusions regarding the role of 

radial movement of Hg. Radial Hg translocation has been suggested in a dose-response 

experiment,23 a study of Hg pollution near a chlor-alkali plant,25 and an investigation of volcanic 

Hg preservation in trees.9 Other studies, however, have suggested minimal to no influence from 

radial movement,7, 8, 12, 24 primarily based on synchronous timing of Hg peaks across multiple 

individual records or correlation of sharp changes in Hg concentration to known historical 

emissions sources. 

Using an advection-diffusion model (Equation 1) driven by the UFG Hg profile, assumed 

here to be directly representative of local to regional atmospheric loading, we investigated how 

diffusion and inward Hg movement could alter the Hg signal preserved by the trees as they grow 

and incorporate atmospheric Hg. These model results should be taken only as a qualitative 

evaluation of the tree-ring Hg trends, as the current process-level understanding of how Hg is 

incorporated, moved, and preserved within trees is limited, resulting in few constraints on 

modeling. Radial movement by ray cells in trees is thought to be largely limited to sapwood, 

although movement of chemical species in the heartwood, largely by diffusion, has also been 

observed.44, 47 Such movement implies that large temporal shifts in the Hg profile are plausible. 

Forward model results that do not include advection suggest that diffusion alone, which 

results in a smoother simulated Hg signal preserved in the trees without significant translation in 
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time (Figure 3d), is not a sufficient explanation for the observed temporal differences. When the 

model also includes inward radial movement as simulated by advection, the combined effect of 

smoothing and migration of Hg results in a temporal shift of the tree-ring Hg profile. These 

model simulations shift peak Hg concentrations to 1955 and 1935 CE (Figure 3e), respectively, in 

agreement with the observed FRE peak between 1930 and 1960 CE and the RLK peak between 

1950 and 1980 CE. Additionally, the simulation run with diffusion coefficient D=0.001 and 

advection coefficient u=0.5 shifts the early 1900s-era atmospheric increase to ~1860 CE, in 

agreement with an observed secondary peak at both FRE and RLK. The translocation of Hg over 

these timescales seems plausible since the median radial distance represented by the 1950 to 1980 

CE timespan was 11.7 and 24.2 mm for the FRE and RLK cores, respectively. Furthermore, the 

sapwood, in which most radial movement is thought to occur, approximately represents the 

outmost 50 to 100 rings in the FRE and RLK samples. The greater inward shift observed in the 

FRE Hg profile, compared to that of RLK, may be a result of the smaller median radial distance 

represented by this time period in the FRE trees, suggesting the same amount of radial 

translocation at FRE results in a larger temporal shift because of the overall smaller ring widths.  

The inward advection of the Hg profile results in dispersing the sharp increases observed 

in the ice-core flux record during the 20th century into a more gradual increase beginning as early 

as the mid-18th century—more consistent with the tree Hg profile. This smoothing may also help 

to explain the relatively low modern-to-preindustrial Hg ratio observed in tree-based Hg records 

relative to lake sediments or the UFG ice core. The decadal resolution further contributes to the 

low observed ratios, since the lower resolution would lead to an underestimate of the industrial-

era Hg peak. 

This advection-diffusion model provides a mechanism to reconcile temporal differences 

between the co-located ice core and tree-ring Hg records at this site and suggests that the tree Hg 

record has been altered by post-depositional radial movement of Hg with little influence from 
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diffusion. Assuming advection is the dominant process affecting the tree Hg profiles, we used an 

inverse model incorporating only the advection term of Equation 1 to determine if a plausible 

atmospheric signal could be recovered from the tree-ring Hg data. 

After applying the inverse model with advection rates of 2 and 4 mm per decade, the 

reconstructed atmospheric Hg profiles are in better agreement with the UFG ice core Hg data than 

the untransformed data (Figure 4). The industrial-to-preindustrial Hg ratio increases to 2.3 for the 

FRE profile for these simulations from the original value of 1.7. Furthermore, the reconstructed 

profiles better parallel measurements of gaseous Hg in the interstitial air of firn from Greenland,21 

suggesting a valid, albeit smoothed, atmospheric signal can be recovered provided that any radial 

translocation in the tree-based records is inverted. After application to records from these two 

stands, the inverse model is able to reconstruct the timing of atmospheric changes, but is unable 

to reconstruct high-frequency variability in part because of limitations inherent to the inverse 

model, but also because of the decadal resolution of the Hg measurements. Higher-resolution tree 

Hg measurements would allow for better estimation of high-frequency variability after 

application of an inverse model, although some high-frequency detail would still be lost in the 

advection making it difficult to reconstruct rapid transitions or sharp spikes. Also note that the 

earlier part of the inverse-modeled record is controlled by the innermost boundary condition, as 

Hg concentrations in the tree representative of this timeframe were translocated to rings older 

than 1800 CE, the oldest rings measured in this study. While radial movement of Hg seems likely 

in these stands of whitebark pine, further work is needed to assess its importance for other tree 

species and in other environmental situations. 

Radial translocation also may help explain overall why another long-term tree record 

from Canada8 showed Hg increases ~100 years earlier than observed in nearby sediment records13 

or in the Mt. Logan ice core located upwind ~530 km to the southwest.18 Although the Hg 

increases observed in Clackett et al. as early as 1750 CE were attributed to anthropogenic 
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emissions, potentially from colonial mining in South America,8 radial movement of Hg could be 

an alternative explanation. Preliminary application of the inverse advection model to this dataset 

results in shifting the timing of observed increases in the tree record to better agreement with the 

Mt. Logan ice core. 

The Hg profiles from the FRE and RLK trees, like other long-term Hg records from other 

North American proxies, can be used to inform current understanding of the global Hg budget. 

The largest discrepancy between the most recent perspectives on the historical Hg budgets is the 

magnitude of mining in the Americas from the 16th to 19th century relative to modern industrial 

emissions. Some reconstructions argue that as a result of the widespread use of Hg in early gold 

mining, Hg emissions to the atmosphere during the 19th century equaled or exceeded 20th century 

industrial emissions.36, 48, 49 Hg profiles from North American trees, lakes, and ice cores, however, 

generally do not show significant concentration increases during this time period, leading to 

alternative Hg budgets with lower estimated emissions from mining activities.50, 51 The FRE and 

RLK tree records, as well as the recently revised UFG ice-core, document peak Hg concentrations 

during the 20th century with relatively much smaller increases during the mining eras, supporting 

the lower mining emissions scenario. These tree samples were collected at a high-elevation site 

within 10 km of UFG. The ice core records from UFG have been shown to be downwind of 

western U.S. mining regions52 and to document a large-scale atmospheric pollution signal similar 

to Greenland ice cores,20 where pollution trends were driven primarily by 19th and 20th century 

emissions from North America and Europe.53 It seems unlikely that emissions of the magnitude 

suggested by high-mining emissions scenarios would not be reflected either in the ice or tree-ring 

records unless these postulated mining emissions were overestimated or they were not transported 

to these sites. 
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Figure 1. Location of tree stands for this study (red dots), the UFG91 and UFG98 ice cores (blue 

triangles), and the location of the tree stand used to develop the revised UFG ice-core 

chronologies from Chellman et al.20 (green dot).   
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Figure 2. Tree Hg profiles (a) Fremont stand (FRE) individual tree Hg profiles (grey lines) with 

site average (black line) and number of contributing records (grey bar). (b) Rock Lake stand 

(RLK) individual tree Hg profiles (light blue lines) with site average (dark blue line) and number 

of contributing records (grey bar).   
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Figure 3. Results for advection-diffusion model. (a) FRE average Hg. (b) RLK average Hg. Error 

bars for both (a) and (b) represent standard error of the mean. (c) UFG ice core Hg.19,20 (d) 

Results for diffusion-only model. (e) Results for advection-diffusion model. 
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Figure 4. Results for inverse diffusion-advection model. (a) and (b) inverse advection-modeled 

decadal Hg profiles for the FRE and RLK stands, respectively.  Green shading in (a) represents 

Hg measurements in firn air from Summit, Greenland.21 (c) UFG Hg flux (grey) with 10-yr 

moving average (black).19,20
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1. Introduction 

Linking human history to paleoclimate changes requires well-dated climate proxies and 

historical data.1-3 Within western North America, however, Holocene-length climate proxies are 

limited primarily to lake-sediment cores4-6 because tree-ring chronologies document only recent 

millennia,7, 8 speleothem records from caves9 are rare and often incomplete, and glacial ice 

cores—generally considered to be the most direct records of environmental change—are limited 

to recent centuries.10 Here, we present a 10,000-year, highly resolved ice-core record of 

wintertime climate for the northern Rocky Mountains, recovered from an ice patch on the 

Beartooth Plateau, Wyoming. Our findings indicate this small alpine ice patch preserved a 

regionally-representative climate record that documented a sustained 800-year period of peak 

Holocene warmth centered at 4,100 cal BP followed by a rapid cooling leading to a 1,500-year 

long period of cooler and wetter winters. The ice-patch record suggests rates of winter 

temperature change at the onset and termination of this cold period were as high as observed rates 

of modern warming. The well-dated ice-patch climate record closely paralleled human activity in 

western Wyoming11 throughout the Holocene, with activity suppressed during both especially 

warm and cold climate periods. 

Receding ice patches in the Rocky Mountains and worldwide are revealing 

archaeological materials—including wooden hunting shafts, basketry, leather objects, and the 

remains of hunted animals—reflecting human and animal behavior in alpine settings throughout 

the Holocene.12, 13 Although their archaeological significance has been well-established, the 

potential for ice patches to provide paleoclimate records largely has been unexplored.14 Here, we 

investigated the potential for ice patches to serve as paleoclimate archives by developing records 

of ice accumulation and water isotopes from a well-dated, 5.6 m-long ice core recovered from an 

ice patch on the Beartooth Plateau (Fig. 1). A 10,300-year-old artifact was previously identified 

along the melting edge of this ice patch, indicating the presence of early Holocene ice.15  
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2. Methods 

2.1 Beartooth Ice Patch 

Three ice cores were recovered from an ice patch on the Beartooth Plateau (elevation 

3,145 masl, Shoshone National Forest, Wyoming) in late August 2016. The ice patch, referred to 

as ice patch TL1, faced northeast and was ellipsoidal in shape with a horizontally-oriented long-

axis 215 m in length and short axis parallel to the underlying slope 120 m in length. The cores 

were recovered using a 4” electromechanical, two-barrel drill powered by a 2-kW generator.16 

The lengths of the three cores were 5.61 m, 2.88 m, and 1.69 m, and hereafter will be Core 1, 

Core 2, and Core 3, respectively (Fig. 4). Cores 1 and 2 were generally good quality, with most 

pieces longer than 30 cm. Core 2 was recovered as small pieces, however, less than 5 cm in 

length between depths 1.5 and 2.53 m, leading to uncertainty in the orientation and order of ice 

recovered in this section. Core 3 was poor quality, with many chips and re-drilled sections caused 

by partial recovery of previous drill runs that left ice in the borehole. Cores 1 and 2 were 

comprised of units of intact ice bisected by organic layers (Fig. 4). The organic layers were 

removed in the field using a hand saw and stored unfrozen in screw-cap plastic containers for 

further analysis. The intact ice units between organic layers were bagged, immediately stored in 

the field in foam-insulated ice core boxes with dry ice, and transported frozen to the Desert 

Research Institute (DRI), Reno, Nevada. 

To develop a depth-age scale, organic material from each of the 29 organic layers from 

Core 1 was radiocarbon dated (Table 1). The R-package Bacon v2.2 was used to calculate the 

date of the radiocarbon age as calibrated year before present (cal BP) using IntCal13 and develop 

a depth-age model with an associated uncertainty for the core.17-19 The net ice accumulation or 

accretion rate was calculated as the slope of the depth-age model.  

All cores were subsampled for discrete analysis at DRI. On average, cores were 

subsampled at 5-cm depth resolution, although resolution in some sections was a high as 2 cm to 
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permit sampling between closely-spaced organic layers and as low as 8 cm in sections with poor 

ice quality. Frozen subsamples were rinsed with 18 MΩ ultrapure water, transferred to clean 

Whirlpak® bags, and melted at room temperature. The meltwater was transferred to 50 ml 

polypropelene vials, sonicated for 10 minutes, and subsequently analyzed for water isotopes 

(δ18O, δD). Water isotopes were measured using a Picarro 2130i (Picarro Inc., Santa Clara, CA) 

calibrated to Vienna Standard Mean Ocean Water (VSMOW). All samples were analyzed within 

eight hours of melting. A 20 μm stainless steel filter was installed inline prior to the 

instrumentation to prevent downstream clogging of sample flow lines.  

Cores 2 and 3 were synchronized to an equivalent-Core 1 depth to facilitate comparisons 

of water isotope measurements. Assuming continuity in the organic layers through the ice patch, 

Core 2 was synchronized to Core 1 using the uppermost six organic layers as tie points. Because 

only one organic layer was recovered in the shallower Core 3 and overall ice quality was poor, 

Core 3 was visually synchronized to Core 1 using water isotope data. 

To estimate the magnitude of temperature change, the δ18O record was transformed to 

temperature using established δ18O-temperature relationships. Because no site-specific 

relationship exists for the ice-patch site, we used previously published values from the Fremont 

Glacier (47.127 °N 109.615 °W; 4,000 masl; δ18O = 0.587 * °C - 12.6) located approximately 200 

km away in the Wind River Range, WY,20 and the regional average δ18O-temperature relationship 

(δ18O = 0.403 * °C - 17.698) determined by modern snow pit studies across the Rocky 

Mountains,21 These two relationships served as the maximum and minimum estimates, 

respectively, of the magnitude of temperature change. The magnitude of changes was calculated 

as the difference between the average value of three δ18O measurements from either side of the 

transition. The magnitude of temperature change during the Holocene suggested by these 

relationships is within a factor of two compared to Minnetonka Cave, which may be attenuated by 

its sensitivity to rain and mean annual temperature within the cave.9 
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We used the 2σ ranges of the calibrated radiocarbon dates, which are absolute controls on 

the age of the adjacent ice and have less uncertainty than the modeled age scale, of the organic 

layers directly below each ice unit associated with the warm or cool isotopic values to estimate 

the duration of the temperature change. The ages of the preserved ice units may be biased toward 

the underlying organic layer because shallower ice would be preferentially lost during periods of 

melt. The maximum and minimum durations for the temperature change were calculated as the 

difference of the older-range of the 2σ uncertainty for the older date and the younger-range of the 

2σ uncertainty for the younger date, and vice versa, respectively.  

The maximum and minimum rate of temperature change were subsequently calculated 

using the maximum magnitude of temperature change divided by the minimum duration of 

temperature change, and vice versa, respectively. Note that, as calculated, the rates of change 

presented here are constraints on the maximum possible rate of change, as we neglect potential 

contributions from atmospheric variability or preservation biases to the δ18O signal. 

 

2.2 Island Lake 

In July 2013, a 1.5 m-long lake sediment core was recovered from the central basin of 

Island Lake (46.949 °N 109.543 °W; 2,904 masl) using a Griffith corer.35 A depth-age model was 

developed in the R-package Bacon v2.2 from eight extracted pollen samples radiocarbon dated at 

the Accelerator Mass Spectrometry Lab (directAMS, Bothell WA) (Fig. 7; Table 2) and 

calibrated using IntCal13.17-19 The sediment accumulation rate was calculated as the slope of the 

depth-age model. 

 

3. Results and Discussion 

Unlike polar and alpine ice cores consisting of clean ice, the core recovered from the 

Beartooth Plateau ice patch was comprised of ice units bisected by organic layers containing plant 
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remains, animal dung, and soil. This stratigraphy indicated that ice accretion occurred during 

extended periods of positive mass balance interrupted sporadically by periods of negative mass 

balance that concentrated matter from melting snow and ice, along with windblown or animal-

borne debris, on the ice-patch surface. Although the formation of such layers required a hiatus in 

ice accretion, therefore precluding preservation of a temporally-continuous ice record, the layers 

were crucial for developing a robust chronology.  

A total of 29 organic layers were found in the ice core (Figs. 2, 4). Because traditional 

ice-core dating techniques such as volcanic synchronization or annual layer counting were not 

applicable, we constrained the ages of the ice units using 14C-derived ages of intact organic 

material selected from each organic layers between them. The radiocarbon dates were used (Table 

1) to develop an age model18 with an average uncertainty of ±152 years (±2σ) (Fig. 2). Within 

their associated uncertainties, all but two of the 29 calibrated radiocarbon ages were in 

chronological order.  

The deepest layer was radiocarbon dated to ca. 10,350 cal BP, implying the ice patch has 

persisted for more than 10,000 years, and the continuity of the radiocarbon dates suggests it 

consistently accreted ice throughout the Holocene. The chronology shows a marked change at 

3,560 (3,880 to 3,410) cal BP (median and 95% confidence interval of modeled age scale; Fig. 2) 

when average net ice accretion more than doubled from 0.02–0.04 cm yr-1 to 0.04–0.12 cm yr-1 

(Fig. 3). Organic layers formed at a frequency of 315±235 (±2σ) years with no consistent 

relationship to the centennial-scale climate records presented here, though layer formation may be 

related to extended warm, dry periods on finer time scales. 

Ice accretion likely is controlled by a combination of temperature and precipitation—ice 

patches are too thin for ice to form through compaction and overburden pressure that are the 

mechanisms for ice formation in most polar and alpine glacial settings. Rather, it is possible that a 

small fraction of percolating surface meltwater accretes at the ice-snow interface by refreezing.22 
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Ice accretion appears to have been relatively continuous in the Beartooth Plateau ice patch, 

evidenced by parallel changes in δ18O values during the past 800 years in the uppermost ice unit 

and in a well-dated speleothem from Minnetonka Cave9 in southeastern Idaho (Fig. 5). We posit 

that ice accretion was more sensitive to temperature than precipitation, since the observed ice-

accretion rates of less than 0.12 cm yr-1 required only minimal seasonal snow accumulation and 

the topographic setting of the ice patch at the edge of a plateau ensured sufficient accumulation 

from drifting even in drier winters. 

Stable water isotope (δ18O, δD) measurements in the ice were used to develop a record of 

the isotopic composition of wintertime precipitation. The δ18O record varied significantly during 

the Holocene, ranging from -24 to -16‰ (Fig. 3), and the recent δ18O range was comparable to 

values from an ice core in the nearby Wind River Range.20 Consistency of δ18O values between 

three parallel cores from the ice patch indicated that records were spatially coherent. Comparisons 

of δ18O and δD values to the Global Meteroic Water Line23 suggested little impact from post-

depositional processes such as evaporation (Fig. 6).  

A number of physical processes may influence the δ18O records preserved in the ice 

patch, including atmospheric circulation,24 site temperature,20 and seasonal biases in the 

preservation,25 Large-scale atmospheric circulation patterns have been linked to water isotope 

variability in modern precipitation,26 but model simulations show Holocene δ18O changes of ~0.5 

to 1‰,27 much less than the observed ~4‰ variability, suggesting temperature and preservation 

biases are stronger contributors to the δ18O signal.  

We used the ice-accretion rate and δ18O record, in conjunction with the precipitation-

sensitive sediment accumulation rate from nearby Island Lake28 (Figs. 3, 7), to develop a record 

of Holocene climate. We assumed that the ice-accretion rate was indicative of overall 

temperature, with cooler climates associated with increased ice accumulation, while the δ18O was 
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a qualitative indicator of wintertime site temperature, with depleted isotopic compositions 

representing cooler winters. 

Beginning 10,000 years ago, the δ18O value was relatively stable until ca. 7,000 cal BP, 

suggesting little variation in wintertime temperatures. A brief increase in ice accumulation rate at 

9,100 (9,280 to 9,040) cal BP reflected cooler overall temperatures. This coincided initially with 

higher sedimentation rates resulting from enhanced runoff in Island Lake—indicating wetter 

conditions—and a hiatus in speleothem growth in Minnetonka Cave, attributed to cooler or wetter 

conditions.9 At 7,140 (7,250 to 6,960) cal BP, a short-lived cooling, evidenced by rapid depletion 

of δ18O values to -21‰ and an increased ice-accretion rate, preceded gradual wintertime warming 

until 4,230 (4,380 to 4,060) cal BP when the δ18O value reached a local maximum of -17‰, 

paralleling Northern Hemisphere pollen-derived temperature reconstructions that suggest a mid-

Holocene warm period.29 Between ca. 4,200 and 3,800 cal BP, high δ18O values and low ice 

accretion indicated conditions in the region were the warmest of the Holocene prior to the last 

millennium. This warming coincided with widespread aridity at 4,200 cal BP recorded worldwide 

in a range of proxies, including from western North America,30 as well as warm temperatures 

indicated by the Minnetonka Cave speleothem record.9  

Between 3,930 (4,080 to 3,730) and 3,560 (3,880 to 3,410) cal BP, the ice-patch and 

Island Lake records showed a rapid transition to cooler and wetter conditions, evidenced by the 

synchronous decline in δ18O values to between -21‰ and -24‰ and doubling of the net ice 

accretion rate in the ice patch, as well as a comparable increase in sedimentation rate in Island 

Lake (Fig. 3). Around this time, a hiatus attributed to cooler or wetter winters occurred in 

Minnetonka Cave9 speleothem growth, and the Bison Lake calcite δ18O record shifted from rain- 

to snow-dominated winter precipitation.4 Furthermore, cooler temperatures were recorded in 

lakes in the Bighorn Mountains, Wyoming, and North Dakota ca. 3,000 cal BP.5, 6 This cold and 

wet period coincided with glacial advances in the Canadian Rockies during the Neoglacial31 and 
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the Neopluvial in the Great Basin characterized by highstands among many Utah and Nevada 

lakes.32 Increased late Holocene moisture also has been noted in other lake-sediment records.6 

The ice-patch δ18O record remained depleted until 2,050 (2,240 to 1,970) cal BP, with 

relatively high ice- and sediment-accumulation rates in the ice patch and Island Lake, 

respectively, suggesting a prolonged era of cooler and wetter winters. This cool era is distinct in 

the ice-patch δ18O record, with rapid transitions of greater than 3‰ bracketing 1,500-years of 

below-average values. The ice patch δ18O record provided constraints on the rate of temperature 

change at the onset and termination of this Neoglacial period (see Methods), with a maximum 

rate of cooling at the onset of 0.08 to 0.15 °C per decade between ca. 3,930 and 3,560 cal BP, and 

a maximum rate of warming at the termination of 0.10 to 0.22 (between ca. 2,050 and 1,690 cal 

BP) °C per decade. Although many less-direct paleoclimate archives underestimate the rate of 

environmental change,33 the rates from the ice-patch record are comparable to modern rates of 

observed warming and are some of the highest recorded among non-polar climate proxies, 

suggesting that the pace of regional-scale climate variability during the mid-Holocene may have 

been similar to present-day warming. The rate of temperature change suggested by the ice patch 

is an upper constraint as it excludes other factors that control the isotopic composition such as 

preservation bias or changing moisture sources and storm tracks. 

The cool era ended with an abrupt δ18O increase from -21‰ to -18‰ between 2,050 

(1,970 to 2,240) and 1,690 (1,610 to 1,780) cal BP followed by a gradual increase to modern 

levels between -16‰ and -19‰, indicating a wintertime warming trend during the past 

millennium in close agreement with Minnetonka Cave9 (Fig. 5). Although the cave calcite δ18O 

value is driven largely by wintertime precipitation in the form of snow, it also is sensitive to rain 

and mean annual cave temperature,9 resulting in overall lower variability than in the ice patch. 

The cave also is located at a lower elevation resulting in a more enriched δ18O signal. 
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The climate variability preserved in the ice patch paralleled Native American activity as 

inferred from radiocarbon dates on archaeological materials in the nearby Bighorn Basin for most 

of the Holocene as reconstructed by 14C-dated archaeological sites (Fig. 3).11 A major decline in 

human activity in the region beginning between 4,500 and 4,000 cal BP,11, 34 a trend not evident 

in other regions of North America,35 coincided with the onset of the warmest winter temperatures 

indicated in the ice-patch record during the mid-Holocene (Fig. 3). Indicators of human activity 

remained low during the unusually cold, wet Neoglacial period suggesting that such conditions 

may have inhibited human activity in the Bighorn Basin, which is at odds with the previous 

interpretation that cool and wet periods fostered population growth.11 Activity did not increase 

until ca. 2,000 cal BP when the ice-patch δ18O record indicated a return to milder conditions. 

Human activity paralleled increasing δ18O values until 1,100 cal BP, after which it again rapidly 

declined coeval with warm temperatures, as indicated by ice-patch δ18O values and North 

American warmth associated with the Medieval Climate Anomaly.36 Human activity since 1,100 

cal BP remained low, coinciding with isotopic values exceeding -18‰ for much of the last 

millennia. 

The rapid increases in human activity leading to maxima at ca. 1,200 and 4,500 cal BP 

each corresponded to δ18O values between -18 and -19‰, but abruptly ended when δ18O 

exceeded -18‰, suggesting conditions surpassed a climatic threshold that no longer supported 

high levels of human activity in the region. Although other factors such as social patterns and 

cultural preferences influenced human activity, the close parallels with climate during the past 

10,000 years suggested that climate extremes were likely an important influence on human 

activity in the region.  
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Figure 1. Location of archives. (A) Beartooth Plateau ice patch and Island Lake (red star), 

Minnetonka Cave9 (green circle), Bison Lake4 (blue circle), Bighorn Basin (red hatched oval).  

(B) Outline and aerial photo of the ice patch taken in August 2016, including coring locations 

(numbers correspond to cores as described in Methods) and elevation contours. [Aerial photo 

credit: J. Strait, Montana Department of Environmental Quality]  
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Figure 2. Beartooth Plateau ice-core profile and chronology. 29 organic layers (left, red) were 

identified in the 5.6 m-long core and their respective radiocarbon ages used to develop a 

chronology. At right, modeled age (black solid line) with 95% confidence intervals (black dotted 

lines). Dashed line indicates uncertainty in age from the uppermost organic layer (1.6 m) to the 

surface. Radiocarbon dates (blue) derived from Bayesian depth-age modeling16 have ranges in 

calibrated age shown as horizontal extents and age probabilities shown as vertical extents. 
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Figure 3. Paleoclimate data from the Beartooth Plateau ice patch and other archives. Red vertical 

shading indicates timing of maximum warmth recorded in the ice patch. Blue vertical shading 

indicates cooler and wetter climate from ca. 3,560 to 2,050 cal BP. (A) Ice-patch radiocarbon 

dates and net ice-accretion rate (black; dashed line to first age control point indicates uncertainty 

in current mass balance). (B) Island Lake28 sediment-accumulation rate (orange). (C) Ice-patch 

δ18O record (black) with shading relative to the record average. (D) Normalized radiocarbon 

index for the Bighorn Basin (black),11 a proxy for human activity. (E) Minnetonka Cave 

speleothem δ18O record9 (red with 11-point running average), a proxy for wintertime temperature, 

and ice-patch δ18O (grey). Hiatus in cave record indicate cold or wet periods. 
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Figure 4. Schematics of ice patch cores. Profiles for (A) Core 1. (B) Core 2. (C) Core 3. Organic 

layers dipped at an angle approximately parallel to the surface slope of the ice patch. Relative 

patterns of organic layers between Cores 1 and 2 are similar, suggesting that the ice accretion rate 

as calculated from Core 1 also is representative of Core 2. The shallowest organic layer is at a 

similar depth in all three cores, suggesting relatively uniform ice accretion rates across the ice 

patch during the past ~900 years.  
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Figure 5. Comparison of δ18O records from Minnetonka Cave (red with 11-point running 

average)9 and ice patch Core 1 (blue) during the past 1400 years. Both δ18O records are thought to 

be representative of wintertime meteoric precipitation. The chronology (red diamonds at bottom) 

for Minnetonka Cave suggests consistent accumulation at the cave during the past 800 years. The 

agreement between the ice patch, assuming constant accumulation between the surface at present 

and the first age control point (blue diamond at top), and cave calcite δ18O implies that ice 

accretion is relatively continuous during this time period.  
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Figure 6. Water isotope measurements in three parallel cores recovered from the ice patch. (A) 

δ18O measurements synchronized to equivalent Core 1 depth. Core 2 was synchronized to Core 1 

solely using organic layers. Core 3 was synchronized to Core 1 by manual synchronization of 

δ18O data. Shaded area indicates poor quality for recovered Core 2 ice, leading to uncertainty in 

orientation and sequence of samples. (B) δ18O and δD measurements plot along the Global 

Meteoric Water Line (GMWL; defined as δD = 8*δ18O +10‰),23 suggesting minimal to no 

alteration from post-depositional processes such as evaporation. 
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Figure 7. Comparison of chronologies (top), as well as net ice accretion and sediment 

accumulation rates (bottom) for the ice patch (black) and Island Lake28 (blue), respectively.  
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Organic 
Layer 

Depth 
(cm) Material Selected 

Uncalibrated 
Radiocarbon 

Age 
Radiocarbon 
Age Stddev 

1 166.0 Sagebrush stem 1,025 ±15 
2 216.0 Unidentified plant material/Digesta 1,790 ±15 
3 255.0 Grass stem and Grass seeds 2,060 ±15 
4 272.0 Unidentified plant material/Digesta 2,465 ±15 
5 298.0 Unidentified plant material/Digesta 2,715 ±20 
6 314.0 Legume pod 2,850 ±20 
7 321.0 Unidentified plant material/Digesta 3,540 ±20 
8 325.0 Grass stem and Grass seeds 3,005 ±20 
9 371.0 Unidentified plant material/Digesta 3,220 ±20 

10 381.0 Grass stem, Grass seed, and 
Cinquefoil seeds 3,680 ±20 

11 392.0 Unidentified plant material/Digesta 4,030 ±20 
12 396.0 Grass stem and Grass seed 4,175 ±20 
13 410.0 Spruce needle 4,500 ±20 
14 415.0 Unidentified plant material/Digesta 5,340 ±20 

15 422.0 Wildrye seed, Cinquefoil seed, and 
Digesta 4,825 ±20 

16 431.0 Grass seed, Digesta, and Insect 
chitin 5,220 ±20 

17 435.0 Grass stem and Bluegrass seeds 5,185 ±20 
18 443.0 Grass stem and Wildrye seeds 5,460 ±20 
19 451.0 Unidentified plant material/Digesta 5,980 ±25 
20 473.0 Grass stem 6,095 ±25 
21 487.0 Cinquefoil seeds 7,165 ±30 

22 512.5 Grass stem, Wildrye seed, and 
Digesta 8,085 ±30 

23 529.5 Grass stem, Grass seed, and Digesta 8,065 ±30 
24 537.5 Grass stem 8,045 ±30 
25 539.5 Grass stem 8,080 ±30 
26 542.5 Unidentified plant material/Digesta 8,255 ±30 
27 555.5 Grass seeds and Bluegrass seeds 8,725 ±30 
28 557.5 Pine needle 8,765 ±35 
29 560.5 Grass seeds 9,215 ±35 

Table 1. Depths, materials, and radiocarbon dates used to develop the ice core chronology. 
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Sample 
Depth 
(cm) Material Selected 

Uncalibrated 
Radiocarbon Age 

Radiocarbon 
Age Stddev 

33 16 Pollen 700 ±29 
71 35 Pollen 1512 ±28 
109 54 Pollen 2377 ±31 
149 73 Pollen 2978 ±27 
185 92 Pollen 3731 ±28 
223 111 Pollen 5455 ±33 
261 130 Pollen 8218 ±80 
299 149 Pollen 9374 ±75 

Table 2. Depths, materials, and radiocarbon dates28 used to develop the Island Lake chronology.
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Abstract 

 Reconstructions of past wildfire activity using lake sediment cores, most traditionally 

through charcoal measurements, are crucial for understanding both the frequency and spatial 

variability of forest fire history. Sub-micron, refractory black carbon (rBC) is an alternative proxy 

to charcoal to develop fire histories in lakes sediments. rBC records from ice cores have been 

used extensively to understand hemispheric-scale past fire history and pollution, but few rBC 

records have been developed from lake sediment cores. Here, we apply a method for rBC 

quantification in lake sediments to two Wyoming lakes with contrasting catchments, Island Lake 

and North Lake. At Island Lake, which has a large, vegetated catchment, rBC concentration and 

flux parallel charcoal measurements, suggesting rBC in this lake setting is subject to similar 

depositional mechanisms as charcoal, and is therefore more representative of local burning. At 

North Lake, which has a comparatively smaller catchment devoid of vegetation, rBC flux 

parallels regional temperature and moisture, indicating rBC is more representative of regional 

biomass burning. rBC flux at Island Lake is ~5-fold higher than at North Lake, where rBC flux 

agrees well with measurements from a nearby ice core and modeling results. The differences in 

the magnitude of rBC flux and physical lake characteristics indicate that mobilization in the 

watershed via runoff and erosion resulting in secondary deposition of rBC may contribute to the 

Island Lake record, while North Lake likely is dominated by atmospheric deposition.  
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1. Introduction 

Paleoclimate records from lake sediments are used to infer past environmental conditions, 

including temperature1, 2 and hydrologic changes.3-5 Lake sediment cores are also commonly used 

to reconstruct changes in past wildfire activity, most routinely based on measurements of 

macroscopic charcoal deposition in a lake.6-10 Charcoal particles are emitted by incomplete 

combustion of biomass and are generally ~50 to 1000 μm in size. The larger macroscopic 

particles are thought to be more representative of local fire events, while smaller microscopic 

particles are more representative of watershed-scale or extra-local burning within tens of 

kilometers of the lake.7, 11, 12 

Charcoal records from lakes at the landscape scale can be influenced by local dynamics 

such as ignition sources, local flora, and physical setting.13 Therefore, charcoal records from a 

spatial array of lakes must be combined to develop burning records representative of a broader 

regional scale.9, 10, 14 Additionally, charcoal records can be complicated by factors including 

secondary deposition resulting from runoff or sediment mixing, as well as a limited understanding 

of the interaction between fire type or intensity, charcoal formation, and aerial transport of 

charcoal particles.10, 12, 15, 16 

Black carbon (BC) is an alternative proxy for reconstructing past fire history in lake 

sediments.17-19 Like charcoal, BC is emitted from incomplete combustion, though BC particles 

can also be sourced from industrial emissions of fossil fuels in addition to natural biomass 

burning.20, 21 Here, we use refractory BC (rBC) to refer to the most highly-condensed soot 

byproducts of combustion.22, 23 The morphological characteristics and formation of rBC particles, 

which are highly-combusted elemental carbon, are fundamentally different than those for 

charcoal, which can be affected by varying degrees of charring and retain some of the original 

properties and chemistry of the initial biomass.22 rBC particles typically have a diameter of less 

than one micron, orders of magnitude smaller in diameter than charcoal, and can be transported 
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long distances through the atmosphere. Therefore, rBC records from distal archives, such as ice 

cores, can represent regional burning from areas as far away as hundreds or thousands of 

kilometers.21, 24-26  

rBC records from lakes are sparse, however, because of relatively intensive analytical 

techniques that can be hampered by uncertainties associated with measurement artefacts and 

interferences.22, 27, 28 Furthermore, the depositional setting of a lake, including catchment or lake 

size, secondary deposition from runoff or erosion, and redeposition, can affect the records of fire 

history preserved in lake sediments.10  Better understanding the deposition of pyrogenic carbon in 

sediments, including rBC and charcoal, is important not only for reconstructing past fire history, 

but also because pyrogenic carbon in sediments increasingly is recognized as a significant 

component of the global carbon cycle,29, 30 with important implications for radiative forcing.31, 32 

Here, we apply a recently developed, incandescence-based method for measuring rBC in 

lake sediments17 to two lakes in Wyoming with the goal of developing local (within a few 

kilometers)-to-regional (within tens to hundreds of kilometers) burning records over past 

millennia. This method relies on an instrument used extensively for rBC quantification in the 

atmosphere, ice cores, and snow samples,21, 24, 31, 33, 34 and recently has been adapted to lake 

sediment cores.17, 35 As this study is an early implementation of this new method, this rBC method 

was evaluated through comparison to other burning proxies as well as to regional climate. At 

Island Lake, located on the Beartooth Plateau, rBC measurements were compared to co-registered 

charcoal data36 to evaluate if the rBC record documented regional to local burning over the past 

10,000 years. Lacking charcoal measurements in the same sediment core, rBC measurements in a 

core from North Lake in the Wind River Range were compared to rBC deposition measured in a 

nearby ice core37 over recent centuries and to other lake sediment records of climate1 over the past 

2,000 years. 
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2. Methods 

2.1 Study sites 

rchived core NOR08-0238, 39 from North Lake (Fig. 1; Table 1; 42.76 °N, 109.06 °W; 

3085 masl), stored at the National Lacustrine Core Facility (LacCore), was subsampled at 1-cm 

resolution. This 88 cm percussion core was collected in 2008 CE and the depth-age scale was 

developed using eight radiocarbon dates and plutonium isotopes in the upper section.39 Other 

measurements and interpretation, including a depth-age scale and geochemical, diatom, and 

isotope measurements, have been previously published in Brahney et al.38, 39 

A 1.5 m core collected using a Griffith corer from Island Lake in 2013 CE36 (Fig. 1; 

Table 1; 44.95 °N, 109.54 °W; 2904 masl) was subsampled at 0.5-cm resolution. A depth-age 

model (Fig. 3a) was developed in the R-package Bacon v2.2 from eight extracted pollen samples 

that were radiocarbon dated at the Accelerator Mass Spectrometry Lab (directAMS, Bothell WA) 

and calibrated using IntCal13,40-42 in addition to lead-210 measurements in the upper 9 cm. 

Charcoal quantities for the Island Lake core were previously published in Brown.36 For charcoal 

analysis, samples were bleached with 3% hydrogen peroxide, wet-sieved through 250, 125, and 

63 μm mesh, and counted using a 20x Nikon stereomicroscope on a 1-cm grid.36 

 

2.2 rBC measurements 

Protocols for rBC analysis are detailed in Chellman et al.17. Sediment samples were dried 

and homogenized using a planetary ball mill. Homogenized sediment (~50 mg) was resuspended 

in ultrapure 18.2 MΩ water (~50 ml), sonicated for 15 mins, and placed on a shaker table for 16 

hrs. Samples were subsequently sonicated for another 30 mins and allowed to settle for ~24 hrs to 

allow large sediment particles to settle before rBC analysis, assuming the smaller and less-dense 

rBC particles will preferentially remain in suspension. Samples were not chemically pretreated at 

any step of the preparation process. After settling, the samples were introduced into the analytical 
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system. Aqueous sample containing the resuspended sediment was passed through sequential 20 

μm and 10 μm stainless steel filters and diluted with DI water in-line by a ratio of 11:1 and 14:1 

for North Lake and Island Lake, respectively. The dilution was required to protect downstream 

instrumentation, including sensitive optics within the rBC instrument. The sample stream was 

introduced to an Apex-Q jet-type nebulizer to create a dry aerosol that was sent to a Single 

Particle Soot Photometer (SP2, Droplet Measurement Technologies) for rBC quantification. 

The SP2 was calibrated in two steps. First, the SP2 was internally calibrated using a 

Differential Mobility Analyzer (DMA) and the rBC-like material Aquadag following 

manufacturer specifications. This internal calibration relates the instrument response to single-

particle rBC masses from 0.01 to 60 fg. Second, an external calibration was performed daily to 

account for drift in nebulization efficiency and sample delivery using a suite of aqueous standards 

made from three rBC-like materials: Cabojet 200, Regal Black, and Aquadag. Quality control 

standards were run periodically during sample analysis. rBC concentrations were corrected for 

under-recovery, which was quantified by subjecting representative samples to repeated 

preparation cycles. The recovery of the first measurement of rBC was 49±12% (±1σ, n=3) and 

58±6% (±1σ, n=3) for North Lake and Island Lake, respectively.  

It is possible that a portion of the rBC signal was derived from fragmented macrocharcoal 

generated during sample homogenization. However, the SP2 is most sensitive to highly-

condensed combustion byproducts.43, 44 Furthermore, the rBC mass distribution of the samples is 

comparable to that of rBC distribution in snow24, 45 and ice samples from the Upper Fremont 

Glacier (UFG), Wyoming (Fig. 2), suggesting that it is unlikely that fragmented charcoal, which 

would have to be reduced in size by at least ~2 orders of magnitude to be efficiently nebulized 

and detected by the SP2, is the primary driver of the rBC signal.  

The SP2 color ratio, calculated as the log base 10 of the ratio of the broadband to 

narrowband peak heights, was used to evaluate potential interferences on the rBC measurement, 



94 
 

 
 

namely from iron oxides within the sediments. The SP2 is much less sensitive to iron oxides than 

rBC and detects a different color ratio for iron oxides than for rBC, allowing for quantification 

and correction of potential interferences.17, 46 For any given sample, particles with color ratios 

outside of the optimum rBC range of -0.15 to 0.45 were discarded during post-processing.  

The amount of the SP2 signal attributable to any interference within this color ratio range 

was determined by fitting two distributions to the total color ratio distribution – one representing 

the interference signal and one representing the rBC signal – then calculating the fraction of the 

rBC to interference signal based on the fitted distributions within the color ratio range.17 This 

fraction was used to correct the final rBC concentration in post-processing. A Cauchy distribution 

was fit to the potential interference signal, and either a Cauchy or a normal distribution was fit to 

the rBC signal, with the final fit determined by which distribution had a lower root mean squared 

error (RMSE) to the observations. The color ratio indicated that rBC, on average, was responsible 

for 73±13% (±1σ, n=173) and 78±4% (±1σ, n=288) of the signal detected by the SP2 for North 

Lake and Island Lake, respectively (Fig. 2). 

rBC concentrations (reported in ng rBC per mg sediment, or ng mg-1) were converted to 

rBC depositional flux (reported in mg m-2 yr-1) by multiplying the rBC concentration with the 

mass accumulation rate determined by density measurements and sediment accumulation rate 

from the depth-age scale.  

 

2.3 Upper Fremont Glacier rBC flux 

 rBC flux was calculated for the UFG ice cores by multiplying rBC concentrations 

(Chellman et al. 2017) by the water equivalent accumulation rate at the site of 0.91 m yr-1 (ice 

accumulation of 1 m yr-1) (Schuster et al. 2002), following the description for calculating mercury 

flux in the UFG ice cores in Chapter 2.  
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3. Results and discussion 

3.1 Lake chronologies 

 The depth-age model for North Lake was previously published in Brahney et al.39. The 

record covers the time period from 1850 to -68 ybp with a maximum age uncertainty of ±97 

years. The depth-age model for Island Lake36 (Fig. 3a) indicates the record covers the time period 

from 10500 to -65 ybp with an average uncertainty of ±330 years. 

 

3.2 Method reproducibility 

 Replicate measurements were used to evaluate variability in rBC measurements resulting 

from the sample preparation process (Figs. 3 and 4). For North Lake, the average relative percent 

difference (RPD; calculated as the absolute value of the difference between two measurements 

divided by their average) for replicate samples was 41±32% (±1σ, n=85). However, a number of 

replicate samples from North Lake had rBC concentrations below the detection limit of the 

prescribed dilutions. When excluding these samples by discounting samples from the lower first 

quartile of rBC data (concentrations less than 4.3 ng BC per mg sediment), the average RPD 

improved to 34±27% (±1σ, n=70). Similar reproducibility was observed for Island Lake, with an 

average RPD of 38±26% (±1σ, n=30). The source of variability between replicate measurements 

is uncertain. Overall rBC mass distributions for replicate samples were similar, suggesting that 

while the same rBC mass distributions are replicated by the sample preparation and analytical 

process, the overall concentration of resuspended rBC is more variable. This variability likely is 

linked to initial sediment homogenization but also could be influenced by subtle differences in the 

shaking and sonication steps of preparation (e.g. position of sample within sonic bath). We note 

that many samples from Island Lake contained rounded, coarse (up to 5 mm diameter) clastic 

grains that likely prevented complete homogenization of the sediment in the planetary ball mill. 

The good reproducibility of rBC mass distributions and stability of quality-control standard 
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measurements suggest instrument calibration or daily changes in filtration or nebulization 

efficiency were stable.  

While the overall high RPD for replicate measurements indicated significant variability 

on a sample-by-sample basis, the overall trends observed between replicate sets of samples for 

both lakes were in good agreement (Figs. 3 and 4). Thus, though there was lower confidence in 

individual rBC spikes and high-frequency variability, the average rBC profile effectively captured 

low-frequency multi-decadal to centennial-scale trends. 

 

3.3 Controls on rBC deposition at Island Lake 

 rBC concentration for Island Lake samples ranged from 20 to 500 ng mg-1, corresponding 

to depositional fluxes of 5 to 80 mg m-2 yr-1 from 10,000 to ~250 years before present (ybp; 

defined here as years before 1950 CE) and of ~80-250 mg m-2 yr-1 from 250 ybp to modern (Fig. 

3). rBC concentration compares well with charcoal counts from the same core, especially over the 

most recent 4,000 years (Fig. 5). From 10,000 to 7,000 ybp, rBC had several centennial-scale 

increases, while charcoal counts (both 150 μm and 60 μm particles) remained low. At 6,800 ybp, 

both rBC and charcoal increased for a millennium, before charcoal declined and remained low 

until 3,800 ybp. rBC also returned to overall lower baseline interrupted by multiple short-lived 

spikes. Starting at around 4,000 ybp, rBC concentration and charcoal counts, both 60 μm and 150 

μm sizes, closely paralleled each other until present.  

Changes in rBC depositional flux at Island Lake were largely driven by changes in mass 

accumulation rate, which varied significantly throughout the record and proportionally 

overwhelmed the observed temporal variability of rBC concentration. The mass accumulation 

rate was ~0.0175 g cm-2 yr-1 from 10,000 to 8,500 ybp and 0.007 to 0.009 g cm-2 yr-1 from 8,500 

to 4,200 ybp before increasing to 0.021 to 0.032 g cm-2 yr-1 from 4,200 to 700 ybp. After 700 ybp, 

the accumulation rate briefly dropped to 0.013 g cm-2 yr-1 for a century before increasing over 10-
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fold to 0.15 g cm-2 yr-1 since 100 ybp (Fig. 3). When calculating rBC flux, these rapid and large 

changes in accumulation were superimposed onto the rBC flux record. rBC flux largely was 

below 30 mg m-2 yr-1 from 10,000 to 4,000 ybp. From 4,000 to 1,000 ybp, coincident with 

increased sedimentation rates, rBC flux increased to between 20 to 80 mg m-2 yr-1. Between 1,000 

and 100 ybp, rBC flux decreased to 15-30 mg m-2 yr-1 before increasing ~10 fold to 120 to 160 

mg m-2 yr-1 since 100 ybp. 

Processes affecting rBC transport and deposition are poorly constrained in the context of 

lake sediment records. Upon initial emission from a fire, rBC primarily is injected into the 

atmosphere and subsequently transported via eolian processes. rBC can travel for hundreds or 

thousands of kilometers48, 49 and has an atmospheric lifetime of 4 to 12 days.50 In natural archives 

far removed from emissions sources and therefore where rBC deposition is dominated by long-

range transport, such as polar or alpine ice cores, rBC records represent a regional-to-hemispheric 

scale signal of burning or pollution.21, 25, 26, 34 However, at sites such as Island Lake, which are 

proximal to emissions sources and have large upstream catchments—which can contribute rBC 

via secondary deposition from runoff or erosion—the long-range, atmospheric rBC signal could 

be overwhelmed by local sources, such as fires within or adjacent to the lake’s watershed. rBC is 

thought to be inert in soils with a half-life of 5-7 millennia,20, 30 potentially longer in environments 

that enhance preservation. Thus, it is unlikely that rBC was degraded in the lake sediments 

presented in this study. 

Three factors suggest that local emissions, including secondary deposition, control rBC 

deposition at Island Lake, as opposed to long-range transported emissions from distal emissions 

sources. First, the lake setting and geometry is prone to influence from local emissions. The lake 

is situated in a forested watershed and surrounded by a region with a known natural fire cycle.51, 

52 Thus, there are likely frequent rBC and charcoal inputs from wildfires within and immediately 

adjacent to the lake’s watershed. Furthermore, the lake has a catchment area (19 km2) to surface 



98 
 

 
 

area (0.6 km2) ratio of 30 (Fig. 1; Table 1). The large catchment area relative to the size of the 

lake suggests that there could be significant secondary, terrestrial rBC contributions to the lake 

from runoff compared to the likely smaller contributions from direct atmospheric deposition. 

Furthermore, the large upstream drainage at Island Lake is complicated by a multitude of flow 

paths through numerous lakes (Fig. 1). 

Second, the covariance of the rBC and charcoal data imply a similar emissions source 

and depositional mechanism for both of these fire proxies at Island Lake. Charcoal deposited in 

lake sediments is limited to fires within, at most, tens of kilometers of the lake itself12, 16 and 

therefore is biased towards local burning. While charcoal fragments are initially dispersed and 

deposited through the atmosphere, secondary deposition from fluvial processes can contribute 

charcoal from local fires for a number of years post-fire until revegetation occurs.7, 10, 12 These 

depositional processes likely can be extended to rBC deposition at Island Lake given its 

covariance with charcoal data.  

Third, the magnitude of rBC flux at Island Lake since 150 ybp was between 120 and 160 

mg m-2 yr-1, over ten times higher than expected from direct atmospheric deposition inferred from 

model simulations48 and observations from a glacial ice core from the Wind River Range, WY. 

Global model simulations, which do not have the resolution to capture small-scale local burning, 

predicted rBC atmospheric depositional fluxes of ~10 mg m-2 yr-1 since 150 ybp for this region,48 

and rBC flux at UFG, which has been shown to represent continental-scale rBC emissions, were 

between 2 and 10 mg m-2 yr-1 since 250 ybp . The overall higher flux at Island Lake suggests that 

atmospheric rBC deposition only accounted for part of the total rBC flux entering the lake and 

other mechanisms, such as fluvial transport, contributed a significant portion of rBC. Prior to 150 

ybp, however, the observed fluxes at Island Lake (15 to 30 mg m-2 yr-1) are in better agreement, 

but still higher by a factor of 2-15 of those from the model and UFG ice core.  
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3.4 Island Lake rBC links to regional climate 

 From the Early Holocene to 4,000 ybp, rBC and charcoal flux was low with little 

variability (Fig. 5). The increased rBC variability compared to the charcoal data during this time 

could represent contributions from extra-local or smaller fires that did not result in charcoal 

deposition. Despite overall warmer temperatures1, 53 and frequent drought conditions2, 3 during the 

Early- and Mid-Holocene compared to Late-Holocene conditions in Wyoming and nearby regions 

of the Rocky Mountains, there was little fire activity at Island Lake. The lack of fire activity may 

have resulted from a fuel-limited system or decreased secondary deposition resulting from less 

runoff, inferred from the low mass accumulation rates during this time. 

rBC flux suggests there was a transition to a more active fire regime at Island Lake 

beginning at ~4,000 ybp (Fig. 5). This coincides with the establishment of a coupled tropical-

North Pacific control on hydroclimate in western North America driven by patterns such as 

ENSO, inferred from an array of oxygen isotopic records from sediments and caves,5 as well as 

continued Mid- and Late- Holocene cooling.2, 53, 54 Increased sedimentation rate coincident with 

the higher rBC flux could also indicate enhanced fluvial contributions and therefore more 

secondary rBC deposition. The onset of increased rBC flux at Island Lake corresponded to a brief 

decrease in effective moisture after a preceding millennium of wetter conditions inferred from a 

lake sediment core from the Wind River Range, WY,53, 55 however, a nearby lake on the 

Beartooth Plateau did not show a significant decrease in lake level at this time.3  

Fire activity remained relatively high during the Late Holocene, inferred from both the rBC and 

charcoal flux records (Fig. 5). A possible mechanism for increased fire activity would be 

increased fuel growth associated with overall wetter conditions; a lake at Yellowstone National 

Park documented increased fuel biomass beginning at 4,500 ybp.56 Island Lake documented peak 

Late-Holocene fire activity at 2,800 ybp, after which it declined to 2,000 ybp before subsequently 

increasing to a local maximum centered at 1,200 ybp, roughly coinciding with warmer 
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temperatures during the Medieval Warm Period.13 The lowest rBC flux occurred from 500 to 200 

ybp, coeval with the Little Ice Age. rBC flux rapidly increased by 8 to 10 fold at 150 ybp, largely 

driven by the rapid increase in sedimentation rate. The increased rBC flux at modern could be the 

result of increased secondary rBC deposition or industrial or recreational emissions from 

increased anthropogenic activity in the area.  

 

3.5 North Lake rBC 

 At North Lake, located in the Wind River Range approximately 250 km to the south of 

Island Lake (Fig. 1), rBC fluxes ranged from 0 to 200 ng mg-1 over the past 2,000 years (Fig. 4). 

The mass accumulation rate ranged between 0.01 and 0.06 g cm-2 yr-1, though for the most of the 

record it smoothly varied between 0.01 and 0.02 g cm-2 yr-1,39 resulting in rBC fluxes ranging 

from 0 to 50 mg m-2 yr-1. rBC flux had a short-lived spike at 1770 ybp, after which rBC 

concentrations were below detection limits from 1750 to 1350 ybp. Between 1350 and 750 ybp, 

BC flux gradually increased from 0 to 12 mg m-2 yr-1 before declining to 5 mg m-2 yr-1 from 750 

to 30 ybp. Over the past 70 years, rBC increased rapidly to 50 mg m-2 yr-1 in -30 ybp before 

decreasing to present.  

 The magnitude of rBC flux before 0 ybp at North Lake —5 and 20 mg m-2 yr-1—is in 

good agreement with rBC flux at the UFG, located 50 km to the north, where rBC flux varied 

between 1 and 10 mg m-2 yr-1 since 200 ybp (Fig. 6). It also agrees well with the modeled rBC 

flux for the region of ~10 mg m-2 yr-1 since 100 ybp 48. This suggests that unlike Island Lake, 

where rBC fluxes that were significantly higher than at UFG or predicted by models were 

attributed to secondary deposition and local burning, rBC deposition at North Lake plausibly 

could be dominated by more regional-scale, direct atmospheric contributions. Though the lake 

catchment to surface area ratio of North Lake is higher (~59) than at Island Lake (~30) (Table 1), 

the catchment is largely bare rock devoid of vegetation, minimizing the amount of rBC that can 
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be eroded from soils or shed by burnt biomass. Furthermore, the catchment at North Lake of 1.7 

km2 is roughly a tenth of that for Island Lake, further reducing potential inputs from secondary 

deposition.  

 The extremely low rBC flux from 1750 to 1350 ybp, corresponding to core depths of 60 

to 80 cm, could be attributed to numerous factors including: 1) a turbidity flow or mass 

movement that altered the depositional processes at these depths in the core, 2) rBC 

decomposition or degradation, 3) ineffective rBC mobilization from sediments during sample 

preparation, or 4) very low rBC deposition in sediments at North Lake for these 400 years. A 

turbidity flow is unlikely, as there are two radiocarbon dates within this depth range that fit well 

within the context of deeper and shallower dates.39 Furthermore, there were no major changes in 

mass accumulation, sediment geochemistry, or diatom assemblages39 at the lake or visually-

detectable disturbances in the cores that would indicate a major shift in deposition. rBC 

decomposition also is an unlikely explanation, as rBC is thought to be relatively inert20 and there 

was rBC both above and below this depth range. The low rBC concentrations do not appear to be 

related to the sample preparation process—homogenization times of up to 20 minutes did not 

increase rBC concentrations for these samples, and the standard preparation process yielded 

repeatable measurements for the rest of the core. Thus, the most likely explanation is that there 

was very low rBC deposition at North Lake during this period. 

Few millennial-scale climate records from lake sediment cores or trees exist from the 

Wind River Range,57 and to our knowledge, there are no charcoal reconstructions. The only 

existing rBC record in this region is from the UFG ice cores, ~50 km to the north of North Lake, 

which extends to 200 ybp. rBC at UFG parallels trends observed in Greenland, with significant 

increases associated with industrial pollution beginning in 100 ybp and peaking in ~40 ybp.37 

Though this period only corresponds to the upper 10 cm at North Lake, the ice core and lake-

sediment trends generally agree until 0 ybp (Fig. 6). Both records have an rBC minimum around 
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150 ybp before increasing to a peak at ~50 ybp followed by a decline. However, while rBC at 

UFG declined to present, rBC at North Lake declined only until 0 ybp, after which rBC rapidly 

increased. This decoupling of the two signals could indicate a shift to a more dominant local rBC 

emissions source for North Lake, and the sharp rBC increase coincided with dramatic increases in 

dust deposition (Fig. 6) at North Lake attributed to industrial activity in the adjacent Green River 

Basin, namely oil and gas extraction.39 This large increase in dust deposition, a salient feature at 

North Lake on the western side of the continental divide, was not evident at nearby Lonesome 

Lake39 or at UFG,58 both on the eastern side of the divide.   

The rBC record at North Lake parallels regional temperature (mean temperature of the 

warmest month [MTWM]) and moisture reconstructions (Fig. 4) based on a network of lake 

sediment cores.1 Low rBC flux until 1150 ybp corresponded with overall cooler and wetter 

conditions. rBC flux began to increase at North Lake as temperature increased between 1150 and 

950 ybp, and subsequently increased further to a maximum at 550 ybp, coeval with a rapid 

moisture increase—inferred from increased lake levels—between 1150 and 750 ybp. Decreasing 

rBC flux from 550 to 50 ybp also paralleled decreasing temperatures into the Little Ice Age. This 

suggests that a combination of temperature and moisture controls wildfire in this region. North 

Lake rBC flux, excluding the pre-1750 ybp and post-0 ybp peaks is highly correlated with both 

the temperature (r=0.66, p<0.01) and moisture (r=0.70, p<0.01) reconstructions. The correlation 

to temperature improves to greater than r=0.80 when the temperature reconstruction is lagged by 

180 to 300 years, while the correlation to moisture decreases. The increased correlation with a 

time shift suggests that climate influences natural burning in the region and` there are century-

scale lags in the system related to climate change, successional processes, and burning.13, 59  
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Conclusion 

 The application of this recently-developed method to two Wyoming lakes shows that it 

can be used to develop rBC records of both regional and local fire, and emphasizes the 

importance of site selection for future applications. Because rBC is orders of magnitude smaller 

than charcoal and therefore can be transported long distances through the atmosphere, rBC 

measurements in lake sediments potentially can be used to reconstruct regional burning on a 

broader scale than macroscopic charcoal currently permits, as well as inform atmospheric rBC 

modeling efforts. The strong covariance of the rBC record from Island Lake with coregistered 

charcoal measurements and high rBC flux values, however, indicate that in larger catchments in 

close proximity to areas with frequent burning, local burning and secondary deposition likely 

overwhelm regional atmospheric inputs. While in settings similar to Island Lake, this method for 

measuring rBC may not prove advantageous over traditional charcoal measurements, rBC 

measurements from North Lake effectively captured the magnitude of atmospheric rBC flux and 

paralleled regional climate, suggesting that in lakes with a smaller, more barren catchments that 

limit local inputs and secondary deposition, rBC records can provide meaningful constraints on 

atmospheric deposition and regional burning.  
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Figure 1.Map of study sites. (a) Locations of all study sites. (b) Detail of Island Lake. (c) Detail 

of North Lake. Island Lake and North Lake outlined in black. Red line delineates approximate 

catchment. 
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Figure 2. rBC color ratio and mass distributions. (a) rBC particle mass distributions (left) for 

North Lake (black) and Upper Fremont Glacier (gray) and corresponding color ratio for North 

Lake sample (right). (b) rBC particle mass distributions (left) for Island Lake and corresponding 

color ratio. All data from samples dated to ~200 ybp. For color ratios, black distribution 

represents fit to data (gray), calculated as the sum of two distributions fit to the rBC (blue) and 

interference (red) portions of the color ratio. Particles with color ratio less than -0.15 or greater 

than 0.45, indicated by dashed vertical lines, were excluding in post-processing. 
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Figure 3. Island Lake results. (a) Island Lake depth-age scale (black, dotted lines indicate 98% 

confidence interval) with age control points (points for radiocarbon dates; red line in upper 10 cm 

for lead-210 dates) nd mass accumulation rate (blue). (b) rBC concentration. Red lines are 

replicate measurements. (c) Island Lake rBC flux. 
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Figure 4. North Lake results. (a) North Lake rBC concentration (a), mass accumulation rate (b), 

and rBC flux (c). Each colored line in panels (a) and (c) represents a replicate set of 

measurements. (d) Regional reconstructions (Shuman and Marsicek 2016) of mean temperature 

of the warmest month (MTWM) and lake water levels, a proxy for moisture. 
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Figure 5. Comparison of Island Lake rBC and charcoal data (Brown 2016). rBC concentration 

compared to 125 μm (a) and 60 μm (b) CHAR counts. 125 μm (c) and 60 μm (d) CHAR flux (c) 

compared to rBC flux (e). Lowess filter was applied to flux data. 
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Figure 6. Comparison of North Lake and UFG data. (a) North Lake rBC flux (mean±1σ of 

replicate measurements) and UFG BC flux.  (b) Dust flux from parallel core NOR09-02 (Brahney 

et al. 2015) that documents increased dust flux at -5 ybp attributed to gas and oil production in the 

nearby Green River Basin. 
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Table 1. Lake location and physical characteristics. North Lake data from Brahney et al.39

Lake Latitude Longitude 
Elevation 

(masl) 
Lake Area 

(km2) 

Lake 
Catchment 

(km2) 

Catchment 
Area: Lake 

Area 
North 
Lake 42.76 -109.06 3085 0.03 1.7 59 

Island  
Lake 44.95 -109.54 2904 0.6 19 32 
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Dissertation Conclusions 
 

This dissertation contributes to a better understanding of northern Rocky Mountain 

Holocene climate and pollution, and introduces semi-permanent ice patches as a new climate 

archive. Since 1750 CE, the UFG ice cores documented pervasive, ubiquitous pollution from the 

Industrial Revolution, apparent in increased heavy metal and black carbon concentrations. Both 

the UFG ice cores and nearby tree rings, when adjusted for radial translocation of mercury, also 

documented 20th-century increases in atmospheric mercury deposition and concentration, 

suggesting that industrial-era fossil fuel burning was the main contributor to atmospheric mercury 

budgets over recent centuries with relatively minor contributions from Gold Rush-era mining.  

From a climate perspective, the strong covariance of the tree ring-width chronology with 

the ice-core water isotopes demonstrate how these two natural archives documented a coherent 

climate signal over the past two and half centuries. The magnitude and trend of black carbon 

deposition at North Lake was similar to that at UFG, 50 km to the north, from 1750 to 1950 CE. 

Over the past 2,000 years, black carbon deposition at North Lake paralleled regional temperature 

and moisture, indicating a link between regional burning and climate. Over longer timescales, the 

Beartooth Plateau ice patch water isotope and ice accumulation records documented peak 

Holocene warmth in the region at 4,200 ybp, before a rapid transition to cooler and wetter 

conditions coincident with the Neoglaical period. The ice patch climate record also paralleled 

human activity in the nearby Bighorn Mountains, suggesting a link between climate and 

habitability of the region.  

These studies are unified by a theme fundamental to interpreting paleoclimate records 

from any natural proxy: accurate dating. Developing robust, valid records of climate and 

pollution requires well-constrained chronologies to accurately attribute changes observed in 

chemical records within natural archives to a specific time in earth history.  
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The reassessment of the UFG ice cores emphasizes the importance of accurate dating and 

introduces a novel strategy to constrain the dating of alpine ice cores. The original, inaccurate 

depth-age scales of the ice cores led to misinterpretation of the mercury profile, suggesting 

significant pollution from 19th century mining. This conclusion was used to inform studies of 

mercury budgets1, 2 and large-scale reconstructions of past anthropogenic mercury emissions that 

are still debated today3, 4. By revisiting the chronology with a new approach of synchronizing 

climate records from adjacent tree cores, which have very little dating uncertainty, to the ice-core 

water isotope records, it was possible to significantly improve and refine the dating of the UFG 

ice cores, leading to a more accurate understanding of mercury deposition over the past 250 

years. This approach leveraged the strength of tree-ring chronologies to address a weakness in the 

difficult-to-date UFG ice cores. 

Another important conclusion for the UFG ice cores is the control of glacier and basin 

geometry on the chronology of glacial ice cores. An ice flow model5, driven only by the glacial 

surface topography, bedrock topography, ice accumulation rate, and an estimate of basal melt, 

was able to provide an excellent approximation of the general shape of the final UFG depth-age 

scale. If this modeling exercise was performed in early stages of glacial ice core studies, it would 

be an effective approach to guide initial dating, especially for cores where there are no clear 

annual cycles or where volcanic synchronization is inconclusive because of significant melt and 

high impurity loading.  

The emphasis on ensuring valid temporal attribution of trends continued in the study of 

tree-ring mercury. While the dating of individual tree rings themselves had little uncertainty in 

this study, mercury may move radially between individual rings so that mercury concentrations 

measured within a tree-ring are not necessarily representative of the year that ring formed. Trees, 

as biological organisms, actively process nutrients and contaminants in their tissues, and such 

mobility across ring boundaries had been noted for mercury and other chemical species in trees6-
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10. The co-located mercury record from the UFG ice cores on the revised depth-age scale served 

as a benchmark for atmospheric mercury loadings against which these tree records could be 

evaluated to identify and quantify potential radial movement—without such a record, it would be 

difficult to assess potential radial movement, likely leading to misinterpretation of the tree-ring 

mercury profiles. 

For the Beartooth ice patch, the robust chronology of 29 radiocarbon dates throughout the 

6 meter- deep ice core was essential for interpretation. The unique depositional environment of 

the ice patch of extremely high surface melt with an average accumulation rate on the order of a 

few millimeters per year precludes dating by any traditional approaches. The spatial coherence of 

the organic layers between the three cores recovered from the ice patch, as well as the regular 

frequency of the layers that formed on average every few centuries, narrowly constrained the age 

of the clean ice units between such layers, allowing for meaningful temporal interpretation of the 

record.  

The study of black carbon in Island Lake and North Lake emphasized how site 

characteristics govern whether lake sediment black carbon records are representative of a regional 

or local signal. Generally, lakes with a smaller catchment to surface area ratio are more likely to 

record atmospheric deposition because of proportionally smaller inputs from runoff. The lakes in 

this study, however, did not agree with this assumption—Island Lake and North Lake had 

catchment to surface area ratios of 59 and 30, respectively, but the black carbon records indicated 

that North Lake was more regionally-representative than Island Lake. This discrepancy likely 

results from other characteristics of the watersheds, namely the watershed for North Lake is much 

smaller and consists largely of exposed rock, minimizing black carbon inputs from soil erosion or 

burnt biomass, while the Island Lake watershed is comparatively large and vegetated and 

therefore more likely to contribute black carbon via secondary deposition.  
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Recommendations for future work 

The results of this dissertation highlight a number of areas for future research. Chapter 2 

points to the need for a better understanding of mercury uptake and preservation in trees. While 

the radial movement of atmospherically-derived chemical species across tree ring boundaries can 

be studied on shorter timescales in controlled lab experiments or by comparing to direct 

atmospheric measurements over recent decades, better evaluating potential post-depositional 

modification on century-scale timescales requires comparison to other proxy records. Future work 

developing higher resolution records of mercury in tree rings, ideally at annual resolution, that are 

paired with other co-located or nearby mercury records from more well-established proxies (e.g., 

ice cores, lake sediment cores, or direct atmospheric measurements) would be valuable for better 

evaluating potential radial movement. Higher-resolution measurements would allow for detection 

of sharp changes in mercury concentrations, which is limited in current studies by smoothing 

inherent to sampling at five- or ten-year resolution. Furthermore, more laboratory or process-level 

studies evaluating pathways of mercury uptake and mobility in trees of different ages and 

different species are necessary to understand the significant inter- and intra-tree variability of 

mercury concentrations.  

The development of a climate record from a semi-permanent ice patch based on water 

isotopes and ice accumulation rates that compares well to other proxies, as demonstrated in 

Chapter 3, indicates the potential to develop ice-based paleoclimate records from similar ice 

patches in other mountainous regions. Developing a better understanding of how these ice patches 

persist on the landscape by long-term instrumental monitoring would be valuable for better 

constraining interpretations of ice-patch chemical records. Such monitoring, however, will be 

challenging because of the large variability in seasonal conditions. While the surface of the 

Beartooth Plateau ice patch was exposed in 2016 CE, there were over 8 meters of seasonal snow 
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covering the ice patch on attempted coring attempts at the same time of year in 2018 CE 

following two winters of above-average precipitation.  

Under a warming climate, there is urgency for reconnaissance and sampling of ice 

patches in the Rockies and other mountain ranges before they melt and disappear from the 

landscape. An 8-meter-long ice core recovered from an ice patch in the Sierra Nevada mountains 

near Sonora Pass, California showed significant isotopic variability. Attempts to date the core, 

however, using radiocarbon dating of a small piece of organic matter, were unsuccessful. Future 

work studying this ice patch in more depth, with alternative dating approaches such as heavy 

metal synchronization or by identifying plutonium fallout from nuclear weapons testing, as well 

as sampling of other eastern Sierra ice patches, is the focus of a recently-submitted proposal to 

the Sulo and Aileen Maki Endowment at the Desert Research Institute. 

Finally, Chapter 4 demonstrated that a new method for black carbon measurements can 

be successfully implemented to develop records of fire history. The implications of each black 

carbon record, however, depend on the lake’s physical characteristics. Future work includes 

developing black carbon records from lakes dominated by atmospheric deposition, with a small, 

non-vegetated catchment and small catchment-to-surface-area ratio, as well as refining the rBC 

method to improve measurement reproducibility. Further comparison of black carbon and 

charcoal measurements from lakes with these characteristics will test the hypothesis that black 

carbon records represent regional burning. Also, evaluation of black carbon depositional 

processes in lakes would help with interpreting records developed with this new method. 

Potential work includes quantifying secondary deposition by measuring black carbon influx via 

tributaries and evaluating black carbon cycling and deposition within the lake. 
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