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Abstract 

Ratios of stable oxygen and hydrogen isotopes in water are a well-established proxy for regional 

temperature and can be measured in snow and ice to reconstruct current and past climate trends. This 

study focuses the on Matthes-Llewelyn Ice Core, a 294m deep ice core drilled in 2019 on the Juneau 

Icefield. Specifically, we examine the potential drivers of measured water isotope anomalies in the upper 

24.5m of the ice that coincide with the presence of liquid water in a ~5cm thick firn aquifer. We pursue 

two hypotheses to examine the driver(s) of these anomalies. First, we consider the influence of shifts in 

evaporation source temperature through storm trajectory pathway modeling and sea surface temperature 

(SST) analysis. Next, we consider the impact of post-depositional processes on the glacial water isotope 

composition because they may alter measured signals and influence how ice core water isotope records 

are interpreted in melt-impacted glaciers. Analysis uses the Simple Water Isotope Model (SWIM), the 

Hybrid Single-Particle Lagrangian Integrated Trajectory (HySPLIT) model, and National Center for 

Environmental Prediction (NCEP) reanalysis SST data. SWIM temperature reconstructions for the ML 

Ice Core water isotope record indicate that the evaporation source temperature in the upper 24.5m of the 

ice core decreased by approximately 5˚C. We investigate the SWIM outputs with HySPLIT modeled 

daily air parcel back-trajectories for one year prior to and directly after the estimated age of the ice at the 

firn-ice transition. We then compared the HySPLIT outputs to SST reanalysis plots to determine if storm 

paths shifted to a cooler location, or if specific regions of the North Pacific cooled surficially. Last, we 

analyzed snow and ice samples from the 2021 JIRP field season to examine potential post-depositional 

processes pertaining to meltwater and melt/re-freeze cycles. Combined HySPLIT modeling and SST 

analysis do not support the hypothesis that evaporative source temperature shifts caused the water isotope 

anomalies at and above the firn-ice transition, thus suggesting that post-depositional processes occurring 

englacially possibly led to the observed data spikes. Preliminary 2021 snow and ice lens analysis 

indicates that mean deuterium excess values are significantly higher in refrozen melt layers, perhaps 

alluding to post-depositional alteration. We cannot confirm that post-depositional processes are occurring, 

but we are confident that atmospheric/climatological shifts are not driving the observed anomalies.  

 

Introduction 

Ice cores are cylinders of ice collected from glaciers and icesheets worldwide and used to 

examine a myriad of climate dynamics. In the Pacific Northwest, they have been drilled on alpine glaciers 

in seven distinct locations, extending as far south as Mt. Waddington in British Columbia and as far north 

as the McCall Glacier in Arctic Alaska (see Fig. 1). Alpine glaciers are sensitive to multiple 

climatological factors including shifting lapse rates, atmospheric water vapor circulation, cloud cover, and 

albedo feedback systems, making these regions highly vulnerable to climate change (Winski et al., 2018). 
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Glacial mass loss is due in part to ice thinning and terminus retreat associated with climate warming over 

the past few decades (Arendt et al., 2002; Zemp et al., 2019). Arendt et al. (2002) estimated that Alaskan 

glacial volume loss from the mid 1950’s to 2001 accounts for approximately 9% of the observed global 

sea-level rise through that same period. They noted that the glaciers within the Chugach Range, St. Elias 

Mountains, and Coast Range played the most important role. A follow-up study found that between 1961 

and 2016, Alaskan glaciers made up one third of the mass loss and sea level-rise from non-polar ice 

sheets (Greenland and Antarctica), with “record mass losses” (Zemp et al., 2019). The meltwater input to 

the ocean from these Alaskan glaciers will be a significant contributor to sea level rise in the near future 

(Zemp et al., 2019). Melt-impacted glaciers, such as those in Southeast Alaska, store records of regional 

climate in their geochemical stratigraphy, which may be altered or destroyed as melt progresses. 

Therefore, the way we interpret ice core signals from alpine glaciers has implications for climate research 

and our ability to predict future conditions based on past patterns. 

  

Figure 1: Map of Alaska and western British Columbia ice core sites (purple circles) and 2019 ML Ice 
Core site (white star). 
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Background 

 This paper explores the stable water isotope geochemistry of the 2019 Matthes-Llewelyn (ML) Ice 

Core and 2021 snow data collected on the Juneau Icefield in order to better understand the effects of melt 

and post-depositional changes to water isotope records in this region with the intention of improving 

climatological studies in Southeast Alaska. An improved understanding of post-depositional processes 

that affect water isotopes in temperate glacial ice cores will allow for more nuanced interpretations of 

these isotope records (Moran & Moran, 2009; Pu et al., 2020; Wahl et al, 2021).  
The Juneau Icefield is situated on the southeastern coast of Alaska within the Coast Mountains, 

1800m above the Pacific Ocean and tucked between jagged granite peaks. The Matthes-Llewelyn glacier 

divide lies near the highest ice elevation on the Juneau Icefield, from which the Llewelyn Glacier flows 

north into Canada and the Matthes Glacier flows south towards coastal Alaska and into the Taku Glacier. 

One of the thickest temperate alpine glaciers in the Northern Hemisphere, the Taku Glacier is the main 

artery of the Juneau Icefield. Temperate glaciers contain ice that lingers at its pressure-melting point, 0˚C, 

throughout its depth and are not frozen to the bedrock as is typical for polar glaciers (Anderson & 

Anderson, 2010; Martini et al., 2001). This characteristic, observed across the Juneau Icefield, can 

support higher flow velocity rates due to the presence of meltwater at the ice-rock interface (Anderson & 

Anderson, 2010). This research was conducted through the Juneau Icefield Research Program (JIRP), the 

longest continuously running glacial observation project in North America (Nolan et al., 1995; Pelto et 

al., 2008; Juneau Icefield Research Program, n.d).  

 

Stable Water Isotope in the Hydrosphere 

Stable water isotope ratios are used across many disciplines of Earth Science. In the field of 

paleoclimatology to examine climate dynamics such as past temperature, precipitation, and atmospheric 

circulation trends (Dansgaard, 1964; Jouzel & Merlivat, 1984). Elements are defined by the number of 

protons in the nucleus of an atom. Isotopes are atoms of the same element with different numbers of 

neutrons in their nuclei (Martini et al., 2001; Sharp, 2017). Adding neutrons to an atom increases its mass, 

and these “heavy” isotopes are rarer than “light” isotopes on Earth (see Table 1). Average abundance is 

determined by the average atomic mass of the isotope relative to the other isotopes of an atom (Sharp, 

2017). A stable isotope is one that does not decay over time or change in atomic structure. From a mass 

balance perspective, stable isotopes persist in the environment and are unchanging in their absolute 

abundance. Any changes to a stable isotope’s relative abundance in a system is thus driven by measurable 

chemical, physical, and biological processes that impart fractionation (Sharp, 2017; White, 2015).     

Fractionation describes the physical sorting or separation of heavy and light isotopes and is used 

to understand dynamics in an isotope’s relative abundance in a given system (Sharp, 2017; White, 2015). 
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Stable water isotope fractionation is mass dependent and controlled by factors such as temperature, 

altitude, continentality, latitude, and relative humidity. Narrowing in on the temperature control has 

allowed ice-core scientists to use water isotopes to parse out temperature signals and shifts throughout 

time, hence the term “temperature-proxy” (Jouzel et al., 1997). Research on the water cycle and its 

connection to climate dynamics focuses on oxygen-18 and deuterium (and to a lesser extent, oxygen-17), 

the heavy isotopes of oxygen-16 and hydrogen (Dansgaard, 1964; Jouzel & Merlivat, 1984). Because 

heavier isotopes prefer to remain in their lowest energy states (e.g. liquid over gas), they preferentially 

precipitate out as atmospheric temperatures decrease, a process known as Rayleigh distillation (Sharp, 

2017). Thus, warmer air preserves higher (less negative) values of oxygen-18 and deuterium while colder 

air exhibits lower (more negative) values (Dansgaard, 1964; Jouzel & Merlivat, 1984). The average 

abundance of oxygen and hydrogen isotopes are shown in Table 1 (Coplen et al., 2002; Sharp, 2017).  

Isotope Average terrestrial abundance (atom %) 

16O 99.7621 

17O 0.03790 

18O 0.20004 

1H 99.9844 

D 0.01557 
 

 

Isotope measurements are typically reported in terms of delta values (𝛿), which converts the ratio 

of heavy to light isotopes to the per-mil scale (‰) (Dansgaard, 1964). This research examined and 

reported the concentration of 18O and D (sometimes referred to as 2H) as a ratio of the heavy to light 

isotope in the sample as given by the relationship:  

(1) 𝑅* 	= 	
-./

-.0 	𝑜𝑟	𝑅* 	= 	
3
4.

 

The ratio is referenced against the known value of Vienna Standard Mean Ocean Water (VSMOW), with 

a value of 0‰, to obtain the amount of the heavy isotopes in relation to the global standard (Markle & 

Steig, 2022), given by equation 2 below, where Rx represents the measured ratio in the sample, and Rstd is 

the ratio of VSMOW. 

(2)  δ = 67	8	69:;
69:;

 

Isotope values are reported in this way because it is considerably difficult to obtain the exact 

concentration of an isotope in a sample, but comparable easy to measure relative amounts (Tiwari et al., 

Table 1: Absolute abundance of stable oxygen and hydrogen atoms on the Earth 
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2015). 𝛿18O and 𝛿D are observed to behave very similarly, the relationship between the two given by a 

nearly linear slope, referred to as the Global Meteoric Water Line (GMWL) (Gat, 1996; Rozanski et al., 

1993). Deviations from the nearly-linear relationship between 𝛿18O and 𝛿D is quantified by the parameter 

deuterium-excess (dxs) and is widely used to examine correlations between isotope composition and air 

moisture behavior (Jouzel & Merlivat, 1984). Deuterium excess, shown in equation 3, is a metric that 

attempts to quantify the processes of kinetic fractionation. Typically, kinetic fractionation processes drive 

deviations from the GMWL slope. We will also refer to dln throughout this paper, which the non-linear 

definition for dxs, and is a slightly more accurate representation of the relationship between 𝛿18O and 𝛿D 

(see equation 4) (Uemura et al. 2012; Markle et al. 2017; Markle & Steig, 2022). In equation 4, 𝛿< =

ln	(1 + 𝛿<*), and the unitless coefficients A and B are defined as A = –28.5 and B = 8.47 (Uemura et al. 

2012; Markle et al. 2017; Markle & Steig, 2022). 

(3) 𝑑*B 	= 	𝛿𝐷	 − 	8	 × 	𝛿 𝑂HI  

(4) 𝑑JK 	= 	𝛿′𝐷	 −	 (𝐴	 ×	(𝛿′ 𝑂HI )N 	+ 	𝐵	 × 	𝛿′ 𝑂HI ) 

   

Stable Water Isotope Records from Ice Cores 

Stable water isotopes can record signals of atmospheric conditions and post-depositional 

processes. Many ice core projects throughout Alaska and Canada have examined atmospheric circulation 

and temperature trends through interpretation of water isotope records. Water isotope data from ice cores 

within the Wrangell St-Elias Mountains, on Mt. Logan and the Eclipse Icefield, show that moisture 

sources to alpine glaciers differ based on site elevation (Zdanowicz et al., 2014). Higher elevation sites 

(Mt. Logan) interact with the free troposphere, and thus receive moisture from thousands of kilometers 

away that is reflective of large-scale atmospheric circulation trends. In contrast, lower elevation sites 

(Eclipse Icefield) interact with the lower troposphere and receive precipitation and moisture from local 

storms in the Gulf of Alaska and the northeast Pacific basin (Zdanowicz et al., 2014). In the Alaskan 

Arctic, ice core water isotope records from the McCall Glacier were used to explore ocean-atmosphere 

interactions. Klein et al. (2016) showed that high dxs values are indicative of arid moisture derived from 

the Arctic Ocean where the source air parcel location is dominated by broader sea ice cover. Conversely, 

humid, moisture sources with relatively less sea ice from the Bering Sea are reflected in low dxs values. 

From this project, precipitation at the McCall Glacier was shown to be sourced from increasingly sea ice-

free water, effectively correlating water isotope records to atmospheric circulation patterns. 

Post-depositional effects take place after snow has fallen in a region, and generally refer to 

concepts such as wind scour, sublimation, diffusion, fractionation during melt or meltwater refreezing and 

percolation, and snow metamorphism (Taylor et al., 2001; Tianming et al., 2020; Masson-Delmotte et al., 

2008). Studies ranging from temperate glaciers in the Himalayas to the polar ice sheets of Antarctica and 
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Greenland report alterations of stable water isotope concentrations linked to various post-depositional 

processes. Such processes that potentially alter glacial geochemistry and impact the preservation of 

temperature signals have implications for water isotope thermometry and paleoclimatology in that they 

may alter the way in which temperature reconstructions are made and shift the signal interpretations from 

stable water isotopes (Moran & Moran, 2009; Pu et al., 2020; Wahl et al., 2021). Meltwater percolation 

research done by Taylor et al. (2001) found that isotope values become progressively less negative, or 

enriched in 18O, as the snowpack experiences melt. Research in the Canadian Arctic found that during the 

melt season, isotopic modification is dominated by meltwater percolation, which is responsible for 

reducing the range of the seasonal signal and for isotopically enriching the 18O measured in the snowpack 

(Moran & Moran, 2009). Meltwater studies from the Tibetan Plateau concluded that the melting process 

was responsible for isotopic enrichment of 18O, though the exact quantity of change was uncertain (Pu et 

al., 2020). Though the above studies have determined that meltwater percolation has a homogenizing and 

enriching effect on 18O and have suggested that meltwater refreezing could potentially cause 

fractionation, this question remains speculative and requires further research to determine the measurable 

extent of refreezing on fractionation. Accounting for post-depositional effects thought to alter the glacial 

isotope composition remains an open topic for ice-core analysis and water isotope geothermometry.  

 

The Matthes-Llewellyn Ice Core 

The JIRP research team drilled the Matthes-Llewelyn (ML) Ice Core on July 14, 2019 at the ice 

flow divide of the Matthes and Llewelyn Glaciers. An ice divide delineates the location where two 

glaciers are flowing away from a high point, or dome. The ice at a divide is primarily impacted by vertical 

compression, and not significantly altered by horizontal ice flow through the glacial depth. These 

characteristics make a divide a suitable location for an ice core, because the ice layers have not been 

deformed and preserve a chronological climate record that increases with depth (Martini et al., 2001). The 

ML Ice Core was drilled near the highest ice elevation on the icefield (58.85092˚N, 134.13038˚W, 1848 

m.a.s.l) to a total depth of 294m. From ground penetrating radar (GPR) transects taken in July of 2019, it 

is estimated that the ice thickness at the drill site is between 350-450m deep (Seth Campbell, personal 

communication, March 6, 2023). The ML Ice Core was processed and sampled in the field at 50cm 

resolution, with samples temporarily stored and melted in quart-Ziploc bags, decanted into 100ml plastic 

Nalgene bottles, then pipetted into 5ml glass vials. At the University of Alaska Anchorage, the water 

isotope ratios (𝛿18O and 𝛿D) of each sample were measured by Dr. Eric Klein with a cavity ring-down 

laser spectrometer, the Picarro L2130, which measures relative concentrations of isotopes based on laser 

absorption (Picarro, n.d.). Liquid measured on a Picarro L2130 have precision values of 0.025‰ for 𝛿18O 

and 0.1‰ for 𝛿D (Picarro, n.d.). All samples were measured in Fall and Winter 2019.   
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Initial analysis done by Bradley Markle and Eric Klein with the help of the JIRP staff revealed 

water isotope anomalies at and above the firn-ice transition within the upper 24.5 meters of the ML Ice 

Core. Firn is a solid with density and crystal formation between snow and ice (Martini et al., 2001). 

During the drilling of the ML Ice Core, a firn aquifer was reached just above the firn-ice transition. A firn 

aquifer is similar to a groundwater aquifer; liquid water pools in the loose pore spaces between snow 

crystals. The stable water isotope values of the ML Ice Core are plotted below in Figure 2 and illustrate 

the anomalous variability in water isotope values at and above the firn-ice transition at 24.5m.  

 
Figure 2: Stable water isotope data from the ML Ice Core plotted vs. depth from the surface. The surface 
of the ice is at 0m and the core bottom is at 294m. The location of the firn aquifer, i.e. the firn-ice 
transition, is indicated by the dotted black line, at 24.5m. Pink dashed lines indicate the water isotope 
values of liquid water sampled from the water table within the borehole, on two separate days of drilling 
(Bradley Markle and Eric Klein, unpublished data, personal communication).  



9 

The water isotope anomalies measured in the ice core are visible in the 𝛿18O and 𝛿D records and 

reinforced by the same variability in the dxs relationship. The 𝛿18O and 𝛿D plots resemble one another 

because 𝛿18O and 𝛿D are linearly related at these latitudes, though the magnitudes of mass and relative 

abundance differ for 𝛿18O and 𝛿D. The most significant spikes in 𝛿18O and 𝛿D occur at 20.75m and 

24.25m, above the firn-ice transition. Throughout the snow and firn (0-24.5m), the 𝛿18O and 𝛿D 

measurements are approximately 1.3‰ and 7.64‰ higher (less depleted in heavy isotopes) than the 

respective ice values. The dxs values represent the relationship between 𝛿18O and 𝛿D and show a 

comparable shift above the firn-ice transition, with a decrease in mean dxs values of approximately 3.23‰ 

relative to the mean ice dxs (see Table 2). The firn aquifer liquid water table thickness was 4.78cm. Table 

2 shows the mean and standard deviation 𝛿18O, 𝛿D, and dxs values for the snow/firn and glacial ice 

portions of the core. Row 1 excludes the visible spikes at 20.75m (𝛿18O = –20.03‰, 𝛿D = –145.8‰), at 

24.25m (𝛿18O = –10.931‰, 𝛿D = –105.3‰), and at the liquid water table, while row 2 includes those 

values. Row 3 excludes any samples taken above 24.5m, to examine the water isotope distribution of the 

glacial ice only. 

Sample Type 𝛿18O mean (‰) 𝛿18O sd 𝛿D mean (‰) 𝛿D sd dxs mean (‰) dxs sd 

Firn (no anomalies) –16.06 1.12 –121.72 6.56 6.75 3.02 

Firn (w/ anomalies) –16.04  1.43 –121.88 7.66 6.41 4.71 

Water Table (liquid) –19.37 — –142.11 — 12.862 — 

Ice  –17.41  0.47 –129.44 3.59 9.83 0.83 
 

Table 2: Mean and standard deviation for firn, ice, and liquid water samples from the ML Ice Core. 

 

Research Overview 

This research aims to address the drivers of the water isotope anomalies in the top 24.5m of the 

core shown in Figure 2. The anomalies could be linked to three potential causes: shifts in the atmospheric 

water vapor pathway, changes in sea surface temperature at the moisture evaporation source, or post 

depositional effects of the meltwater in the firn aquifer. Big picture, the causes are either pre-depositional 

(before precipitation), or post-depositional (after precipitation). The ultimate research goal is to 

understand if there is a relationship between this variability and the presence of meltwater within the ice. 

Previous studies argue that meltwater infiltration in temperate glaciers leads to a wash-out of measured 

chemical markers, jeopardizes clear seasonal stratigraphy and geochemical signals, and compromises the 

scientific value of obtained data (Koerner, 1997, Neff et al., 2012, Schotterer et al., 2004). However, 
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ongoing research on Mt. Waddington has revealed that melt-impacted temperate glaciers can still preserve 

valuable isotope records because annual stratigraphy is still visible when meltwater infiltration through 

the ice is superseded by snow accumulation rates (Neff et al., 2012). Specific to the ML Ice Core, we 

believe that the water isotope signal below the firn-ice transition is generally preserved (see Fig. 2). 

However, the extent, if at all, to which the firn aquifer has impacted the upper snow and firn regions of 

the ice core is still unclear.  
To investigate the question of pre- versus post-depositional drivers, we first approximated the 

depth-age relationship for the 2019 Matthes-Llewellyn Ice Core using the Dansgaard-Johnson flow 

model. Understanding the age of the ice throughout the ice core depth allowed us to contextualize the 

timing of potential climate conditions causing the water isotope anomalies. Next, we input the ML Ice 

Core water isotope data into Simple Water Isotope Model (SWIM) to examine the reconstructed absolute 

evaporation and precipitation temperatures for the snow reaching the Juneau Icefield. SWIM outputs 

suggested an evaporative temperature decline over approximately the past ten years. We pursued this 

possibility by comparing National Center for Environmental Prediction (NCEP) SST reanalysis data to 

the National Oceanic and Atmospheric Administration (NOAA) Hybrid Single-Particle Lagrangian 

Integrated Trajectory (HySPLIT) modeled air parcel back-trajectories for the years correlating to the firn-

ice transition to understand whether climate conditions are linked to the water isotope anomalies. Last, we 

analyzed water isotope data from snow pits collected in 2021 on the Juneau Icefield to begin preliminarily 

exploring the effects of meltwater infiltration on water isotope behavior. We ask if the water isotope 

anomalies present at and above the firn-ice transition are coincidentally at the same depth of the observed 

firn aquifer, i.e. caused by climate conditions, or if the data variability is driven by post-depositional 

processes involving the presence of meltwater. More so, we consider if it is possible to disentangle the 

two options.  
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Depth-Age Modelling 

Methods 

Ice core age dating generally relies upon a variety of empirical and theoretical methods including 

ice core comparison against marine sediment cores, volcanic ash isotopic identification, and annual layer 

counting through dust and accumulation markers (Lemieux-Dudon et al., 2010; Nardin et al., 2021). 

Dating methods are constantly improving and vary by chemical species, and are adjusted according to the 

type of glacier and ice conditions at the drill site. Polar ice cores (in Greenland and Antarctica) are often 

dated through a combination of glaciological modeling and gas measurements matched to global markers 

chronologically constrained by other geological sources (Lemieux-Dudon et al., 2010). Recent studies on 

high alpine glaciers have used methods such as radiocarbon dating from dissolved organic carbon, annual 

layer counting, and nuclear fallout plutonium concentration signals in addition to ice flow modeling (Fang 

et al., 2021; Klein et al., 2016; Shao et al., 2020).  

In the case of the ML Ice Core, because stable water isotope ratios were the only species 

measured throughout ice depth, the usual ice core dating methods were not applicable. Thus, to constrain 

the age of the ML Ice Core, this project utilized an ice flow model based upon the fundamentals of glacial 

physics. Specifically, we used the Lliboutry (1979) parameterization of the Dansgaard-Johnson (DJ) flow 

model, provided by TJ Fudge at The University of Washington (personal communication, January 15, 

2023). The DJ model builds on an earlier ice flow model written by Nye (1957), which uses equation (5) 

to approximate ice age where h denotes the depth to bedrock (m), b is the accumulation rate in meters of 

ice equivalent, and z is the ice core depth.  

(5)  age =	P
Q
𝑙𝑛( H

H8TU
) 

With this basis, the DJ model calculates the age of a layer (t) through equations (6) and (7) by 

incorporating the initial annual layer ice thickness (λH), reduced annual layer ice thickness (λ), annual 

layer ice thickness at y=h (λh), the present height above the bedrock (y), initial height above bedrock (H), 

and unit of time (τ). In equation (7), th denotes the age of the ice layer at y=h from equation (6) 

(Dansgaard & Johnsen, 1969).   

(6) 𝑡 = 	− PW
NXU

ln	(NY8P
N48P

)      for  ℎ	 ≤ 	𝑦	 ≥ 	𝐻	

(7) 𝑡 − 𝑡P = 	
(N48P)W

XU
(P
Y
− 1)    for  0	 ≤ 	𝑦	 ≥ ℎ  

The Lliboutry parameterized DJ model consists of two functions. The first uses the DJ model to 

calculate a depth age scale and the second adjusts the DJ model to account for basal melt. To do so, the 

overall parameterized model uses a defined time step, set to a range of 0-10,000 years in increments of 10 

years. With the time step established, the DJ model utilizes the ice accumulation rate, modern ice 
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thickness, ice flow parameter, basal melt rate, and glacial sliding fraction to output the approximate age 

scale of the given ice core. The model also assumes ice-equivalent depths; therefore, the densities and 

thicknesses of the upper ice core samples (snow and firn) were converted using equation (8), where the 

ice-equivalent sample length, li is found by multiplying sample density (ρs) by the quotient of sample 

length (ls) and ice density (ρi).  

 (8) li = ρs(J9_`) , ls = bottom depthsample - top depthsample 

 From the approximate density profile of the ice core, new depth values for the top and bottom 

depth of each core segment were generated using equation (8), where sample length is the difference 

between the bottom and top depth of an ice core segment. The top 5m of the ML Ice Core were assigned 

an assumed snow density of 0.60kg/m3, based on the mean snow density from six shallow snow cores, 

ranging in depth from 2.02 to 7.5m, drilled during the 2021 field season. From a depth of 5m to the ice 

transition at 24.5m, the snow depth was calculated by assuming a linear density increase from 0.60g/cm3 

to 0.917g/cm3, the average glacial ice density (Anderson & Anderson, 2010). This is a fair assumption to 

make because as glaciers increase in depth, the snow is gradually compressed into firn and ice, thus the 

material density also increases (Anderson & Anderson, 2010; Martini et al., 2001). 

After adjusting for ice density, the following parameters were altered to test the model sensitivity 

and produce an approximate depth-age relationship throughout ice depth: seasonal accumulation rate 

(meters of ice equivalent), ice flow mechanism, and total ice thickness (m). First, accumulation rate was 

estimated at 2m ice-equivalent/year, then given random variability of ±0.5m, to simulate random seasonal 

variability, an estimate based on average annual snow accumulation on the Juneau Icefield (Chris McNeil, 

personal communication). Next, accumulation rate was held constant at 2m/year, while four different ice 

flow parameters were tested. Assuming that the ice at the drill site flows according to flank flow, meaning 

the drill site is not directly at the ice divide, values between four and ten are reasonable inputs to the 

model (Lliboutry, 1979; Parrenin et al., 2007). Last, the ice thickness parameter was adjusted, while the 

accumulation rate (2m/yr) and ice flow parameters (h=10) were kept constant. Because the GPR transects 

at the ice divide did not produce clear images of the entire ice stratigraphy, the total ice thickness at the 

drill site is uncertain. We estimate the thickness to be between 450m and 350m, and plot three outputs of 

the model, in 50m increments (450m, 400m, and 350m).  
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Depth-Age Modeling Results 

The first step in understanding the ML Ice Core was to determine an approximate depth-age 

relationship so that subsequent analysis could be chronologically contextualized. Although estimating ice 

age was difficult for the ML Ice Core due to the limited scope of available data, we applied the Lliboutry 

parameterization of the DJ flow model by using best estimates of model inputs. The DJ ice flow model 

was applied to the ML Ice Core, with three parameters adjusted: annual accumulation, ice flow factor, and 

total ice thickness. Adjusting the accumulation to account for probable random seasonal variability 

produces an age range for the ice at the firn-ice transition and total core age range of 10.34yrs ± 3 (1 SD) 

and ~256-305 years old, respectively. Within the ice flow factor, four different parameters that assume 

flank flow conditions at the drill site were adjusted (h=0.5, h=1, h=4, h=10). After this testing, the firn-ice 

transition was estimated at an age of 10 years and the total core age range landed between 280 and 455 

years. Next, three ice thickness values that bracket the firn-ice transition age at ~10yrs were tested 

(H=350m, H=400m, H=450m), which estimated the total ice core age to range from 250 to 360ya. Figure 

3 shows the results of the sensitivity testing. Figure 4 displays the firn-ice transition age estimates with all 

adjusted parameters layered on top of each other. As seen by the overlap of all tested parameters in Figure 

4, accumulation rate variability had the largest influence on the firn-ice transition age and the smallest 

effect on the bottom-depth age with respect to the flow parameter and ice thickness. Additionally, the 

flow parameter values significantly altered the total core age estimate. Flow parameter values ranging 

from h=0.5 to h=10 were tested, but 4<h<10 are much more likely scenarios at this drill site because they 

are reflective of flank flow ice conditions observed on the icefield. For sake of streamlining further 

analysis, the firn-ice transition will be estimated at 10ya, which correlates to the year 2009. Figure 5 

displays the ML Ice Core water isotope values against the estimated ice core age profile. Age is displayed 

from present (left) to past (right), although some studies present time in the reverse (Clifford et al., 2019; 

Klein et al, 2016; Nardin et al., 2021). Although the ice-equivalent depth used for depth-age 

approximations is 19.2m (Figure 4), subsequent sections will refer to the sample depth of the firn-ice 

transition (24.5m). Determining the firn-ice transition age allowed for a deeper examination of the 

climatological drivers of the anomaly because we were able to narrow the focus of recent-past climate 

trends to the approximate year.  
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Figure 3: Total modeled ice core depth-age relationship. Depth increases downwards from the surface 
(0) to the estimated bedrock depth (350-450m).  The colored bars on each x-axis represent the total core 
depth for each parameter. The bottom depth age of the core is estimated between 250 and 455 years, 
taking all tests into account. 

 

 

  

Figure 4: Estimated depth-age 
relationship for the upper 24.5m of 
the ML Ice Core using the DJ model. 
Accumulation rate, flow parameter, 
and total ice thickness were adjusted 
to test model sensitivity. All lines 
overlap with the exception of 
accumulation variability, which has 
the largest effect on firn-ice transition 
age estimates. 
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Figure 3: ML Ice Core water isotope values plotted against the estimated age of the ice core. Age is 
estimated above through sensitivity testing of the DJ flow model. The age scale represented in this figure 
is based on adjustments to the DJ model that assume annual accumulation of 2m/yr, a flank flow 
parameter of h=10, and total ice thickness of H=400m. Time has been represented from modern day (left) 
to past (right) for sake of comparison ease to Figures 2 and 8.    
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Water Isotope SWIM Modeling  

Methods 

Using the depth-age approximations allowed for a narrower constraint on the water isotope 

anomalies present at 24.5m in the ML ice core. We used the Simple Water Isotope Model (SWIM) to the 

Matthes-Llewelyn Ice Core water isotope data to examine atmospheric and site temperature trends 

(Markle & Steig, 2022). The SWIM is a Rayleigh type distillation model that represents the processes of 

evaporation and moisture transport and calculates the fractionation of water isotopes along transport 

paths. The model can be inverted to reconstruct temperature for measured water isotope ratios of 

precipitation. To do this, we first, prescribe a set of initial evaporation and final condensation air 

temperatures that are characteristic of the ice core drill site, derived from general site knowledge and JIF 

temperature records (Baker et al., 2019). Second, the model uses those input temperatures in conjunction 

with modern climate relationships of air temperature to sea surface temperature (SST) and relative 

humidity (RH) to predict starting values for SST and RH for likely vapor moisture sources. Third, SWIM 

then uses numerical expressions that describe the processes of evaporation and Rayleigh distillation, 

incorporating condensation along a moisture gradient and calculates fractionation. The result of this step 

is a matrix of all possible 𝛿18O and 𝛿D values for the initial evaporation and condensation temperatures. 

Finally, SWIM inverts this results matrix to create tables of starting and ending temperatures as functions 

of modeled water isotope values (𝛿18O and dln) of final precipitation. Measured water isotope values from 

snow and ice samples can be used to determine the initial evaporation temperatures and final 

condensation temperatures for the given unique pairs of isotopes. 𝛿18O and dln are used to reconstruct 

these absolute temperatures because they are best paired. For the work described in this paper, we chose 

starting and ending temperature ranges that adequately pertain to the JIF (Baker et al., 2019), setting input 

site (final) temperatures between –40˚C and +15˚C, and source (initial) temperatures between 2˚C and 

28˚C. Ultimately, we used SWIM to reconstruct evaporation source temperature (Tevap), condensation 

temperature (Tcond), and surface temperature (Tsurface) from the water isotopes measurement in the ML Ice 

Core, to examine potential atmospheric conditions driving the shift in water isotope values.  

 

SWIM Model Results 

 The Simple Water Isotope Model (SWIM) was used to output temperature reconstructions for the 

given ML Ice Core water isotope values. For the parameters that the model was set to, SWIM 

reconstructed the evaporation source temperature (Tevap), condensation temperature (Tcond), and surface 

temperature (Tsurface) for the precipitation at the ML Ice Core drill site. Figure 6 shows the initial output of 

the matrix of all possible 𝛿18O and 𝛿D values for the initial evaporation and condensation temperatures, 

and Figure 7 displays the inversion of the SWIM model used to reconstruct absolute temperature for the 
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ML Ice Core. Evaporation source temperature refers to the temperature that the water vapor originated at 

over the Pacific Ocean, where the majority of precipitation on the Juneau Icefield is derived from. 

Condensation temperature describes the temperature weighted vertical profile of precipitation at the drill 

site (Markle & Steig, 2022). Surface temperatures generally related to condensation temperature by a 

linear slope between 0.62 and 0.67 ˚C˚C–1 and thus should show similar patterns of variability to the 

condensation temperatures with different absolute magnitudes (Markle & Steig, 2022). The results of 

SWIM are shown below in Figure 8 and Table 3 and indicate that the evaporation source temperature of 

the precipitation arriving at the Juneau Icefield in the past twenty years potentially shifted down by an 

average of 5˚C. The model did not show significant change in condensation temperature or surface 

temperature.  

Figure 4: Initial water isotope configurations for all possible given ranges of starting evaporation (2˚C 
to 28˚C) and condensation (–40˚C to +15˚C) temperatures. Color gradients represent the water isotope 
precipitation values calculated by SWIM. 
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Temp. 
Output  

Mean Temp (˚C) 
(Firn/Snow)  

Depth < 24.5m  

Standard Deviation 
Depth < 24.5m 

 

Mean Temp (˚C) 
(Ice)  

Depth > 24.5m 

Standard Deviation 
Depth > 24.5m  

Tevap 10.1552 2.2770 15.5244 0.8866 

Tcond   –13.5776 0.7875 –13.4629 0.5094 

Tsurface –7.7936 1.1413 –7.6274 0.7382 

Table 3: Empirical SWIM results of Tevap, Tcond, and Tsurface for the ML Ice Core water isotope data. 

Figure 5: SWIM results of model inversion using outputs from modeled isotope relationships to constrain 
possible condensation and evaporation temperatures specific to the ML Ice Core. We display 𝛿18O as a 
function of dln because it more accurately depicts moisture source than dxs. 
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Figure 6: SWIM temperature reconstructions of Tevap, Tcond, and Tsurface for the given ML Ice Core water 
isotope values. 

 

  



20 

Sea Surface Temperature Reanalysis and HySPLIT Back-Trajectory Modeling  

Methods 

To explore the effects of sea surface temperature (SST) shifts on the evaporative source 

conditions (estimated by SWIM) potentially driving the anomalous water isotope signal, we mapped SST 

average temperatures for the past twenty years and compared the temperature anomalies to air parcel 

transport pathways generated by the National Oceanic and Atmospheric Administration (NOAA) Hybrid 

Single-Particle Lagrangian Integrated Trajectory (HySPLIT) model (Draxler & Hess, 1998). Because the 

majority of snowfall accumulation on the Juneau Icefield occurs in the winter months (October-May), 

National Center for Environmental Prediction (NCEP) reanalysis SST data available through the NOAA 

Physical Sciences Laboratory was plotted for these months averaged over the year ranges of 2000-2010 

and 2010-2020. These intervals were chosen because the best estimate of the age of the ice at the firn-ice 

transition was estimated at approximately 10yrs. The difference between the 10-year average SST outputs 

was calculated to display the SST anomalies during this time period, with the goal of contextualizing 

SWIM outputs. Additionally, we plotted long-term mean sea surface temperatures (1990-2020) to 

compare HySPLIT back-trajectories to absolute SST.  

The HySPLIT model is used to understand storm trajectories, climatic conditions, and 

atmospheric transport of air parcels when given certain parameters: site location, height above ground 

level, and trajectory time (Draxler & Hess, 1998). This study utilized HySPLIT to narrow in on the water 

isotope anomalies by examining the average air parcel trajectories for the year prior (2008) to and after 

(2010) the age-dated firn-ice transition, as estimated by the depth-age approximation (see Figs. 3, 4, and 

5). Through a combination of Lagrangian and Elerian calculations, HySPLIT is able to combine multiple 

meteorological datasets to output the most precise trajectory. Specifically, the Lagrangian equations 

applied are useful for advection and diffusion calculations of a “moving frame of reference”, whereas the 

Eulerian equations are employed in order to evaluate the concentration of air pollutants in a “fixed three-

dimensional grid” (Stein et al., 2015). To describe the dispersion of air parcels through a given 

atmospheric pathway and more accurately plot a specific trajectory, HySPLIT utilizes equations (9) and 

(10), where U’ and W’ represent the turbulent velocity component, Xmean and Zmean mark the final 

horizontal and vertical positions of the air parcel, and t denotes temperature.  

(9)  Xfinal (t + Δt) = Xmean (t + Δt) + U’ (t + Δt) Δt 

(10)  Zfinal (t + Δt) = Zmean (t + Δt) + W’ (t + Δt) Δt 

The age of the ice at the firn-ice transition was estimated at approximately 10 years, meaning it dates to 

2009. Given monthly global NCEP reanalysis data, ten-day (240hr) HySPLIT back-trajectories were run 

for each day of the two years (2008 and 2010) on either side of the firn-ice transition to examine the 

validity of the SWIM Model evaporation source temperature estimates. Air parcel initial starting 
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conditions were set at 1500m above ground level (m.a.g.l), to ideally be able to locate the original 

evaporation source. 1500m.a.g.l. is a common initial altitude at which HySPLIT is run because it is 

generally a sufficient height at which to sample the free troposphere, the atmospheric region of most 

large-scale movement of storms and general atmospheric circulation (Brönnimann, 2020; Markle et al., 

2012; Winski et al., 2018). HySPLIT outputs for the daily back-trajectories were clustered into five 

transport pathways per year, with the mean of each year displayed as one cluster of all back-trajectories. 

Cluster analysis of daily back-trajectories allows for concise visualization of typical air parcel transport 

pathways for precipitation arriving at the ML Ice Core drill site on the Juneau Icefield (Dorling et al., 

1992; Markle et al, 2012). Previous studies have found that the use of NCEP reanalysis in high latitude 

HySPLIT reconstructions compared to European Center for Medium Range Weather Forecast 40-year 

(ERA-40) reanalysis introduced “relative horizontal transport deviations (RHTD) of 30–40% of the 

trajectory length” (Markle et al., 2012, p. 4; Harris et al., 2005). Regardless, NCEP data is used in this 

study because has shown to have strong correlation to ground-truthed weather station data post 1979, and 

our research only extends back to 1990 (Bromwich & Fogt, 2004, Markle et al., 2012).  

 

HySPLIT Air Parcel Back-Trajectories and SST Reconstructions 

 HySPLIT air parcel back-trajectory models for 2008 and 2010 and NCEP/NOAA mean sea 

surface temperature (SST) reconstructions for the years before and after the firn-ice transition (2000-

2020) do not show significant temperature shifts. The majority of the precipitation reaching the Juneau 

Icefield, as estimated from HySPLIT back-trajectories, originates from the Pacific Basin above ~40˚N, 

with a smaller portion of the precipitation sourced from the Bering Sea and Arctic Ocean (>70˚N) (see 

Fig. 9). HySPLIT runs were set to cluster 2008 and 2010 data because the firn-ice transition was dated to 

2009; thus, the goal was to gain insight on atmospheric shifts that could potentially lead to the water 

isotope data anomalies. Figure 9 below shows the mean October-May SST reconstructions from global 

NCEP reanalysis data, plotted through the NOAA Physical Sciences Laboratory, along with the HySPLIT 

back-trajectories for 2008 and 2010. In panels b) and c), trajectory line-thickness is proportional to the 

amount of days in each cluster per year (see Table 4). 

The months of October through May for the years 2000-2020 best constrain winter precipitation 

on the Juneau Icefield based on the firn-ice transition age approximation (10.34yrs ± 2.99). The mean 

SST for the winter precipitation months in the Northern Pacific and Arctic Ocean range between –2˚C to 

+25˚C (see Fig. 9b and 9c), though the majority of water vapor transport to the Juneau Icefield derives 

from oceans with SSTs between –2˚C and +15˚C. Extreme cold values (below –2˚C) in the SST plots are 

reflective of sea ice cover, not liquid sea-water temperature. In the Pacific Basin, temperatures shifted by 

0.5˚C colder to <1˚C warmer, near the coast of continental North America. In the Chukchi Sea between 
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northern Alaska and Russia and northern regions of the Arctic Ocean, SST cooled by a maximum of –

3.5˚C and warmed by +3.5˚C, though these extremes are only represented in small pockets of the region. 

For the most part, the Arctic Ocean warmed by 1-2˚C from 2000-2020, and the Pacific Basin remained 

steady between –0.5˚C and +0.5˚C of temperature change.  

 

Cluster Number 2008 Percentage (%) 2010 Percentage (%) 

1 4 21 

2 25 19 

3 33 32 

4 17 21 

5 21 5 

 

Table 4: HySPLIT back-trajectory outputs, as a percentage per cluster per starting location. 
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Figure 7: SST anomalies (a) as a difference between the 2010-2020 mean and 2000-2010 mean. 2008 (b) 
and 2010 (c) HySPLIT clusters on the long term mean absolute SST from 1990-2020, respectively. Data 
provided by the NOAA/ESRL Physical Sciences Laboratory, Boulder Colorado, http://psl.noaa.gov/ 
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2021 JIRP Analysis 

To add spatial context to the ice core, this research utilized quantitative analysis of snow and ice 

samples collected during the 2021 field season across the Juneau Ice Field (JIF). Samples were collected 

in three main forms shallow snow cores, snow pits, and surface transects (see Table 5). Figure 10 

provides a map of these 2021 sample site locations. Sample group one consisted of six shallow snow 

cores ranging in depth from ~2m to 7.5m, with 5cm samples collected every 25cm (0.25m) from the snow 

surface. The snow cores were obtained with a hand-held drill provided by Seth Campbell at the 

University of Maine (Kovacs Mark II coring system, Kovacs Enterprise. n.d.). Sample group two 

included data from ten snow pits sampled every 50cm (0.50m) from the surface to depths ranging from 

3.15m to 5.2m to examine annual snow accumulation and seasonal trends (Pelto et al., 2008). Sample 

group three consisted of six surface transects ranging from approximately 4km to 12km in length, with 

snow sampled at 500m intervals to a depth of 10cm (0.10m) below the surface, sampling glacial cross-

sections and parallel-flow transects. 2021 samples in all three groups were collected at elevations from 

959 to 2031 meters above sea level (m.a.s.l.) between early June and late July. Snow was packaged in 

quart-Ziploc bags then transferred to plastic or glass vials before air transit. In total, more than 350 

samples were shipped from the JIF to the Stable Isotope Lab at the Institute of Arctic and Alpine 

Research at the University of Colorado Boulder.  

Sample Group Sampling 
Resolution (m) 

Min Bottom 
Depth (m) 

Max Bottom 
Depth (m) 

Number 
per Group 

Samples 
Collected 

Shallow Core 0.25 2.05 7.53 6 131 

Snow Pit 0.50 3.15 5.20 10 142 

Surface Transect 0.10 0.10 0.10 6 84 

Other N/A N/A N/A 2 2 

Total    24 359 

Table 5: 2021 snow and firn samples collected across the JIF. Sampling resolution describes the 
frequency of samples taken per depth in the snowpack. The minimum and maximum bottom depth that 
shallow cores and snow pits reached is indicated by the respective columns. 

I measured the water isotope composition of all 2021 samples at the Stable Isotope Laboratory 

using a Picarro L2130 in Fall 2021 (Picarro, n.d.). 40 samples were measured at a time, calibrated by 

three standards that bracket the samples between low and high known values, with one standard falling in 

the middle of the range for more accurate comparison. Samples were corrected for naturally occurring 

drift from the actual value using the known standard values. Liquid measured on a Picarro L2130 have 

precision values of 0.025‰ for 𝛿18O and 0.1‰ for 𝛿D (Picarro, n.d.).  
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Figure 8: Map of 2021 data collection 
locations and 2019 ML Ice Core 
location. 2021 sample types are 
categorized into surface transects, snow 
pits, shallow cores, and other (rain & 
surface lake samples). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Central to this research is the question of meltwater impact on temperate glacial ice, specifically 

in the context of post-depositional effects on water isotope composition. To examine this further, we 

preliminarily analyzed the water isotope values from ice lenses sampled in the ten snow pits across the 

icefield were compared to snow samples from the same snow pits, across all sampled depths. The 

following null and alternative hypotheses were tested for 𝛿18O, 𝛿D, and dxs:  

H0 = the mean (µ) snow pit ice lens and snow sample (𝛿 18O, 𝛿D, and dxs) data are equivalent  

µice lens = µsnow 

Ha = the mean snow pit ice lens and snow sample  (𝛿18O, 𝛿D, and dxs) data are not equivalent  

µice lens ≠ µsnow  

Samples were tested for normality, and equal variance before t-test comparison. The goal of the two-

sample t-test was to begin investigating whether or not the mean water isotope values from ice lenses are 

significantly similar to or different from the surrounding snow samples. 
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Figure 9: Mean 𝛿18O, 𝛿D, and dxs values for snow and ice lens samples from ten snow pits sampled 
throughout the 2021 JIRP field season. 

Isotope Value Snow Sample Mean (‰) Ice Lens Sample Mean (‰) t-value DF p-value 

	𝛿18O -15.500  -15.96 1.241 139 0.2166 

𝛿D -116.17  -117.95 0.629 139 0.5303 

dxs 7.8406   9.7270 -3.799 139 0.000217 

Table 6: Results of three two-sample t-test to examine the sample mean equivalence of 𝛿18O, 𝛿D, and dxs 
in snow and ice lenses.  
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Discussion 

This research explored two primary hypotheses – pre-depositional changes throughout water 

vapor transport or post-depositional changes within the firn aquifer – to explain the stable isotope 

anomalies in the upper 24.5m of the ML Ice Core. Water isotope anomalies within the ML Ice Core 

record were observed at and above the firn-ice transition (24.5m), where a firn aquifer was observed. We 

consider whether or not these anomalies could be linked to the presence of meltwater within the glacial 

ice or driven by atmospheric factors before precipitation. We first reconstructed three temperature 

parameters from the water isotope record using the SWIM model, which suggested an evaporation source 

temperature decrease of ~5˚C (see Fig. 8). Using a modeled depth-age relationship that estimated the firn-

ice transition at ~10ya (see Fig. 4), we next examined sea surface temperatures from the past 20-30 years 

using NCEP reanalysis data to explore whether or not SST shifts could be causing the evaporative source 

reconstruction suggested by SWIM (see Fig. 9). To understand precipitation patterns on the JIF in relation 

to SST, we then clustered two years (2008 and 2010) of HySPLIT modeled air parcel back-trajectories 

and overlayed the projected water vapor pathways on the reconstructed SST maps with the hope of 

constraining the snow that fell at the depth of the firn-ice transition (see Fig. 9). Our results indicate that 

the water isotope anomalies present within the upper 24.5m of the ML Ice Core are not likely linked to 

the evaporation source temperature shifts, either from SST changes or storm pathway alterations. Thus, 

they are perhaps the result of post-depositional processes linked to meltwater, including percolation, 

refreezing, and/or fractionation. 

 

Ice Core Water Isotope Analysis 

The water isotope anomalies present at 20.75m and 24.25m are shown in Figures 2 and 5, and 

could be signals of extreme seasonal variability, hydrologic cycle alteration, sea surface temperature 

shifts, or post-depositional processes. Above these anomalous measurements, the water isotope record 

displays wider variability and slightly higher (less negative) mean 𝛿18O and 𝛿D values (see Table 2). 

Table 2 shows that the two anomalies did not impact the mean water isotope values drastically, though the 

standard deviations shifted as a response. Because water isotopes are considered temperature proxies, the 

anomalously low 𝛿18O and 𝛿D values at 20.75m (𝛿18O = –20.032‰, 𝛿D = –145.83‰) could be linked to 

a very cold precipitation event or season, while the anomalously high 𝛿18O and 𝛿D values at 24.25m 

(𝛿18O = –10.931‰, 𝛿D = –105.3‰) could be the result of a warmer storm event (Dansgaard, 1964; Jouzel 

& Merlivat, 1984; Rozanski et al, 1993). Liquid water table measurements from the borehole are 

displayed by the pink dashed line in Figure 2 and fall near the measured water isotope values at 20.75m, 

perhaps indicating that liquid water has affected the lower anomaly in question (𝛿18O = –20.032‰, 𝛿D = 

–145.83‰). Seasonal or storm-specific temperature variability is not further considered as a cause of the 
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anomalies because the SWIM condensation site and surface temperature reconstructions do not indicate 

extraordinary temperatures (see Fig. 8). Rather, we use the subsequent sections to interpret the role of 

evaporation source temperatures, sea surface temperatures, and post-depositional processes as the main 

drivers.   

   

SWIM Temperature Reconstructions  

SWIM reconstructs evaporation source temperature (Tevap), condensation site temperature (Tcond), 

and condensation surface temperature (Tsurface) for given starting conditions and water isotope data inputs. 

Figure 8 displays the Tevap, Tcond, and Tsurface reconstructed temperatures for the ML Ice Core record and 

shows that the precipitation in the upper 24.5m perhaps originated from a temperature ~5˚C cooler than 

the precipitation that accumulated below the firn-ice transition. In order for an origin temperature to be 

~5˚C cooler, the source body of water could have decreased, or the location of evaporation could have 

changed (Markle & Steig, 2022). This temperature shift seems unlikely when compared to the Tevap 

throughout the ice core depth, because the remaining 269.5m of the ice below the firn-ice transition has a 

mean Tevap of approximately 15.5˚C (see Table 3). We explored the validity of the SWIM output through 

a combination of SST analysis and air parcel trajectory modeling before ruling out the possibility of 

evaporative temperature shift, though it is most likely that the SWIM model outputs were altered by the 

water isotope anomalies. Within the scope of this study, we aimed to verify whether or not the SWIM 

evaporation temperature reconstructions are a likely cause of the water isotope data anomalies. 

 

SST Reconstructions and Air Parcel Back-Trajectories  

The combined analysis of the HYSPLIT back-trajectories and SST reconstructions show no large 

shift in air parcel transport pathways before and after the firn-ice transition, and no temperature shift in 

the mean winter sea surface temperatures on the order of 5˚C throughout the past 20 years. It is thus 

unlikely that the SWIM outputs suggesting a Tevap downward shift of ~5˚C is the cause of the water 

isotope anomalies observed. We used an approximate depth-age relationship for the firn-ice transition 

(2009) to model air parcel back-trajectories using the NOAA HYSPLIT model for the two years (2008 

and 2010) on either side of the firn-aquifer age, then compared clustered water vapor transport pathways 

to the long term mean SST (1990-2020) and SST anomaly from 2000-2020. HYSPLIT outputs (Figure 9) 

indicate that the average moisture source to the Juneau Icefield did not shift from 2008 to 2010, with a 

majority of the water vapor originating in the Pacific Basin (>40˚N) and Bering Sea (>52˚N). SST 

reanalysis outputs are displayed in Figure 9. Panel a) displays the SST anomaly calculated by subtracting 

the mean winter SST from 2000-2010 from the mean winter SST from 2010-2020. It reveals that between 

2010 and 2020, the Arctic Ocean warmed by ~1-2˚C relative to 2000-2010 mean SST, and the Pacific 
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Basin temperature fluctuated approximately ±0.5˚C relative to the same time period. Panel b) and c) show 

the 2008 and 2010 HySPLIT back trajectories projected on the long-term mean absolute SST. Neither of 

the SST reconstructions show the 5˚C temperature decrease that SWIM suggested for the snow and firn 

source evaporation temperature (see Fig. 9). We therefore conclude that the HYSPLIT back-trajectories 

and SST reconstructions do not validate the SWIM evaporation source temperature theory of a 5˚C cold 

shift. 

 

2021 Sample Analysis  

Preliminary examination of the water isotope composition of ice lenses and snow samples from 

snow pits across the Juneau Icefield during the 2021 season revealed that there is no significant difference 

between the mean 𝛿18O and 𝛿D of the snow and ice lenses (t = 1.2411, t = 0.6292, p>0.05), but that there 

is a significant difference between the dxs values of the snow and ice lenses (t = –3.7987, p<0.05). On the 

Juneau Icefield, ice lenses are likely records of winter/spring melt and refreeze processes, because it is 

unlikely that summer temperatures are conducive to meltwater refreezes during percolation through the 

snow pack. Additionally, ice lenses are formed through the process of melt and refreeze, and are potential 

sources of fractionation as a result of phase changes. Meltwater percolation in glacial ice has the potential 

to wash-out and obscure the water isotope signal (Koerner, 1997; Neff et al., 2012; Schotterer et al., 

2004), enrich the heavy isotopes preserved water isotope record, or lead to post-depositional fractionation 

through refreezing processes (Moran & Moran, 2009; Pu et al., 2020; Taylor et al., 2001). Statistical 

analysis of ice lenses within snow pits showed that mean dxs values in snow and ice lenses are 

significantly different, and that the mean dxs of ice lenses within the same snowpack is approximately 2‰ 

higher (see Fig. 11 and Table 6). The fact that ice lenses have higher dxs values than the surrounding snow 

may indicate that isotopic exchange is occurring through the process of melt and refreeze, though this 

sample size is not large enough to draw such conclusions. Ice lens analysis is interesting in the context of 

the firn aquifer because ice lenses form through the process of melt and refreeze, and may shed light on 

the processes occurring within the liquid water of the ML Ice Core. 

 

Limitations 

This research is limited in a few aspects, which should be considered when interpreting the 

results. There is the potential for the water isotope data anomalies to be the result of measurement error or 

sampling error. With regards to the SWIM model, limitations arise because the model does not account 

for the possibility of post-depositional processes occurring englacially, and hence cannot differentiate 

between an atmospheric shift and one happening within the snow-ice interface (Markle & Steig, 2022). 

Furthermore, the SWIM model was written and designed for Antarctic applications and may inaccurately 
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represent Northern hemispheric conditions. These two complexities may be driving the difference in 

evaporation source temperature reconstruction, and should be explored in further studies. The NOAA 

HySPLIT back-trajectories are a result of many mathematical approximations that aim to estimate 

physical processes such as evaporation, diffusion, and hence numerical calculations are a large source of 

uncertainty in the outputs (Harris et al., 2005; Markle et al., 2012). Furthermore, HySPLIT uncertainty is 

complicated by the resolution of the NCEP reanalysis data at mid to high latitudes (Bromwich & Fogt, 

2004; Markle et al., 2012). Similarly, the NOAA/NCEP sea surface temperature analysis is dependent on 

NCEP reanalysis data with the same resolution. Regarding the 2021 JIRP data, snow and ice lens sample 

analysis from the 2021 field season is limited by the fieldwork season timeline (June to August). During 

the summer months, the ablation season is well underway; thus, some of the season’s accumulated snow 

has melted or sublimated and is not represented by the measured samples. Furthermore, one season of 

empirical data is not extensive enough to draw conclusions about long-term trends or processes. Rather, 

the goal with the 2021 sample analysis was to begin preliminary examination of phase change dynamics 

and their potential impact on measured water isotope signatures.  

 

Conclusion  

The ML Ice Core, drilled in 2019 on the Juneau Icefield, Alaska, presented anomalous stable 

water isotope values that coincide with the presence of liquid water in a ~5cm thick firn aquifer, 24.5m 

from the surface of the ice. Combined air parcel back-trajectory modeling and sea surface temperature 

analysis do not support the hypothesis that evaporative source temperature shifts caused the water isotope 

anomalies at and above the firn-ice transition, thus suggesting that post-depositional processes occurring 

englacially possible led to the observed data spikes. Analysis of ten 2021 JIRP snow pits showed that 

there is no significant difference between the mean 𝛿18O and 𝛿D of the snow and ice lenses, but that the 

mean dxs of ice lenses within the same snowpack is approximately 2‰ higher than the snow. There are 

five potential directions for the future of this study. First, existing snow pit, shallow core, and surface 

transect data across the Juneau Icefield spans the years of 2012 to 2022, and should be assessed for 

signals of meltwater driven post-depositional process. This analysis could include mutli-year ice lens 

water isotope analysis, meltwater isotope comparison to the firn aquifer, kinetic fractionation modeling, 

and broader water isotope variability analysis. Second, HySPLIT back-trajectory analysis could be 

expanded to examine daily trajectories for all years from 2000-2020 and long-term trends in water vapor 

transport pathways. Third, water isotope composition from melt layers in nearby ice cores could be 

compared to the JIRP snow sample dataset, and ML Ice Core firn aquifer anomalies, where records are 

available. Fourth, controlled lab experiments could be performed to simulate melt-refreeze fractionation 

dynamics. Hughes et al. (2021) used a controlled lab environment to experiment with sublimation-driven 
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post-depositional water isotope processes, and a similar process could be applied to meltwater dynamics. 

Last, to gain a deeper understanding of the water isotope geochemistry of the Matthes-Llewelyn ice 

divide and broader Juneau Icefield, another deep ice core should be drilled at the ice divide and processed 

to study chemical signals beyond water isotopes. With an additional deep ice core at the ML Divide, a 

higher resolution water isotope record could be assessed alongside other signals such as dust particulates, 

volcanic ash deposits, and greenhouse gas bubbles, to produce a better constrained depth-age relationship 

and climate record for the Juneau Icefield.  
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