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Abstract Sea ice is one of the determining parameters of the climate system. The presence of melt ponds
on the surface of Arctic sea ice plays a critical role in the mass balance of sea ice. A total of nine cores was
collected from multiyear ice refrozen melt ponds and adjacent hummocks during the 2015 Arctic Sea State
research cruise. The depth profiles of water isotopes, salinity, and ice texture for these sea ice cores were
examined to provide information about the development of refrozen melt ponds and water balance
generation processes, which are otherwise difficult to acquire. The presence of meteoric water with low
oxygen isotope values as relatively thin layers indicates melt pond water stability and little mixing during
formation and refreezing. The hydrochemical characteristics of refrozen melt pond and seawater depth
profiles indicate little snowmelt enters the upper ocean during melt pond refreezing. Due to the seasonal
characters of deuterium excess for Arctic precipitation, water balance calculations utilizing two isotopic
tracers (oxygen isotope and deuterium excess) suggest that besides the melt of snow cover, the precipitation
input in the melt season may also play a role in the evolution of melt ponds. The dual-isotope mixing
model developed here may become more valuable in a future scenario of increasing Arctic precipitation. The
layers of meteoric origin were found at different depths in the refrozen melt pond ice cores. Surface
topography information collected at several core sites was examined for possible explanations of different
structures of refrozen melt ponds.

Plain Language Summary The connection between precipitation and the retreat and expansion of
sea ice is poorly understood. This paper brings a new approach to investigate meteoric origins of sea ice in
the polar regions. We propose to investigate moisture sources for precipitations and the accumulation of
snow based on isotopic analysis of sea ice samples from the Arctic. Better understanding of the moisture
sources of precipitation in the polar regions will help us constrain models and predictions of glacial and sea
ice coverage of the polar regions under current and future climate conditions. In this paper, depth profiles of
stable isotopes, salinity, and ice texture of sea ice samples were described to serve as illustrations of the
structures of the refrozen melt ponds in the Arctic. An isotope tracer mixing model was developed to
determine the seasonality of meteoric water input for sea ice water balance.

1. Introduction

Observational data of the average temperature of the Earth’s climate system have shown an unequivocal
pattern of planetary warming (Intergovernmental Panel on Climate Change, 2014). The Arctic is warming
twice as fast as the global average because of a well-documented effect known as Arctic amplification of
global warming (Bekryaev et al., 2010; Serreze & Francis, 2006). Both satellite observations and field
measurements indicated the overall trend of the shrinking sea ice extent (e.g., Parkinson & DiGirolamo,
2016), decreasing sea ice thickness and volume (e.g., Laxon et al., 2013), and profound loss of multiyear
sea ice (e.g., Tschudi et al., 2016) in the Arctic over the past few decades. The diminishing sea ice has had a
leading role in recent Arctic temperature amplification through positive ice-albedo feedback (Screen &
Simmonds, 2010) by moderating the heat exchange between the ocean and atmosphere. Sea ice also
interacts with the broader climate system via oceanic feedback involving sea ice growth/melt and the
freshwater balance at the ocean surface (Lewis et al., 2012).

Despite the fundamental importance of sea ice changes for global climate change, there are numerous gaps
in our understanding of sea ice system function in the atmosphere-ice-ocean thermodynamic processes and
the causes of the observed sea ice reduction in the Arctic. In particular, information is limited regarding the
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mechanisms of sea ice melt pond formation and evolution (Flocco et al., 2015). Melt ponds form on Arctic sea
ice from the accumulation in topographic depressions of the melting of snow and upper layers of sea ice
during the summertime. The presence of melt ponds on the surface of Arctic sea ice plays a critical role in
the mass balance of Arctic sea ice through a positive albedo feedback leading to sea ice thinning
(Perovich et al., 2007). Previous studies of melt ponds have focused on their spatial distribution (e.g.,
Fetterer & Untersteiner, 1998; Huang et al., 2016; Rösel & Kaleschke, 2012) and summertime evolution (e.g.,
Lüthje et al., 2006; Markus et al., 2009; Webster et al., 2015). However, it is still unclear of the hydrochemical
characteristics of refrozen melt ponds and whether or not snowmelt enters the upper ocean during melt
pond refreezing.

The measurements of stable oxygen and hydrogen isotopes (δ18O and δD) of water molecules prove to be a
useful method in water-related studies because of a robust physically based understanding of isotopic
partitioning in the water cycle and hydrologic processes (Araguás-Araguás et al., 2000). Water isotope data
are particularly effective for characterizing hydrology and hydroclimatology in remote regions. The δ18O in
sea ice cores has been widely used as a tracer of meteoric water input (e.g., Eicken et al., 2005; Granskog
et al., 2017) that may be difficult or impossible to acquire using other methods. The water isotope parameter
deuterium excess (d), which is an indicator of moisture source conditions, can also serve as a tracer to help
understand hydrological changes due to sea ice loss (Klein & Welker, 2016). Kopec et al. (2016) used the
precipitation d to determine changes in the proportion of moisture sourced from the Arctic with sea ice
change over the past two decades. However, there are no reports on the application of deuterium excess
in sea ice cores to determine the seasonality of meteoric water signals in isotopic depth profiles.

Analyses of nine cores taken from multiyear sea ice refrozen melt ponds and adjacent hummocks during the
October 2015 Arctic Sea State research cruise (see Thomson et al., 2018, for the cruise overview) are
presented to provide information on the development of refrozen melt ponds and water balance generation
processes. A total of 84 sea ice samples, together with 5 snow samples and 5 seawater samples collected
during the cruise for stable isotope analyses, is presented in this paper. Depth profiles of stable isotopes,
salinity, and ice texture for the nine cores were described to serve as an illustration of structures of refrozen
melt ponds. In contrast to previous studies that used only δ18O tracer to calculate the meteoric water fraction
in sea ice cores, we applied an updated two isotopic tracer (δ18O and d) mixing model in our water balance
calculations. To our knowledge, this is the first attempt on this application to examine seasonality of meteoric
water input in refrozen melt ponds in the Arctic. Surface topography information collected at several core
sites was examined for possible explanations of the different structures of the refrozen melt ponds.

2. Materials and Methods
2.1. Sampling and Field Measurements

Sea ice cores were collected during the Arctic Sea State research cruise on research vessel Sikuliaq in the
Beaufort and Chukchi Seas from 28 September to 10 November 2015 (Figure 1a). The main goal of this
research cruise was to observe the fall ice advance and the interactions with winds and waves. A remnant
tongue of ice persisted in the Beaufort Sea throughout much of summer 2015, which created a region of
cooler sea surface temperature in autumn 2015 (Figure 1a). During this 6-week research cruise, the ice edge
moved 250 nautical miles (463 km) southward from the summer ice minimum in the Beaufort and Chukchi
Seas, reaching the Alaskan coast (Thomson et al., 2017). The program also observed many multiyear sea
ice floes with nine cores drilled on refrozen melt ponds and adjacent hummocks at two different multiyear
ice floes: Ice Station 1 (IS #1, Figure 1b) and Ice Station 5 (IS #5, Figure 1c). The IS #1 is the furthest north point
of the cruise with a larger size than the IS #5 (Figure 1).

On IS #1, three sea ice cores were drilled in depressed areas and one core in an adjacent hummock. On IS #5,
four sea ice cores were drilled in the depressed areas and one core in an adjacent hummock. We carried out
snow depth surveys for both ice stations using a GPS snow depth probe (Snow-Hydro® MagnaProbe), which
has an accuracy of 0.3 cm on level sea ice and snow. A LiDAR survey was conducted in a 100-m × 100-m
section on IS #1, and the four ice cores collected on IS #1 were within this section. Comparison of the
structures of refrozen melt ponds between the two ice floes and cores with different surface relief could
demonstrate the effect of surface topography on the melt pond formation and evolution. Sampling
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information, core description, and surface topography for the nine cores collected for water isotope analysis
are given in Table 1.

The cores were placed in plastic bags and transferred to a cold room (�20 °C) onboard the R/V Sikuliaq. Each
core was cut in half vertically using a bandsaw and a vertical thick section slice taken from the center of one
half. The half core was then cut into 10-cm vertical sections, and 1/4 of each core section was melted in a
separate container. Salinity was measured with a conductivity probe and meter (Beckman Coulter®) for each
melted subsample. The salinity aliquots were decanted into glass bottles, capped with no headspace, sealed
with parafilm, and stored in a refrigerator for future water isotope analyses. The ice texture of each section
was examined using the thick sections placed between crossed polaroids on a light table onboard (Weeks
& Ackley, 1986).

Besides the stable isotope analyses of sea ice samples, snow and seawater samples were also collected during
the cruise for reference of the endmembers for isotopic values of meteoric water and seawater. Five snow
samples from different ice stations were collected, melted, and stored in sealed bottles. A ship’s
conductivity-temperature-depth cast was conducted near IS #1 with measurements of salinity and five
seawater samples from the surface to 200-m depth were also collected for stable isotope analysis (Table 1).

2.2. Analysis of Water Isotope Ratios

A total of 94 sea ice, snow, and seawater samples was collected for stable isotope analysis. The δ18O and δD
measurements of these samples were performed on a Picarro L2130-i water isotope analyzer (cavity

Figure 1. Sikuliaq 2015 Arctic Sea State research cruise track with locations of ice stations (a) and aerial photo mosaic of Ice
Station 1 (b) and a photo of Ice Station 5 from the ship’s bridge (c). Base map adopted from Thomson et al. (2018),
which shows the sea surface temperature anomaly (colors, derived from sea surface temperature data available at
https://mur.jpl.nasa.gov) and ice cover (gray scale, derived from AMSR2, data available at https://seaice.uni-bremen.de) in
the western Arctic on 1 October 2015.
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ring-down spectroscopy, CRDS) in the Department of Geological Sciences, University of Texas at San Antonio.
Results are reported as relative to the standard Vienna Standard Mean Ocean Water (VSMOW). The
measurement precisions for δ18O and δD were 0.1‰ and 0.4‰, respectively. The δ18O and δD are given in
the following equations:

δ18O ¼ 18O=16O
� �

Sample � 18O=16O
� �

VSMOW

h i
= 18O=16O
� �

VSMOW�103 ‰ (1)

δD ¼ D=Hð ÞSample � D=Hð ÞVSMOW

h i
= D=Hð ÞVSMOW�103 ‰ (2)

Deuterium excess (d), a second-order parameter, which combines both oxygen and hydrogen isotopic
species, is defined by the following expression (Dansgaard, 1964). Standard deviations for deuterium excess
measurements were lower than 0.5‰ base on analyses of δ18O and δD for random duplicate samples and
calculation of d using following equation.

d ¼ δD–8�δ18O ‰ (3)

Most previous sea ice isotopic results have been measured using traditional isotope ratio mass spectrometry
instruments. The CRDS-based δ18O measurements of both freshwater (Benetti et al., 2016) and seawater
(Walker et al., 2016) have been found to be equivalent to high-quality measurements by isotope ratio mass
spectrometry. The salt effect (Benetti et al., 2017) on δ18O and δD measurement of seawater is within the
range for CRDS analytical uncertainty if the vaporizer is frequently cleaned (Skrzypek & Ford, 2014). The salt
effect is negligible for our multiyear sea ice and snow samples due to their low salinity (<7 psu). The CRDS
technology could measure the δ18O and δD simultaneously, to calculate the d using equation (3). Although
many recent sea ice isotopic studies have utilized the CRDS technology (e.g., Geilfus et al., 2015; Granskog
et al., 2017), there is no report about the application of deuterium excess in sea ice water balance generation
processes in these studies.

2.3. Stable Isotope Mixing Model

Both δ18O and salinity were usually utilized as tracers to solve the freshwater budget for seawater mass
balance in polar oceans (e.g., Meredith et al., 2017, 2013; Östlund & Hut, 1984). Some early sea ice mass
balance studies also used both δ18O and salinity as tracers (e.g., Jeffries et al., 1989; Lange et al., 1990).
However, sea ice is not a closed system for salinity due to brine rejection and gravity drainage processes
(Weeks & Ackley, 1986). Most previous investigations have only used δ18O as an index tracer to calculate
the percentages of core length that contains meteoric water (e.g., Eicken et al., 2005) or derivemeteoric water
fraction in sea ice cores (e.g., Granskog et al., 2017). This one-tracer for two-component model can be utilized
to calculate the meteoric water fraction in sea ice cores based on the following equation:

Table 1
Summary of Sea Ice Cores and Seawater Profile With Sampling Information, Core Information, Surface Topography, Snow Depth, and Bulk Salinity

Ice station Date Location Core no. Core depth Sample size Surface topography Snow depth (cm) Bulk salinity (psu)

IS #1 8 October 2015 75.307°N
156.170°W

1.1 40 cm 6 Depressed area 4 1.4
1.2 32 cm 6 Depressed area 3 1.0
1.3 34 cm 7 Depressed area 3 0.7
1.4 158 cm 24 Hummock 0.3 1.1
NA 200 m 5 Seawater NA 30.4

IS #5 18 October 2015 73.795°N
160.299°W

5.1 64 cm 10 Depressed area 6 1.2
5.2 23 cma 5 Depressed area 4.5 3.7
5.3 65 cm 10 Depressed area 4.3 1.9
5.4 70 cm 10 Depressed area 4.1 2.1
5.5 43 cma 6 Hummock 0.3 0.6

Note. NA = not available.
aThese cores are partial cores due to time limitations on the sampling.
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δ18OS 1� FMð Þ þ δ18OM FM ¼ δ18OSample (4)

where FM is the unknown fraction of meteoric water. The δ18OS and δ18OM are oxygen isotope values for
seawater and meteoric water sources, respectively. The endmembers for δ18OS and δ18OM are assigned later
for water balance calculations.

Deuterium excess has been widely used to identify source regions of precipitation (Cui et al., 2009; Lewis
et al., 2013; Steen-Larsen et al., 2015), and it also has been successfully applied to ice core records from
Tibetan Plateau glaciers (Zhao et al., 2012), Antarctic ice sheet (Stenni et al., 2010), and Greenland ice sheet
(Klein & Welker, 2016). Motivated by Kopec et al. (2016), who suggest that precipitation with lower d values
indicates increasing Arctic-sourced moisture associated with the recent reduction of sea ice, we apply d to
examine the possible seasonality of meteoric water input in refrozen melt ponds on Arctic sea ice. The
seasonality of the meteoric water isotopes is verified using the modeled mean monthly precipitation δ18O
and d in Barrow, Alaska, which is the nearest weather station for our sampling sites (Figure 2).

As shown in Figure 2, Arctic sea ice extent usually reaches its maximum in March and minimum in
September. The modeled monthly precipitation δ18O in Barrow show seasonal changes: The monthly
precipitation δ18O have a wide range from �15.9‰ to �28.4‰ during the sea ice growth season (from
September to next March) and an overlapping range from �14‰ to �23.1‰ during the sea ice melt
season (from April to August). However, our measurements for seawater δ18O show a relatively narrow
range from �1.2‰ to �3.5‰, which is significantly different from meteoric water δ18O. Therefore, δ18O
is a valid tracer to distinguish the meteoric water and seawater contributors.

The d of the precipitation in Barrow shows two distinct ranges between the sea ice melt season (from �2 to
6.4‰) and the sea ice growth season (from 12.2‰ to 18.6‰), due to increased locally evaporated Arctic
moisture with low d in the sea ice melt season and increased moisture from subtropical regions with high

Figure 2. (top panel) Modeled monthly precipitation δ18O and deuterium excess in Barrow, Alaska, for the long-term
means of 1950 to present (left), which were calculated using the Online Isotopes in Precipitation Calculator (http://www.
waterisotopes.org). The δ18O and d of snow samples collected during the Sikuliaq October 2015 cruise (right). (middle
panel) Monthly sea ice extent for long-term means of 1981–2010 (left) and 2015 (right). Data are available at the National
Snow and Ice Data Center (http://www.nsidc.org/data/seaice). (bottom panel) Monthly precipitation amount, maximum
temperature, and minimum temperature for long-term means of 1981–2010 (left) and 2015 (right) at a meteorological
station in Barrow, Alaska. Data are available at the National Climatic Data Center (http://www.ncdc.noaa.gov).
VSMOW = Vienna Standard Mean Ocean Water.
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d in the sea ice growth season (Kopec et al., 2016). The d of precipitation with distinct values between the sea
ice growth season andmelt season enables us to distinguish the contributions of meltwater from snow cover
and precipitation input in the melt season in sea ice water balance generation processes.

Here we use a two-tracer for three-component model to calculate the mixing ratio based on the following
equations:

FS þ FSM þ FP ¼ 1 (5)

δ18OS FS þ δ18OSM FSM þ δ18OP FP ¼ δ18OSample (6)

dS FS þ dSM FSM þ dP FP ¼ dSample (7)

where FS, FSM, and FP are the unknown fractions in the assumed three-component mixture of seawater,
snowmelt (meltwater from snow cover, i.e., precipitation in the sea ice growth season), and precipitation input
(precipitation falling on the melt ponds, i.e., precipitation in the sea ice melt season), respectively, during the
water balance generation processes. The δ18OS, δ

18OSM, and δ18OP are oxygen isotope values, while dS, dSM,
and dP are deuterium excess values of these components. The endmembers for δ18O and d are assigned later
for water balance calculations.

3. Results and Discussion
3.1. Water Isotopes, Salinity, and Texture Profiles

The depth profiles of water isotopes, salinity, and ice texture of nine sea ice cores and one seawater profile at
IS #1 are shown in Figure 3 and listed in supporting information Table S1.

As shown in Figure 3 and supporting information Table S1, the δ18O values for all sea ice cores vary from
�0.5‰ to �17.2‰, while the δ18O values for the seawater increase from �3.5‰ at the surface to �1.2‰
at 200-m depth. For IS #1, Cores 1.2 and 1.3 from depressed areas both showed the low δ18O signals at depths
between 5 and 10 cm; Core 1.1 from depressed areas appeared with low δ18O signal at a greater depth
(40 cm); and the Core 1.4 from a hummock also showed a low signal at greater depth (80 cm). For IS #5,
Cores 5.1, 5.2, and 5.3, all taken from more depressed areas, showed low δ18O signals at depths between 3
and 25 cm; Core 5.4 from a depressed area with a slightly low δ18O signal at the 10- to 16-cm section; and
Core 5.5 from a hummock has generally higher δ18O signal with no particular pattern.

The refrozen meteoric water layers with low δ18O values normally were detected in the upper-middle
portion of the cores covered by surface ice lid with relatively high δ18O values. Only Core 1.1 occurs with
refrozen meteoric water near the bottom. Meteoric water layers appeared in all the sea ice cores except
Core 5.5 (a hummock core) indicates that limited amount of snowmelt entered the upper ocean during melt
pond refreezing. The presence of meteoric water with low δ18O signals as relatively thin layers indicates melt
pond water stability and little mixing during melt pond refreezing, which is not captured by the present
melt pond models and simulations (Flocco et al., 2015) where mixing and overturning are proposed in
the melt pond refreezing process.

As shown in Figure 3 and supporting information Table S1, the d values for all sea ice cores vary from�0.5‰
to�8.6‰, while the d values for the seawater profile vary from 0.7‰ to 1.5‰. Overall, d is less variable than
δ18O in all the profiles. And d profiles show clear negatively correlated relationships with δ18O profiles in
refrozen melt pond cores at IS #1: the lowest δ18O corresponding to the highest d in the same section, which
indicate that the meteoric water layers in these cores are mainly contributed from snowmelt; all the other
meteoric water layers with low δ18O signals corresponding to relatively low d signal might have higher per-
centages of precipitation input, which are verified by water balance calculations later. The lack of high d sig-
nal in the upper ocean confirmed that little snowmelt was present in the upper ocean at the time of sampling.

The bulk salinity of all the sea ice cores varies between 0.6 and 3.7 psu, while in the seawater profile at IS #1,
the salinity increases from 26 psu at the surface to 32 psu at 200-m depth (Table 1 and Figure 3). The salinity
of our sea ice samples, from both refrozen melt pond and hummock cores, is generally lower than those
previously reported in Weeks and Ackley (1986) for multiyear sea ice. Subjective observations (made by
S. F. Ackley and S. Stammerjohn) during coring of these ice samples indicated that they were generally
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more brittle than normal sea ice and more similar to freshwater ice, which is consistent with their low salinity
as well as their coarse granular texture, which can also develop in freshwater bodies. The thickness-weighted
mean bulk salinity for IS #1 (1.1 psu) and IS #5 (1.7 psu) are significantly lower than the recently reported bulk
salinity for second-year sea ice (2.7 psu) and first-year sea ice (4.9 psu) north of Svalbard (Granskog et al.,
2017), which indicated that the two multiyear ice floes might have experienced more than one previous

Figure 3. Ice texture, salinity, and water isotope profiles for nine sea ice cores collected on Ice Station 1 (a) and Ice Station 5 (b). The seawater salinity and water
isotope profiles near IS #1 were also shown in (a).
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melt-freezing cycle. The salinity was not correlated with δ18O in all ice core profiles, which indicated the
desalination has less impact on the δ18O signal.

There are four classes of ice textures: columnar (n = 14), granular with coarse grain (n = 45), granular with fine
grain (n = 20), and mixture of columnar/granular (n = 5). The nine cores show variable contributions of
granular ice from 40% to 100% of the total length of these cores (Figure 3 and supporting information
Table S1), significantly higher than the observations from earlier studies in the Arctic basin (Eicken et al.,
1995; Granskog et al., 2017; Perovich et al., 2009). The high granular ice contribution in these ice cores is
different from typical columnar refrozen melt pond structure; however, the causes are still unknown. There
are no typical surface granular layers with low δ18O signals (cf. Granskog et al., 2017) found in our ice cores,
which indicated that the snowmelt percolated down the ice column. Only thin layers of ice (a few millimeters
thick) of superimposed ice, formed by the refreezing of snow meltwater on the colder ice, were detected in
several sections (Figure 3). However, this type of ice made up a small portion of these ice sections (<5%) and
a negligible portion of the whole cores. Thus, the δ18O signature of any superimposed ice may be diluted due
to the sampling. These superimposed ice layers in several cores may have survived the surface melt during a
previous summer, which would also support the suggestion that these two sea ice floes are second year ice or
older, as indicated by the low salinity and hummocky surface. Ice textures are also examined with their
relationship with salinity and water isotope signals. The boxplot for salinity (Figure 4a), δ18O (Figure 4b),

Figure 4. Boxplot for salinity (a), δ18O (b), and deuterium excess (c) among the four classes of ice textures.
VSMOW = Vienna Standard Mean Ocean Water.
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and deuterium excess (Figure 4c) of the four classes suggest little difference for mean isotopic and salinity
values among different ice textures. However, no firm conclusions were drawn by the limited amount of data.

3.2. Water Balance Calculations

As shown in Figure 5a, the salinity is not suitable as a tracer because of brine rejection during the sea ice
formation and gravity drainage during sea ice melt; that is, the ice core is not a closed system for salinity.
Some other studies have used the relationship of δ18O and salinity to determine the evapoconcentration
effect (Phillips et al., 2003; Yuan et al., 2011) because evaporation enriches water bodies with heavy isotopes
and also elevates salinity. Our sea ice sample data do not show a positive correlation between salinity and
δ18O. We conclude that the sea ice isotope signal is mainly controlled by a mixing process of meteoric water
and seawater without an evapoconcentration effect.

As shown in Figure 5b, δ18O against δD for all the sea ice samples show a significant linear relationship:
δD = 7.71 × δ18O + 1.00 (N = 84; R2 = 0.997). All sea ice samples align on a straight line with a slope very close
to the Global Meteoric Water Line δD = 8 × δ18O + 10 (Craig, 1961). The d change is considered negligible
between sea ice and its parent water during the freezing process because the freezing slope is near 8
(Souchez et al., 2000). Although the snow samples with high d are slightly above the trendline of the sea
ice samples, all the monthly precipitation and seawater samples fall on the trendline, which indicates that
the signal of meteoric water and seawater d would be conservative in the freezing and mixing process of
meteoric water and seawater.

The water balance calculation utilizes the IsoError dual-isotope three-source model described by Phillips and
Gregg (2001). This mixing model calculates estimates and confidence intervals of source proportional
contributions to a mixture using stable isotope analyses. For dual-isotope studies, the measurements of
the two isotope signatures for samples from the mixture population and three-source populations should
be independent of each other (Phillips & Gregg, 2001). While there is a significant linear relationship between
δ18O and δD among sea ice samples, seawater samples, and monthly precipitation (Figure 5b), no significant
correlation was observed between d and δ18O among themixture and the three sources (Figure 6); that is, the
δ18O and δD are dependent on each other, and δ18O and d are independent variables.

As shown in Figure 6, there are overlapping ranges of δ18O for the monthly precipitation during the sea ice
melt season and sea ice growth season. However, the precipitation d in the sea ice melt season is much lower
than the precipitation d during the sea ice growth season. The mean isotopic values for each ice core are
within the mixing lines between the three endmembers of seawater, snowmelt, and precipitation input.
However, there are many ice sections from IS#1 with isotopic values outside from themain triangle but falling
on themixing line between seawater and snow samples. Therefore, we could derive three source proportions

Figure 5. Cross plot of δ18O against salinity (a) and δ18O against δD (b) for the sea ice, snow, seawater samples, which were collected during Sikuliaq October 2015
research cruise and modeled monthly/annual precipitation isotopes in Barrow, Alaska, calculated using the Online Isotopes in Precipitation Calculator (http://
www.waterisotopes.org). VSMOW = Vienna Standard Mean Ocean Water.
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using the dual-isotope mixing model for all ice cores (Table 2) but not for all ice sections (supporting
information Table S3).

The three endmembers of seawater, snowmelt, and precipitation input for this dual-isotope mixing model
were provided with the mean ± standard deviation (Figure 6). Modeled long-term mean annual and monthly
precipitation δ18O and d in Barrow are listed in supporting information Table S2. The mean with one standard
deviation of δ18O for precipitation in the sea ice growth season (September–March) and precipitation in the
sea ice melt season (April–July) are �23.2 ± 4.6‰ (n = 7) and �18.3 ± 4.3‰ (n = 5), respectively. Therefore,
the corresponding values of the δ18O endmembers for snowmelt and precipitation input are
δ18OSM = �23.2 ± 4.6‰ and δ18OP = �18.3 ± 4.3‰. We also directly use the mean with one standard
deviation of d for our sea ice growth season precipitation and sea ice melt season precipitation as our d
endmembers: dSM = 15.2 ± 2.2‰, dP = 2.2 ± 3.1‰.

Previously derived effective fractionation coefficients for Arctic sea ice δ18O near Barrow have a range from
1.8‰ to 2.5‰ (Smith et al., 2016), which indicates sea ice have a mean positive shift of about 2.2‰ from

Table 2
Summary of Sea Ice Cores With the Mean and Range of δ18O and d and Thickness Percentages of Three Source Proportions: FS (Seawater Fraction), FSM (Snowmelt
Fraction), and FP (Precipitation Input Fraction)

Ice station Core no. δ18O range (‰) Mean δ18O (‰) d range (‰) Mean d (‰) FS (%) FSM (%) FP (%) FM (%)

IS #1 1 (�17.5, �2.2) �5.2 (2.7, 8.6) 4.6 68–86 25–38 0–2 30
2 (�11.7, �2.0) �4.3 (2.0, 4.8) 3.8 74–88 21–32 0–2 25
3 (�11.7, �2.4) �4.4 (2.8, 5.7) 4.0 73–89 22–33 0–1 25
4 (�10.9, �2.0) �4.8 (0.1, 3.9) 1.6 66–79 1–14 10–30 28

IS #5 1 (�5.8, �1.6) �2.5 (0.4, 2.3) 1.7 85–91 7–15 0–7 14
2 (�6.6, �1.7) �3.9 (0.5, 2.5) 1.8 75–83 5–15 4–18 23
3 (�7.3, �1.4) �2.6 (0.2, 1.8) 1.4 84–89 4–13 0–11 15
4 (�2.5, �1.0) �1.5 (0.5, 2.1) 1.3 91–96 5–13 0–4 9
5 (�1.3, �0.5) �0.8 (�0.5, 0.9) 0.2 93–97 0–5 0–10 5

Note. The 95% confidence intervals for the thickness percentages are presented here calculated by the IsoError dual-isotope three-sourcemodel (https://www.epa.
gov/eco-research/stable-isotope-mixing-models-estimating-source-proportions). Thickness percentage of FM (meteoric water fraction) for each ice core calcu-
lated from the δ18O mixing model was also shown in the table.

Figure 6. Partitioning contributions of seawater, snowmelt, and precipitation input for all sea ice cores and sea ice sections
using dual-isotope (δ18O and deuterium excess) mixing model. The green dashed lines are the mixing lines between
these three endmembers and possible mixing line between seawater and snow samples. Please note that δ18O values for
all ice cores and ice sections have adjusted with negative shift 2.2‰. VSMOW = Vienna Standard Mean Ocean Water.
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its parent water (mainly seawater) due to freezing fractionation. Our isotopic measurement for the surface
seawater sample (at depth of 1.5 m) is δ18O = �3.5‰, d = 0.95‰. However, the Arctic seawater isotopic
values show strong seasonal variations due to varied contributions of freshwater input, which include river
runoff, meteoric water, and ice melt (Eicken et al., 2005; Macdonald et al., 1995; Östlund & Hut, 1984).
Among our sea ice samples, the most enriched isotopic values are close to δ18O = 0‰, d = 0‰, which could
be considered as pure seawater origin signals. Considering that mean freezing fractionation of 2.2% for δ18O
and the d is conservative in the freezing process, the corresponding values chosen for the mixing
endmembers (with one measurement standard deviation) of seawater are δ18OS = �2.2 ± 0.1‰ and
dS = 0 ± 0.5‰.

Using the δ18O as the only isotopic tracer, we could calculate the meteoric water fraction in sea ice cores
based on the equation (4). Modeled long-term mean annual precipitation δ18O in Barrow is �19.5‰
(supporting information Table S2). The corresponding value of δ18O for meteoric water component is
δ18OM = �19.5‰. We also use δ18OS = �2.2‰ for pure seawater component, same as value chosen in the
dual-isotope mixing model.

We derived the thickness percentages of three source proportions of FS (seawater fraction), FSM (snowmelt
fraction), and FP (precipitation input fraction) for the nine cores using the thickness-weighted mean δ18O
and d for each core as δ18OSample and dSample. The δ18OSample values for all sea ice cores were adjusted with
negative shift 2.2‰ considering the mean effective fractionation coefficients for sea ice δ18O during freezing
(Figure 6). The 95% confidence intervals for the thickness percentages of FS, FSM, and FP for each ice core are
presented in Table 2. We also derived the thickness percentage of FM (meteoric water fraction) for each ice
core calculated from the δ18O mixing model (Table 2).

These water balance results indicate that snowmelt-dominated meteoric water signals in refrozen melt pond
cores at IS #1 (Cores 1.1, 1.2, and 1.3) are consistent with the characteristic of isotopic profiles for these cores.
In contrast, the hummock core at IS #1 (Core 1.4) showed the highest of precipitation input signal but almost
no snowmelt signal, which might be due to the buildup of percolation of precipitation in the melt season.
Compared with IS #1, the refrozen melt pond cores at IS #5 have an overall higher fraction of precipitation
input signals. Possible reasons are that the two ice floes differ in both their location and/or different summer
seasons when their melt ponds formed. The meteoric water fraction might include both the snowmelt and
precipitation input source proportions. Our derived FS, FSM, and FM confirmed this relationship: FM ≈ FS + FSM
(Table 2), which verified the validity of the dual-isotope mixing model.

We also derived the thickness percentages of three source proportions of FS, FSM, and FP for each ice section
using the dual-isotope mixing model and FM for each ice section calculated from the δ18O mixing model
(supporting information Table S3). However, the IsoError dual-isotope three-source model returns many
contribution estimates <0 for FP especially at IS #1. The IsoError model utilizes the long-term mean
precipitation isotopic values as endmembers, and it works very well for the whole multiyear sea ice cores,
which contain layers formed at different seasons. However, for an individual section in these sea ice cores,
it might be a mixture of seawater and snowmelt from an individual snow event with isotopic values, which
deviates from the endmember of snowmelt (Figure 6). The δ18O mixing model works better than the
dual-isotope model for each individual ice section. However, the endmember values for meteoric water
are variable among different sea ice sections. Using the mean annual precipitation δ18O as a consistent
endmember might result in serious bias in the FM calculation for each individual ice section.

Previous studies demonstrated that snow thickness correlated well with the amount of meteoric water in the
ice cores from both the Antarctic (Jeffries et al., 1997) and Arctic (Petrich et al., 2012). In the Antarctic, overall
thinner ice cover and higher snow accumulation rates result in the widespread occurrence of surface flooding
and snow ice formation (e.g., Jeffries et al., 1994; Maksym & Jeffries, 2001; Maksym & Markus, 2008). However,
in the Arctic, it is widely considered that snow depths in relation to ice thickness are rarely high enough to
have snow ice formation (Sturm & Massom, 2010). Recent research in the north of Svalbard indicated that
there is a trend of increasing snow-to-ice thickness ratio due to thicker snow on thinner sea ice (Rösel
et al., 2018), which increased the potential for snow ice formation in the Arctic. While meteoric water fraction
(average 19.3%) in the multiyear ice floes of this study is significantly higher than snow fraction in the
second-year sea ice (average 14.5%) and first-year sea ice (average 3.9%) north of Svalbard (Granskog
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et al., 2017). These differences in meteoric water fraction might be due to
sea ice age difference or different sources of meteoric water: snowmelt
contribution and drainage into melt ponds in our case and snow ice
formation in the ice floes north of Svalbard (Granskog et al., 2017).

We also computed an equivalent depth of snowmelt equivalent (SME):

SME ¼ H�FSM (8)

where H is core depth and FSM is the mean thickness percentage of
snowmelt fraction here. Using an estimated snow density of 300 kg/m3

and sea ice density of 900 kg/m3, the premelt snow depths were estimated
as 1-cm SME ~ 3-cm snow, which results in 15.6 to 38.4 cm for the melt
pond cores on both ice stations. The premelt snow depths estimated here
are consistent with the previously reported mean snow depth of 21 to
34 cm for the Beaufort Sea region (summarized by Sturm & Massom,
2010). However, there are several caveats in using this method as an
estimate of the premelt snow depth: The limited sampling of ice cores
may not be representative of the mean snow depth; this assumes that
no snowmelt enters the upper ocean or is evaporated from the surface;
and the melt ponds collect snowmelt from a catchment area of unknown
dimension (related to the surface topography).

3.3. Effect of Surface Topography on Evolution of Melt Pond

For IS #1, the LiDAR survey results show variations in surface topography
with both a large linear melt pond feature as well as a rolling melt
pond-hummock topography of 15- to 20-m spacing (Figure 7). As shown in
Figure 7, Cores 1.1, 1.2, and 1.3 drilled in the depressed areas with
slope < 5%, Core 1.4 drilled in the hummock area with slope > 5%. The

refrozen melt pond Core 1.1 is within the linear melt pond with a larger catchment area, while Core 1.2
and Core 1.3 are within isolated round melt ponds with smaller catchment areas. As shown in Figure 3,
Core 1.1 appeared with refrozen meltwater at a greater depth (40 cm) than Cores 1.2 and 1.3 (both at 5- to
10-cm depth). For IS #5, all the refrozen melt pond cores are more like isolated round melt ponds with the
refrozen meltwater signals in the shallow portions (all at 3 to 25 cm) of the cores.

The sea ice possesses a duality of porosity: isolated melt pond areas with lower permeability, where the
intergranular pores in the ice matrix and small fissures dominate (Freitag & Eicken, 2003), and the melt pond
with linear features with higher permeability, where fracture and macroscopic flaws such as cracks, leads,
enlarged brine channels might exist (Polashenski et al., 2012). Previous research indicates the ice permeability
plays a central role in water retention in melt ponds on first year sea ice (Polashenski et al., 2017). Here we use
two different conceptual growth models to explain the mechanism controlling the depth of refrozen
meteoric water on multiyear sea ice.

Evolution of isolated round melt ponds with lower permeability and smaller catchment areas is as follows: (1)
Snow cover melt is followed by upper surface sea ice melt during the summer season, which would facilitate
smaller and isolated pools at the surface; (2) Drainage happens at the bottom of the melt ponds through the
small fissures; (3) Percolation blockage (Polashenski et al., 2017) occurs due to ice accretion within the interior
of ice fissures; (4) Ponds refreeze at their upper surface to form an ice lid, until the trapped melt ponds are
totally refrozen in the shallow portion of sea ice.

Evolution of connected linear melt pondswith higher permeability and larger catchment areas is as follows: (1)
Snow cover and sea ice melt during the summer season, which would facilitate significant pooling of
snowmelt at the surface; (2) Drainage happens at the bottom of the melt pond through the big fractures;
(3) More meltwater and drainage enlarges the fractures and forming conduits, so a large pulse of meltwater
would have drained; (4) The meltwater comes into contact with colder seawater, induces the formation of
underwater ice (e.g., Eicken et al., 2002), and ultimately becomes a refrozen melt pond at the bottom of
the ice column.

Figure 7. Locations for the four ice cores on Ice Station 1 and LiDAR slope
survey results for IS #1. No data areas are the shadow of high areas in the
path of the LiDAR beams, that is, also depressed areas with the low surface
slope (<5%).
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These conceptual models are consistent with isotope profiles seen in the depressed areas at both IS #1 and IS
#5. However, only Core 1.1 occurs with refrozen meltwater near the bottom. Thus, Core 1.1 could also be
somewhat anomalous, which may not be related to its location in a linear melt feature compared to the
rounded features of the other melt pond locations. More refrozen ponds cores with differing surface features
should be examined in future research.

4. Conclusions

Depth profiles of stable isotopes, salinity, and ice texture were described to serve as illustrations of the
structures of the refrozen melt ponds. We utilized a two isotopic tracer (oxygen isotope and deuterium
excess) mixing model to determine the seasonality of meteoric water input for sea ice water balance.
Surface topography information was examined for possible explanations of different structures of refrozen
melt ponds. The main conclusions drawn are as follows:

1. The presence of meteoric water with the low δ18O signals as relatively thin layers indicates melt pond
water stability and little mixing during formation and freezing. This apparent stability differs from the
model presented by Flocco et al. (2015). The hydrochemical characteristics of refrozen melt pond and
seawater depth profiles indicate little snowmelt enters the upper ocean during melt pond refreezing.

2. Water balance calculations suggest, besides meltwater of snow cover, that the precipitation input in the
sea ice melt season also may play an important role in the evolution of melt ponds. The method
developed in this paper may become more valuable in a future scenario of increasing Arctic precipitation
(Bintanja & Selten, 2014).

3. The meteoric water signals of refrozen melt ponds could be near the surface or deeper in the ice cores,
and two growth models—isolated round melt ponds and connected linear melt ponds—are proposed to
explain their possible mechanism. The resulting surface topography shown by a LiDAR survey is consis-
tent with this interpretation, but it is only a working hypothesis because of the small sample size available.
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