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Abstract The Arctic Ocean and adjacent seas are undergoing increased freshwater influx due to enhanced
glacial and sea ice melt, precipitation, and runoff. Accurate delineation of these freshwater sources is vital as
they critically modulate ocean composition and circulation with widespread and varied impacts. Despite this,
the delineation of freshwater sources using physical oceanographic measurements (e.g., temperature, salinity)
alone is challenging and there is a requirement to improve the partitioning of ocean water masses and their
mixing relationships. Here, we complement traditional oceanographic measurements with continuous surface
seawater isotopic analysis (δ18O and deuterium excess) across a transect extending from coastal Alaska to
Baffin Bay and the Labrador Sea conducted from the US Coast Guard Cutter Healy in Autumn 2021. We find
that the diverse isotopic signatures of Arctic freshwater sources, coupled with the high freshwater proportion in
these marine systems, facilitates detailed fingerprinting and partitioning. We observe the highest freshwater
composition in the Beaufort Sea and Amundsen Gulf regions, with heightened freshwater content in eastern
Baffin Bay adjacent to West Greenland. We apply isotopic analysis to delineate freshwater sources, revealing
that in the Western Arctic freshwater inputs are dominated by meteoric water inputs—specifically the
Mackenzie River—with a smaller sea ice meltwater component and in Baffin Bay the primary sources are local
precipitation and glacial meltwater discharge. We demonstrate that such freshwater partitioning cannot be
achieved using temperature‐salinity relationships alone, and highlight the potential of seawater isotopic tracers
to assess the roles and importance of these evolving freshwater sources.

Plain Language Summary Freshwater inputs to the Arctic seas, including glacial and sea ice
meltwater, precipitation, and river runoff, are increasing as the Arctic warms. The impacts of these changing
freshwater influxes are varied depending on the type of freshwater source, and thus it is important to delineate
and trace these different freshwater sources, which represents a significant challenge using only traditional
physical oceanographic measurements (e.g., temperature, salinity). In this study, we utilize a new approach to
identify and trace freshwater sources using continuous seawater isotopic measurements during a cruise
extending from coastal Alaska, through the Canadian Archipelago, and across Baffin Bay and the Labrador Sea.
We show that these isotopic measurements, which have been commonly used in other media (e.g., precipitation,
water vapor, ice cores), hold important and distinct information about the source and mixing of different
freshwater sources. We use these measurements to identify the freshwater sources (e.g., Mackenzie vs. Yukon
River) contributing to ocean surface waters across the Arctic region.

1. Introduction
Arctic seas are fundamentally changing, including variations in the physical and chemical composition of
seawater (Polyakov et al., 2018), shifts in circulation at all depths (Morison et al., 2021; Timmermans &
Marshall, 2020; Woodgate, 2018), new ocean‐atmosphere interactions due to the loss of sea ice (Bailey
et al., 2021; Meneghello et al., 2018; Polyakov et al., 2017), new sources and redistribution of nutrients and
organic matter (Codispoti et al., 2013; Strauss et al., 2022; Terhaar et al., 2021), and altered biological pro-
ductivity (Arrigo and van Dijken, 2015; Farmer et al., 2021; Holding et al., 2015; Lewis et al., 2020), driven in
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large part by enhanced Arctic warming of almost four times the global mean (Rantanen et al., 2022). These shifts
are influenced by a changing Arctic water cycle that is leading to greater freshwater influxes to Arctic seas,
including by terrestrial surface (e.g., river) runoff (Feng et al., 2021) and by glacially‐derived meltwater (Bamber
et al., 2012; Box et al., 2022; Karlsson et al., 2021), which is increasing and shifting the distribution of freshwater
content of these waters (Carmack et al., 2016; Zhang et al., 2021). Because of these shifts, it is critical to delineate
these water masses and identify their mixing relationships to improve understanding of the varied impacts of
freshwater both now and in the future. Despite this, partitioning of different freshwater sources can be challenging
using salinity and temperature measurements alone (e.g., Huhn et al., 2021), and in this study, we apply novel
stable water isotope analysis to facilitate the task. Additionally, rarely are these freshwater sources and processes
collectively documented in situ during defined time periods across large swaths of the Arctic seas, limiting our
understanding of their impact on changes in water masses and their spatial variations across the Arctic.

Tracing freshwater influxes and their spatial impacts is possible through the measurement of stable water isotope
ratios of oxygen (δ18O) and hydrogen (δ2H) in seawater, where the focus is predominately on the δ18O values as a
measure of freshwater composition (e.g., Bauch et al., 1995). Global surface seawater averages vary between − 1
and 1‰ for δ18O (e.g., LeGrande & Schmidt, 2006; Schmidt et al., 2007). However, observations of Arctic
seawater have shown excursions to more negative δ18O values due to high influxes of freshwater runoff and
glacial melt with very low δ18O values (e.g., Bauch et al., 2005; Bonne et al., 2019; Charette et al., 2020; Cooper
et al., 2022; Henson et al., 2023; Klein et al., 2024; Macdonald et al., 1995). These seawater δ18O values are
typically strongly positively correlated with salinity (e.g., Bauch et al., 2005; MacLachlan et al., 2007), and thus
these corresponding low salinities and negative δ18O values represent higher freshwater content.

Rarely used in Arctic seawater isotope geochemistry studies is an additional identifier of freshwater—deuterium
excess (d‐excess or d; d = δ2H − 8 · δ18O; Dansgaard, 1964). This second‐order isotope parameter provides an
additional means by which to identify and partition different water masses and freshwater sources. The key focus
in this study is to use d‐excess measurements together with δ18O observations to separate distinct freshwater
sources from one another. To effectively delineate these freshwater sources: (a) the freshwater content needs to be
sufficiently high in total proportion of the measured seawater, and (b) the isotopic composition of the different
freshwater sources is unique from one another. Fortunately, in the Arctic, this is the case for many of these
sources, where numerous waters have been previously measured, including precipitation (e.g., Kopec et al., 2016;
Mellat et al., 2021; Putman et al., 2017), river runoff (e.g., Gibson et al., 2020; The Arctic Great Rivers Ob-
servatory, 2024; Yi et al., 2010), and glacial meltwater (e.g., Csank et al., 2019; Kopec et al., 2018). Very few
oceanographic studies have utilized seawater d‐excess observations, but in one example that does, Dubinina
et al. (2019) use d‐excessmeasurements to delineate glacial meltwater from river water in the water column in two
bays of the Novaya Zemlya Archipelago.

Moreover, new technological advancements allow continuous collection and analysis of seawater isotopes (Klein
et al., 2024), providing high temporal resolution that yields new insights not apparent from discrete sampling
methods. While the Dubinina et al. (2019) study is possible with relatively small discrete sample size (n = 19 for
their d‐excess observations) given the constrained physical systems being investigated, discrete sampling
inherently limits the spatial and temporal scope of work. Continuous measurements can significantly enhance the
spatial scope and resolution of understanding (Klein et al., 2024), such as identifying which freshwater source
dominates a given ocean water mass and allow for the tracing of surface circulation around a given region.

Here, we examine continuous seawater isotope (δ18O, δ2H, and d‐excess values) measurements undertaken during
an Arctic icebreaker cruise to explore changing freshwater influxes and content. From late August through early
October 2021 (Figure 1), we conducted measurements aboard the United States Coast Guard Cutter (USCGC)
Healy that transited the Chukchi and Beaufort Seas, the Northwest Passage through the Canadian Archipelago,
and performed numerous transects across Baffin Bay and the Labrador Sea, including detailed examinations of
several fjords and coastal regions of West Greenland. This cruise track—covering 30° of latitude and 115° of
longitude—allowed us to continuously measure the spatial variations and impacts of freshwater inputs at an
unprecedented resolution and within a short time‐window (40 days), thereby facilitating a like‐by‐like, mean-
ingful inter‐comparison between regions; an approach that minimizes confounding effects of samples collected in
different years (e.g., LeGrande & Schmidt, 2006). We use this new seawater isotopic data set to explore δ18O‐d‐
excess relationships across the Arctic in the context of other traditional physical oceanographic observations (e.g.,
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temperature, salinity), where we: (a) delineate key ocean water masses and (b) partition distinct freshwater inputs
and their mixing relationships.

2. Materials and Methods
2.1. Seawater Isotopic Observations and Calibration

Isotopic measurements were carried out aboard the USCGC Healy from 29 August 2021 20:05 UTC to 7 October
2021 10:20 UTC. Using the sample sampling arrangement as Klein et al. (2024), near‐surface seawater was
continuously sampled through the seawater underway system that draws in water from ∼8 m below the surface.
Seawater from this continuous flow was subsampled by a Picarro Continuous Water Sampler (CWS). The CWS
converts the liquid seawater to water vapor through a diffusive membrane cartridge. Over time, salt accumulates
on the CWS membrane cartridge, which required frequent (∼weekly) cleaning with deionized water to remove
salt build up to ensure high flow rates of water through the CWS (we define the water vapor concentration lower
limit to be 9,000 ppmv; measurements below this concentration were excluded from this analysis). The resulting
water vapor from the CWS flows through a Picarro L2140‐i analyzer to continuously measure the oxygen (δ18O)
and hydrogen (δ2H) isotopic composition at 1 Hz resolution (>2,000,000 individual measurements). Isotopic
ratios were then calibrated to correct the offset between measured and actual values produced by the CWS
method. Deuterium excess (d‐excess, d) was computed from these two calibrated isotopic ratios in the form of
d = δ2H − 8 · δ18O.

Calibrations of the isotopic data are conducted in two primary steps: (a) correction by known standard waters, and
(b) correction by discrete samples, including an H2O concentration correction. This isotopic data is first calibrated
using two known standard waters that are run sequentially for 20 min each through the CWS every 12 hr, where
the final 5‐min window when isotopic measurements have stabilized are used for calibration computations. These
standards included Fiji water (δ18O = − 6.6‰, δ2H = − 42.2‰) and Anchorage Tap Water (δ18O = − 19.2‰,
δ2H = − 146.6‰), and were used to correct any offset between the measured and actual values. A spline fit
(λ= 0.001) of the two standard waters was determined over the length of the cruise and used to calculate the offset
between the rawmeasurement and the actual value. These computed offsets were then applied to the raw seawater
measurements to calibrate the data. We refer to the data after this step as “standard‐calibrated” data. Because of
the nature of the CWS, large differences occurred between the raw measurements and these corrected values, and
this difference varied substantially throughout the cruise, so it was critical to perform frequent calibration runs
with these standard waters. All isotopic values presented here are computed on the Vienna Standard Mean Ocean

Figure 1. (a) Map of entire United States Coast Guard Cutter Healy autumn 2021 (29 August to 7 October) cruise track and (b) detail of transects in Baffin Bay and
Labrador Sea colored by 5‐min average δ18O values; locations with no δ18O values displayed in gray. Dates labeled along transect are cruise location at 0000 UTC of
that day. Timing of other notable locations include Nuuk, Greenland on 13 September, and the inner most transects of Uummannaq Fjord on 24 and 25 September and
Qeqertarsuup Tunua (Disko Bugt) on 1 and 2 October.

Journal of Geophysical Research: Oceans 10.1029/2023JC020583

KOPEC ET AL. 3 of 19

 21699291, 2024, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JC

020583 by A
rctic U

niversity of N
orw

ay - U
IT

 T
rom

so, W
iley O

nline L
ibrary on [08/07/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Water‐Standard Light Antarctic Precipitation (VSMOW‐SLAP) scale. The 30 min after standard runs were
excluded due to lasting effects of the low isotopic values of the standard waters.

While these standard waters have relatively low δ18O and δ2H values compared to the majority of seawater
measured in this study, a large volume of standard water was required to cover the duration of the cruise (>10 L of
each) and thus it was not feasible to repeatedly run expensive commercially‐available standards (e.g., USGS or
IAEA standards) in these quantities. The two standard waters used in this study could be compiled in large
quantities at low cost and standardized with repeated testing before and after the cruise. For future experiments,
we are assessing more effective ways to run standard waters and gather bulk waters to standardize for this type of
analysis. This method clearly results in added uncertainty in the isotopic values, including some unknown un-
certainty beyond the standard runs, but we are confident in the analyses presented given the range of natural
variability we are examining and further calibration with the discrete sampling protocol described below.

The second calibration step compared discrete seawater samples with the standard‐calibrated continuous data to
identify additional offsets, finding that the concentration of water vapor reaching the analyzer is a critical factor
for this data set. Occasional discrete samples (n = 65) were also collected from the underway system throughout
the cruise to be analyzed independently of continuous samples. Grab samples were collected in 40 mL High
Density Polyethylene (HDPE) bottles and refrigerated until the end of the cruise, when they were shipped to the
University of Oulu and analyzed for their isotopic ratios (δ18O and δ2H) by a Picarro L2140‐i. The reference
waters used in this analysis included USGS45 (δ18O = − 2.238‰, δ2H = − 10.3‰) and USGS46
(δ18O= − 29.80‰, δ2H= − 235.8‰): a range higher than the bulk standard waters used with the CWS (although
still not to the full observed seawater range). The analytical uncertainty (1σ) is 0.1‰ for δ18O, 0.5‰ for δ2H, and
0.9‰ for d‐excess. These discrete samples were compared with the continuous samples shown in Figure S1 in
Supporting Information S1, and show a water concentration effect in the continuous measurements that alters the
isotopic composition (similar to what is experienced in relatively dry water vapor isotopic measurements—e.g.,
Steen‐Larsen et al., 2013), likely caused by variations in flow through the membrane as salt builds up on the
membrane surface. We applied a water vapor concentration correction (Kopec et al., 2022) based on this dif-
ference to all continuous samples shown in this study (see Supporting Information S1). Developing a correction
based on concentration is important because it is a systematic and predictable effect that we are removing from the
data set, as opposed to simply fitting the curve to any given point based solely on the discrete samples. In cor-
recting the seawater measurements based on this concentration effect, we observe significant improvement in
achieving a 1:1 relationship between the discrete and continuous measurements. It is also important to note that
there is no clear divergence at higher δ18O or δ2H values as we get further removed from the standard waters
range. This adds confidence in using this seawater isotopic data at higher values without concern of there being
major non‐linear errors introduced once outside of the standard range. It would be unlikely for a major systematic
instrumental shift to occur that affects the δ18O values within 2‰ (or δ2H values within 10‰) of the USGS 45
water used in the discrete analysis. Across a range of studies using these techniques, broadly linear relationships
between raw isotopic measurements compared to a fully calibrated instrument have been shown repeatedly for the
isotopic range in this study, especially when measuring isotopic ratios at the high water vapor concentration levels
produced by the CWS and measured in this study (Casado et al., 2016; Steen‐Larsen et al., 2013).

Given typical Picarro L2140‐i instrument analytical error for both the continuous and discrete samples and error
introduced by this discrete‐continuous comparison and correction (see Supporting Information S1), we estimate
approximate uncertainty (1σ) values to be <0.3‰ for δ18O, <0.9‰ for δ2H, and <2.1‰ for d‐excess. This
uncertainty is largest at higher δ18O and δ2H values (when outside standard water range) and at lower water
concentration levels.

While there may be more error associated with these continuous observations than the typical discrete samples,
particularly for d‐excess, this error is still smaller than the natural range of variability in the study region and
therefore these measurements can be used confidently for certain analyses in this type of marine system. The
strong relationship between δ18O and salinity (Figure 2a) shows that the absolute variations of these continuous
δ18O values can be considered robust for examining freshwater content. Given the greater amount of error in d‐
excess variations compared to the single isotope ratios, relative variations are more robust than absolute ones, but
we show that these variations can nevertheless yield insights into composition of surface water masses and mixing
relationships. Of particular interest in this study is identifying and partitioning freshwater sources using these
seawater observations, which is most reliant on the freshest seawater (lowest δ18O and δ2H values) that have the
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lowest uncertainty of the sampled seawaters. On the other hand, partitioning of ocean water masses with similar
high δ18O and δ2H (and thus d‐excess) values would be more challenging to do with this analysis given the
uncertainty in this particular study. Used appropriately, the continuous nature of these observations enables
substantially more information to be learned about these surface water masses, especially for examining fresh-
water sources, than is possible from discrete sampling protocols.

2.2. Precipitation Isotopic Observations

Three precipitation events were opportunistically sampled on the USCGC Healy to compare with the seawater
samples. On 22 and 23 September 2021 when the Healy was in eastern Baffin Bay, several short duration (<1 hr)
snowfall events occurred from shallow convective clouds. Snowfall accumulated on ship surfaces at times, and
the snow from three events were sampled during or immediately after the precipitation event and prior to any melt
taking place. Sample collection occurred at 20:20 UTC on 22 September and at 8:30 and 22:30 UTC on 23
September. The snow was collected directly into 40 mL HDPE bottles and followed the same protocol for storage
and analysis as the discrete underway samples described above.

2.3. Seawater Chemical and Physical Composition

Numerous other seawater properties were measured from the underway system and are used in the analyses
presented in this study. In this study, we examine measurements of salinity, temperature, and fluorescence
(Rolling Deck to Repository, 2021a, 2021b; see Data Availability Statement for additional details). Salinity
(PSU) and temperature (°C) were measured continuously by a Seabird SBE45 thermosalinograph. Fluorescence
(V) was measured continuously by a Seabird WetStar WS3S fluorometer, and calibrated to report fluorescence
values as μg/L. In any temperature‐salinity relationships displayed in the study, we show only the data collected
during isotopic observations to provide comparative analyses.

3. Results and Discussion
The sample transect and spatial distribution of continuous δ18O values from the cruise are shown in Figure 1.
Corresponding maps of d‐excess, salinity, and water temperature are presented in Figure S2 in Supporting In-
formation S1. The δ18O mean is − 1.9‰ and values range between +0.6 and − 6.9‰. About 40% of these
measurements have δ18O values less than − 2‰, signaling large regions of heightened freshwater content across
the cruise transit. We observe two key regions of this heightened freshwater content as marked by relatively low
δ18O values: (a) the Beaufort Sea and Amundsen Gulf, which contain the lowest δ18O values observed; and (b)
locations along the west coast of Greenland in Baffin Bay and the Labrador Sea—notably Uummannaq Fjord and

Figure 2. (a) 5‐Min average salinity versus δ18O. Data is colored by approximate region as defined in the inset for the following regions: western Arctic (light blue +),
Mackenzie River (dark blue ■), western Baffin Bay and Labrador Sea (purple △), Central Baffin Bay (gray), and eastern Baffin Bay (dark red x). (b) 5‐Min average
δ18O versus d‐excess. Data colored as in (a).
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along the southwest Greenland coast (near Nuuk). For convenience, we
include the most northeastern parts of the Labrador Sea when discussing
eastern Baffin Bay.

The relationship between δ18O and salinity, as anticipated, shows a broadly
linear positive relationship across our data (Figure 2a). The highest freshwater
content is observed in the western Arctic in the Beaufort Sea and Amundsen
Gulf, with the lowest salinity and δ18O values approaching 18 PSU and − 7‰,
respectively. In Baffin Bay, the waters with the highest freshwater context
approach salinity and δ18O values of 30 PSU and − 4‰, respectively.

Regional variations are notably more apparent in our δ18O‐d‐excess data
(Figure 2b), where distinct freshwater mixing relationships are observed in:
(a) western Arctic (blue), (b) eastern Baffin Bay (red), and (c) western Baffin
Bay/Labrador Sea (purple). This separation is not clear in the salinity‐δ18O
plot in Figure 2a. The waters along west Greenland in eastern Baffin Bay have
a strongly negative relationship between δ18O and d‐excess values, while in
the other regions, there is a significantly lower negative slope between δ18O
and d‐excess. The measurements near the Mackenzie River delta (dark blue
squares) indicate yet further d‐excess excursions below the other heightened
freshwater regions in the western Arctic.

We focus our analyses on coastal regions where there are diverse freshwater
inputs (e.g., glacialmeltwater or river runoff). However, we note that in central
Baffin Bay (Figure 2, gray points), the values and mixing relationships are a
combination of those exhibited in the eastern and western regions of the bay.

While few studies publish both seawater δ18O and δ2H values, to provide additional context to this study's ob-
servations, we examine two external sets of discrete observations that have measured both δ18O and δ2H values
(to compute d‐excess). These two data sets include: (a) measurements in the western Arctic by Pasqualini
et al. (2017) that are further described by Charette et al. (2020), and (b) measurements in eastern Baffin Bay by
Henson et al. (2022) that are further described by Henson et al. (2023). Both data sets are presented on the
VSMOW‐SLAP scale to ensure comparability to the data set presented in this study. In Figure 3, we display the
near‐surface (surface to 10 m depth) isotopic observations from these two studies to compare with the isotopic
observations in this study. Comparing these external data sets with the data presented in this study for similar
regions, each data set reaches similar δ18O maxima and correspondingly similar d‐excess values. Moving toward
fresher seawater, the waters measured by Pasqualini et al. (2017) fall along a similar δ18O‐d‐excess trajectory as
that observed in this study. Interestingly, the freshest water in the data from Henson et al. (2022) show an isotopic
divergence from the freshest waters we observed in eastern Baffin Bay. Additionally, it is important to note that
there is considerably more isotopic variance observed in this study's continuous measurements as compared to
that measured by the discrete sampling approaches used by Henson et al. (2022) and Pasqualini et al. (2017). We
further explore key similarities and differences between these data sets in the following sections.

We note here that the focus of this analysis is on the surface water composition. This surface seawater is the water
that is logistically feasible to measure with the continuous sampling methods employed in this study and is
repeatable on other campaigns (e.g., Klein et al., 2024), whether on the USCGC Healy or other research vessels
that typically have similar underway systems. With one instrument, these sets of measurements are only possible
to do for one depth at a time, and the most convenient depth is the water continuously flowing through the un-
derway system (sampling water from ∼8 m), which is also water that is being measured for a suite of additional
oceanographic measurements. This does limit our ability to assess the roles of water mass mixing, advection, and
circulation across different depths. If logistically feasible, future studies may benefit from sampling at additional
depths with additional analyzers and/or performing intensive discrete sampling if deeper water is being sampled.
There are additional analyses that could be performed if measuring waters at different depths, but the purpose of
this study is to examine a novel approach to sampling seawater continuously and show the value of including d‐
excess observations alongside other traditional physical oceanographic measurements, particularly for freshwater
source delineations.

Figure 3. Seawater δ18O versus d‐excess relationships for external isotopic
seawater studies, including data from Pasqualini et al. (2017) (blue△) from
across the Central Arctic basin and Henson et al. (2022) (red ◁) from
coastal West Greenland. External seawater isotopic data are overlying
grayed‐out data from this study (data points colored same as Figure 2). All
data from external seawater data sets are samples collected between the
surface and 10 m depth to be comparable to the continuous underway
samples at ∼8 m.
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3.1. Ocean Surface Water Mass Delineation

Across three regions—western Arctic, eastern Baffin Bay, and western Baffin Bay‐Labrador Sea—we identify
six distinct surface water masses based on their geographic location and data clustering in the δ18O and d‐excess
values. The location and isotopic composition of these water masses are highlighted in Figures 4a–4c.
Approximate isotopic values of these water masses are identified in Table 1. Corresponding water mass delin-
eation in temperature‐salinity space is shown in Figures 4d–4f.

Figure 4. δ18O‐d‐excess mixing relationships in the three key regions covered in this cruise—(a) western Arctic (blue), (b) eastern Baffin Bay (red), and (c) western
Baffin Bay‐Labrador Sea (purple). Data between regions are shown in gray. Six ocean water masses are defined here, including (1) Alaska Coastal Water (ACW), (2)
Polar Mixed Layer (PML), (3) West Greenland Coastal Water (WGCW), (4) Atlantic Water, (5) Subpolar Gyre Water, and (6) Labrador Coastal Water (LCW). Ocean
water masses are labeled by number and displayed as dark colors of each respective region's color and outlined in dashed boxes. Water masses 3 and 4 are dispersed
across eastern Baffin Bay. Temperature‐salinity relationships are displayed for the same three regions—(d) western Arctic, (e) eastern Baffin Bay, and (f) western Baffin
Bay‐Labrador Sea—with the same coloring as the above panels. A map displaying the locations of the regional seawater measurements and locations of each ocean
water mass is displayed in the small inserts in (d)–(f). All seawater data displayed at 5‐min resolution.

Table 1
Ocean Water Salinity and Isotopic Values of Key Water Masses Identified in This Study, Including Alaska Coastal Water
(ACW), Polar Mixed Layer (PML), West Greenland Coastal Water (WGCW), Atlantic Water (AW), Subpolar Gyre Water
(SGW), and Labrador Coastal Water (LCW)

Water mass Sal_avg Sal_sd Sal_max δ18O_avg δ18O_sd δ18O_max d‐excess_avg d‐excess_sd

ACW 30.9 0.2 31.3 − 1.5 0.2 − 0.9 1.6 0.9

PML 30.6 0.6 32.4 − 1.3 0.4 − 0.6 − 5.6 0.9

WGCW 32.2 0.5 32.9 − 1.8 0.3 − 1.0 3.5 0.7

AW 32.5 0.2 33 − 0.3 0.3 0.7 − 5.3 0.8

SGW 34.3 0.1 34.4 0.2 0.1 0.4 − 1.8 0.5

LCW 31.2 0.2 31.7 − 1.9 0.1 − 1.6 0.5 0.9

Note. For salinity (PSU) and δ18O (‰), the average (avg), standard deviation (sd), and maximum (max) values are shown of
all the measurements identified for each water mass as identified in Figure 4. Maximum values are used for mass balance
calculations. For d‐excess (‰), the average and standard deviation are displayed.
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In the western Arctic, we classify two ocean water masses (Figures 4a and 4d): (1) Alaska Coastal Water (ACW),
and (2) Polar Mixed Layer (PML). Two primary data clusters in this region exist at the higher δ18O limit of these
waters, one with higher d‐excess than the other. Both waters correspond with local maxima in salinity content.
Given the location of ocean water mass 1, we propose that the surface waters reflect the ACW, that brings waters
northward along coastal Alaska from the Pacific into the Central Arctic (Paquette & Bourke, 1974; Weingartner
et al., 2005). Furthermore, our observed temperature‐salinity values (Figure 4d) are similar to those previously
measured (e.g., Lin et al., 2019). The isotopic composition of the ACW is similar to that measured by Pasqualini
et al. (2017), where their near‐surface data (≥10 m) shows a limit in a similar isotopic range (both in δ18O and d‐
excess) that we define for the ACW waters (Figure 4a). The location of the second high‐δ18O end member was
across the eastern entrance to Lancaster Sound from Baffin Bay, likely influenced by the southward‐flowing
Nares Strait current as it flows into Baffin Bay. We define this water mass as PML, consisting predominately
of waters exiting the Beaufort Gyre (Rudels et al., 1996).

Along the Greenland coastline in eastern Baffin Bay, we classify two ocean water masses (Figures 4b and 4e): (3)
West Greenland Coastal Water (WGCW), and (4) Atlantic Water (AW). TheWGCW is defined by a primary data
cluster that exists along this trajectory with d‐excess values between 3 and 5‰, containing the mode of the
distribution of all data in this region (>30% of regional data fall within this small isotopic range). These waters are
spatially dispersed across most of the eastern Baffin Bay region covered by the cruise. The isotopic composition
of the WGCW is very similar to the isotopic end member observed by prior isotopic measurements by Henson
et al. (2022) in this region, where their near‐surface data (≥10 m) shows a clear limit in this same isotopic range
(both in δ18O and d‐excess) we define for the WGCW waters (Figure 4b). The location and physical parameters
are consistent with other studies of the WGCW (Carroll et al., 2018; Curry et al., 2014; Rysgaard et al., 2020). We
classify a second water mass as AW defined by the highest δ18O and lowest d‐excess values. These two ocean
water masses along coastal West Greenland overlap considerably in water temperature‐salinity space (Figure 4e),
but they have very different isotopic signatures, which requires this second water mass classification. Without
analyzing their δ18O‐d‐excess composition, these waters would not likely be classified as distinct water masses.
The measurements made by Henson et al. (2022) also show one anomalous low d‐excess observation in their near‐
surface samples that is consistent with the AW defined in this study.

Finally, in western Baffin Bay‐Labrador Sea we classify two additional ocean water masses (Figures 4c and 4f):
(5) Subpolar Gyre Water (SGW), and (6) Labrador Coastal Water (LCW). As perhaps the clearest isotopic
composition of any of these ocean water masses, the cluster of data points around δ18O and d‐excess values near
0‰ (Figure 4c) represent a distinct surface water mass, and given the location we classify this as the SGW
(Reverdin et al., 2003). A second major data cluster exists along the Canadian Coastline near Labrador, which we
classify as LCW. The waters further north in this region along Baffin Island also show a similar isotopic
composition, so we could also consider these waters to be, in part, the surface waters in Baffin Island Current that
ultimately flow southward becoming part of the LCW. When examining these waters in temperature‐salinity
space (Figure 4f), these data cluster as much colder but similar salinity water to the LCW, which would be
consistent with these upstream waters being a part of the Baffin Island Current. These observations also show that
this surface water mass is comprised of a significant amount of freshwater where approximate δ18O and salinity
are − 2‰ and 31 PSU, respectively.

3.2. Partitioning Freshwater Sources and Mixing Relationships

As described previously, clear and different mixing relationships exist between ocean water and freshwater
sources. In this section, we explore the roles of river runoff, precipitation, glacial meltwater, and sea ice meltwater
as potential sources of freshwater to the regions sampled during this cruise. In particular, we focus on identifying
the key drivers of the freshwater sources that lead to the significantly different δ18O‐d‐excess relationships be-
tween those observed in Eastern Baffin Bay and the Western Arctic, as well as the variations within the Western
Arctic (i.e., the “Mackenzie River” observations from otherWestern Arctic measurements). We focus on the most
pertinent sets of measurements to the freshwater sources contributing to the seawater measured on this study's
cruise, but we share a comprehensive set of relevant freshwater end member data in Table S1.

In the following sections, we will demonstrate that a key to delineating these freshwater sources from one another
is their unique d‐excess values. While these freshwater sources typically have similarly lower δ18O values (the
exception being sea ice meltwater; discussed in Section 3.2.3), their d‐excess values vary considerably between
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sources. We utilize a suite of isotopic measurements from across the Arctic to inform and ultimately quantify the
different freshwater sources driving the mixing relationships observed in this cruise.

3.2.1. Meteoric Water

The primary source of freshwater across much of this cruise is from meteoric water (MW)—precipitation and
river runoff. We distinguish these meteoric inputs from glacially‐derived freshwater, which is described in 3.2.2
below. This MW includes both precipitation that falls directly over the ocean and that which occurs over land and
enters the Arctic seas via surface runoff. Measurements of the isotopic composition of precipitation falling over
the ocean are relatively limited, however we were fortunate to sample three snowfall events in Eastern Baffin Bay
during the 2021 Healy cruise. Aside from the events sampled on the cruise, we use prior land‐based measurements
to inform the precipitation isotopic composition of this freshwater source (Kopec et al., 2016; Putman
et al., 2017), where these observations represent both precipitation directly onto the ocean surface and runoff from
surrounding terrestrial regions. In this study, we focus on precipitation measurements during the time of the cruise
(i.e., August, September, and/or October), computing the arithmetic average of precipitation samples for the
given month over the time period of the respective measurement period. The largest deliveries of freshwater from
rivers are the Yukon and Mackenzie Rivers, which have been sampled extensively for their isotopic composition
(e.g., Gibson et al., 2020; The Arctic Great Rivers Observatory, 2024; Yi et al., 2010). We utilize observations
from the Arctic Great Rivers Observatory (ArcticGRO; The Arctic Great Rivers Observatory, 2024) where the
Yukon and Mackenzie Rivers are sampled near their respective mouths to determine flow‐weighted isotopic
values of this freshwater input. For these ArcticGRO observations, we compute the flow‐weighted and arithmetic
average isotopic composition for the entire period of measurements (2003–2021) and the flow‐weighted average
for the measurements in the year prior to (and including) the cruise (October 2020 to September 2021). We
consider the arithmetic mean useful here because there are limited samples each year (typically n = 6 to 8
samples), so the flow weighted mean is not necessarily more representative of the input over time. For these two
rivers, these computations yield relatively similar isotopic values, but we show all three values to ensure
representativeness of this freshwater end member is captured. The isotopic values of this suite of freshwater end
members are shown in Table S1 for the time periods relevant to this cruise.

To identify the specific freshwater source driving the mixing relationships in each region, we display the most
pertinent freshwater end members in Figure 5a accompanying the seawater isotopic observations. First, we
explore the key freshwater drivers in the Western Arctic. In Figure 5a, it can be seen that freshwater from the
Yukon River and precipitation from Utqiagvik and around the Canadian Archipelago fall along a similarly sloped
δ18O‐d‐excess relationship that fits Western Arctic seawater data where the freshest (lowest δ18O) observations
extend directly toward these freshwater end members. It is clear that these MW sources drive the primary
freshwater relationships across this region. The near‐surface seawater measured by Pasqualini et al. (2017) ex-
hibits a very similar mixing relationship, as the waters with the most negative δ18O values extend directly toward
these same freshwater end members (Figure 5b).

As mentioned previously, seawater measurements from near the Mackenzie River mouth have markedly lower d‐
excess than waters with similar δ18O values in the surrounding region (e.g., Yukon River), where the isotopic
excursion occurred over a period of less than 2 hr. These lower d‐excess values suggest the Mackenzie River
waters were distinct from other freshwater inputs (Figure 5a). For example, Gibson et al. (2020) show that
Mackenzie River region contains many of the lowest flow‐weighted d‐excess values compared to other northern
Canadian Rivers. The large Mackenzie watershed has potential for significant evaporation to take place, which
would produce waters with relatively low d‐excess (d‐excess = 0.6‰; Table S1) as compared to other regional
meteoric contributions. The Mackenzie River watershed also contains large lakes and wetland areas where water
is stored in the system for longer than other nearby river systems and are thus further affected by evaporation,
which contributes to the lower d‐excess values (Lesack &Marsh, 2010; Yi et al., 2012). The isotopic end member
of the Mackenzie River may differ at other times of the year given differences in discharge and amount of
evaporation of the river water (The Arctic Great Rivers Observatory, 2024; Yi et al., 2010), but the timing of our
measurements enabled clear identification. It should also be noted that this unique Mackenzie River signature is
not visible in the data when viewed in salinity‐δ18O space (Figure 2a) or temperature‐salinity space (Figure 3d),
where it overlaps directly with other nearby data. In other words, the freshening signal by the Mackenzie or
Yukon Rivers display the same in temperature‐salinity space, yet display with differentiable signals in δ18O‐d‐
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excess space. Using d‐excess measurements facilitates detailed partitioning and tracing of such specific water
sources.

In Eastern Baffin Bay, to produce the observed mixing relationship in Figure 2b, the freshwater end member(s)
must have relatively high δ18O and d‐excess values, where these d‐excess values are significantly higher than
those in the western Arctic. Each of the three precipitation samples collected on the Healy in this region had an
isotopic composition that would reasonably represent the freshwater end member of the eastern Baffin Bay
mixing line (Figure 5a)—that is, relatively high δ18O and d‐excess values compared to other known freshwater
sources—with an average δ18O = − 10.6‰ and d‐excess = 19.6‰ (n = 3; Table S1). This anomalous combi-
nation of high δ18O and d‐excess values has also been observed from daily precipitation in October (2011–2014)
in Ikerasaarsuk in coastal West Greenland (Table S1), suggesting the type of precipitation events observed during
the cruise are representative of typical precipitation during this time of year in Eastern Baffin Bay. Elsewhere in
the Arctic, autumn precipitation often has high d‐excess values, but much more negative δ18O values (Table S1;
Kopec et al., 2016; Putman et al., 2017), so it appears this particular combination of high δ18O and high d‐excess
values is unique to the Baffin Bay and/or West Greenland system. Based on these isotopic observations, this local
precipitation and any subsequent runoff drives the freshwater mixing relationship in this region. The amount of

Figure 5. (a) δ18O‐d‐excess freshwater mixing model between the seawater isotopic measurements (as colored in Figures 2
and 4) with freshwater isotopic end members (see Table S1 for additional details on freshwater sources). Precipitation
measurements are displayed as ► and river inputs as ■ in the color of the respective mixing relationships for each region.
Precipitation values are used for the month when the United States Coast Guard Cutter was nearest the given region,
including August for Utqiagvik, September for Alert, Cambridge Bay, and Eureka, and October for Ikerasaarsuk. The flow
weighted (for 2003–2021 and October 2020 to September 2021) and arithmetic means for the Yukon and Mackenzie Rivers
are displayed. (b) Same δ18O‐d‐excess freshwater mixing model as (a) but displaying the external seawater isotopic data sets
overlying the seawater data presented in this study. Data from external studies by Pasqualini et al. (2017) (blue △) from
across the Central Arctic basin and Henson et al. (2022) (red ◁) from West Greenland fjords are shown overlaying grayed‐
out data from this study. Arrows depicting direction of extension by freshwater end members are identical in each panel.
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precipitation produced during these events is, however, rather low overall. The ClimateBasis Disko site on Disko
Island operated by the Greenland EcosystemMonitoring program only measured 3.7 mm of precipitation from 10
September through 7 October 2021 (See Data Availability Statement for more details). ERA5 reanalysis
(Hersbach et al., 2023) shows considerably higher precipitation in some regions of Baffin Bay (up to 10 cm in
September; Figure S3 in Supporting Information S1), but still rather small quantities. It is likely that this pre-
cipitation is a key driver of the δ18O‐d‐excess mixing line, but probably does not account for the totality of the
freshwater along this mixing line. We explore the potential roles of glacial and sea ice meltwater in the subsequent
sections.

In the western Baffin Bay‐Labrador Sea, we observe more limited roles of freshwater in the mixing relationships.
As noted above, the LCW is the primary export of water from this region, and has among the freshest surface
water in this region. There are slightly lower δ18O and/or higher d‐excess values in some regions that indicate
similar precipitation and runoff sources as described in the other regions, but with more limited influence. It is
likely similar precipitation events as in Eastern Baffin Bay led to the heightened d‐excess values, while runoff
from Baffin Island and other regions of the eastern Canadian Archipelago drive the lower δ18O values, which is
consistent with river isotopic content observed by Gibson et al. (2020). While not a focus of this study, we also
note that the waters in Central Baffin Bay exhibit properties and mixing relationships that are a combination of
those observed in the eastern and western portions of the bay. The δ18O‐d‐excess and temperature‐salinity re-
lationships for Central Baffin Bay are displayed in Figure S4 in Supporting Information S1.

3.2.2. Greenland Glacial Meltwater

In this section we focus on the roles of meltwater sourced from the Greenland Ice Sheet and its outlet glaciers as a
potential source of freshwater to the Eastern Baffin Bay section of this cruise. As noted in the prior section, it
seems unlikely that precipitation and runoff account for the totality of the freshwater inputs to this region. Given
the large potential source of freshwater from ice in Greenland, it is plausible that meltwater would be a significant
contributor to the seawater sampled during this cruise.

As described previously, the freshwater end member that drives the seawater mixing line observed in Eastern
Baffin Bay requires having both a relatively high δ18O and d‐excess composition (Figure 5a). Prior measurements
of proglacial rivers and meltwater on the surface of the Greenland Ice Sheet from around West Greenland (Csank
et al., 2019; Kopec et al., 2018) show that these waters have a combination of too low of δ18O values and not high
enough d‐excess values (Table S1) to reasonably represent this end member (Figure 5). It is surely the case this
freshwater is some small proportion of the seawater measured (<10%), but our observations do not support there
being significant contributions of surface inputs of meltwater (e.g., proglacial rivers) to this region during our
time of study. Surface inputs of meltwater clearly account for a significant proportion of coastal Greenland
seawater in other studies (e.g., Henson et al., 2023), where the Henson et al. (2022) isotopic data show a clear
extension toward the Greenland meltwater end members (Figure 5b). However, these isotopic excursions are not
observed in this study. It is reasonable to assume that there is limited influence of surface inputs of meltwater
during this cruise because the melt period had essentially ended prior to the USCGC Healy entering Baffin Bay;
surface melt extent fell below 10,000 km2 on 4 September 2021 as shown in the National Snow and Ice Data
Center's Greenland Daily Melt extent data set (based on Mote (2014) and Mote and Anderson (1995)). We
reiterate that it is likely that there is some amount of surface derived meltwater in the Eastern Baffin Bay system,
and that it might cause some of the variance in the δ18O‐d‐excess relationship, but it is not observed to be a
dominant source of freshwater in this study by this method.

While it seems likely that local precipitation (and subsequent runoff) is driving the freshwater mixing relation-
ships in Eastern Baffin Bay during the time of this cruise, the generally small quantities of precipitation in the
observed events suggests the possibility of an additional source of freshwater beyond this local precipitation
input. With the observed lack of surface inputs of meltwater, we suggest the possibility of significant subglacial
discharge of basal meltwater from marine‐terminating glaciers. There is significant subglacial discharge of basal
meltwater frommarine‐terminating glaciers directly into this system in autumn (and subsequent months), and it is
potentially a significant source of this freshwater observed in Baffin Bay (Bendtsen et al., 2015; Mortensen
et al., 2013). Direct isotopic measurements of this subglacial discharge have not been made but it is plausible the
d‐excess could be higher than expected for other components of the glacial melt system, especially when the
ocean water is interacting directly with the ice (Chauché et al., 2014), as there are many unknown processes at
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work where isotopic fractionation could take place. More investigation is needed to identify the isotopic signals of
this flux and the exact role of this freshwater in this marine system, but given the potential need for an additional
freshwater flux and the biologic response that is described next, it is at least a potential unknown flux that would
be consistent with the observations.

Significant subglacial discharge from marine‐terminating glaciers would also be consistent with measures of
biological productivity (Figure 6), where regions of relatively high productivity are associated with heightened
freshwater, supporting the mechanism where subglacial discharge directly into the ocean entrains nutrients at
depth and brings them to the surface to enhance productivity (Hopwood et al., 2018; Kanna et al., 2018; Meire
et al., 2017). If this freshwater were only sourced by precipitation and surface runoff, this freshwater would
remain near the ocean surface and further limit near‐surface nutrient availability (e.g., Carmack et al., 2016;
Farmer et al., 2021; Fu et al., 2020). This effect is seen in the other regions covered by the cruise, whereas along
coastal West Greenland heightened productivity corresponds, at times, with higher freshwater content. It is quite
possible much of the heightened productivity is driven by other causes of upwelling, but the subglacial discharge
hypothesis is at least plausible given the productivity levels reaching their highest values even when freshwater
content is also at its highest level. This is particularly the case in Uummannaq Fjord where the greatest regional
freshwater content (i.e., lowest δ18O and salinity values) is observed in conjunction with heightened productivity
levels (Figure 6). We postulate this hypothesis from the data presented here, as it would be consistent with prior
observations of these systems (Hopwood et al., 2018; Kanna et al., 2018; Meire et al., 2017) and significant
subglacial discharge could account for the potential need for a second substantial freshwater source. Therefore,
we consider the primary freshwater sources in eastern Baffin Bay at the time of the cruise to be local precipitation
and runoff and a potential significant secondary contribution from subglacial meltwater. Subglacial discharge as a
freshwater source would be most prominent in the fjords containing these marine terminating glaciers (e.g.,
Uummannaq Fjord), but some of this water could be circulated to broader regions of eastern Baffin Bay.

3.2.3. Sea Ice Meltwater

Given the location and timing of this cruise, it is plausible that meltwater derived from sea ice comprises some
significant proportion of the freshwater measured. It is, however, more difficult to tease out these contributions in
δ18O‐d‐excess space given the isotopic composition of sea ice that is much more similar to the seawater than the
other freshwater sources discussed in this study. For example, Tian et al. (2018) show from a suite of sea ice
observations in the Beaufort and Chukchi Seas that the average δ18O= − 3.4± 2.9‰ (mean± standard deviation)
and d‐excess = 2.0 ± 1.5‰; the median sea ice values are δ18O = − 2.4‰ and d‐excess = 1.6‰. These ob-
servations are similar to, but slightly more negative than, δ18O values in other prior studies of Arctic sea ice where
observations of this end member range between +1 and − 3‰ (e.g., Eicken et al., 2002; Forryan et al., 2019;
Sutherland et al., 2009; Yamamoto‐Kawai et al., 2009); d‐excess (or simply δ2H) values are not typically shown in
these studies. At least some of the samples in the Tian et al. (2018) study contain MW that has melted and
refrozen, so these values are perhaps not ideal for a pure sea ice end member, but these measurements can still

Figure 6. (a) Map of entire United States Coast Guard Cutter Healy cruise track and (b) zoom in of transects in Baffin Bay and Labrador Sea colored by 5‐min average
fluorescence values (μg/L). (c) 5‐Min average δ18O versus d‐excess colored by fluorescence. Data points displayed as the same symbols as in Figure 2. Key freshwater
mixing relationships from Figure 5 displayed.
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inform the meltwater signal where d‐excess observations are quite limited. For quantifying the sea ice meltwater
component (Section 3.2.4), we use the δ18O values presented by Eicken et al. (2002) for a similar geographic
region and that have excluded samples of any layers infiltrated by MW, where δ18O = − 1.9 ± 0.5‰
(mean ± standard deviation).

Unlike the meteoric waters, the isotopic composition of the sea ice meltwater is not sufficiently different
isotopically to the surrounding seawater to effectively tease out this signal using the isotopic values alone, at least
for the isotopic ranges observed in this study. Pairing these isotopic measurements with salinity observations,
however, can allow one to assess the contributions of sea ice (Eicken et al., 2002; Sutherland et al., 2009;
Yamamoto‐Kawai et al., 2009). Eicken et al. (2002) show the average salinity value is 4.5 ± 2.6‰, consistent
with other studies (Sutherland et al., 2009; Yamamoto‐Kawai et al., 2009). If sea ice melt is a significant
freshwater contributor to seawater without other sources of heightened freshwater content (i.e., seawater salinity
>30 PSU and δ18O > − 1‰), the signal would be seen as a slight or no change to δ18O values and a significant
change to lower salinity values. In salinity‐δ18O space, locations where sea ice is a primary source of freshwater
would show significant excursions from the typical salinity‐δ18O mixing line to values above that line as driven
by the relatively larger salinity changes (Forryan et al., 2019; Sutherland et al., 2009).

We examine the salinity‐δ18O relationships (Figure 2a) to see if a sea ice signal is observed. The salinity‐δ18O
relationships are also displayed (Figure S5 in Supporting Information S1) alongside key freshwater end members
(as in Figure 5) to show additional context of these mixing relationships. The observed salinity‐δ18O relationship
across this cruise has a strong correlation throughout the cruise, with limited excursions from the primary mixing
relationships. The region most likely to be affected by sea ice meltwater in this study is the waters within the
Canadian Archipelago. This region is the only area of the cruise with direct interaction with sea ice, especially in
Melville Sound and Parry Channel. As seen in the Western Arctic seawater salinity‐δ18O data (Figure 2a, Figure
S5a in Supporting Information S1), there are some data points that extend to lower salinity values than the primary
mixing line. It is likely there are regions in the Western Arctic where sea ice meltwater comprises a significant
proportion of the freshwater content. However, these proportions are relatively small compared with the MW
contributions (e.g., Mackenzie River). We explore this quantitively in Section 3.2.4.

On the other hand, in eastern Baffin Bay, there is little to no residual freshwater from sea ice melt at the time of
this cruise. In this region, the lowest salinity values correspond to the lowest δ18O values (Figure 2a, Figure S5b in
Supporting Information S1), where the slope of the salinity‐δ18O is higher than that of the full data set. The
freshest waters in this region are pulled in the opposite direction (below) on the expected mixing line for sea ice
melt contributions (i.e., to low δ18O values, not relatively high ones). It is likely that any sea ice meltwater has
largely circulated out of the region by the time of these measurements. Sea ice had largely melted from the entire
coastal Greenland region by July, and Baffin Bay was essentially ice free by 1 August (data from Multisensor
Analyzed Sea Ice Extent—Northern Hemisphere, Version 1—U.S. National Ice Center and National Snow and
Ice Data Center, 2010). Sea ice meltwater may play a role in driving some of the variance around the salinity‐δ18O
line in the different regions of the cruise, but, unlike the MW, it does not appear that sea ice meltwater is a primary
driver of the large freshwater proportions observed in the seawater.

Sea ice freeze up could also play a role in altering the freshwater composition of the observed seawater. However,
sea ice growth did not begin by the time the USCGC Healy passed through the respective regions covered by this
study (U.S. National Ice Center and National Snow and Ice Data Center, 2010). Even in the later stages of the
cruise in early‐October when sea ice growth was underway in some regions of the Arctic, sea ice growth had not
yet begun in any parts of Baffin Bay.

3.2.4. Quantifying Freshwater Contributions

In the above sections, we qualitatively explore how these isotopic observations can be used to identify distinct
freshwater sources from one another. Here, we quantitatively examine the freshwater proportions across the
regions covered in this study using the seawater isotopic and salinity values, ocean water mass end members
determined in Section 3.1, and the freshwater end members described throughout Section 3.2. We focus our
efforts on theWestern Arctic and Baffin Bay systems where freshwater sources are constrained as described in the
analyses above.
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In the Western Arctic, the primary freshwater sources include MW and sea ice meltwater. As has been done in
numerous prior studies (e.g., Alkire et al., 2017; Bauch et al., 1995; Cooper et al., 2022; Sutherland et al., 2009;
Yamamoto‐Kawai et al., 2008), we use the combination of seawater isotopic and salinity values to determine the
fraction of respective sources for any given data point. Because the combination of δ18O and d‐excess values for
sea ice meltwater is contained within the primary data cluster of Western Arctic data, we utilize δ18O and salinity
values to first determine the fraction of sea ice meltwater and MW. We then use the d‐excess values to tease apart
the meteoric waters derived from the Mackenzie River. To determine the fraction ( f ) of MW, sea ice melt water
(SIM), and oceanic water (OW), we use the following set of three mass balance equations based on δ18O and
salinity (S) data.

fMW + fSIM + fOW = 1 (1)

δ18OMW fMW + δ18OSIM fSIM + δ18OOW fOW = δ18OObs (2)

SMW fMW + SSIM fSIM + SOW fOW = SObs (3)

Using the δ18O and salinity end members for respective water masses and the observed (Obs) δ18O and salinity
values throughout the cruise, the fraction of each water mass can be determined for each data point. For MW
inputs, we use the average of flow‐weighted Mackenzie and Yukon River δ18O values (− 19.2‰) and assume
salinity = 0 PSU. For sea ice meltwater, we use the mean values measured by Eicken et al. (2002) for their sea ice
cores where δ18O = − 1.9‰ and salinity = 4.5 PSU. For the ocean water end members, we use the maximum
value observed in the Western Arctic where δ18O = − 0.6‰ and salinity = 32.4 PSU (Table 1).

Using the three mass balance equations and respective end members and observations, we compute the fraction of
water masses across the Western Arctic (Figure 7). Contributions of meteoric waters are seen in Figure 7a,
showing heightened regions of freshwater across the Western Arctic, with highest concentrations in the Beaufort
Sea. Meteoric water comprises up to 33.4% of the measured seawater, with a mean of 11.8% ± 5.9% (mean ± 1
standard deviation; median is 10.8%). Sea ice meltwater is also a contributor to the observed seawater across the
Western Arctic, but at a significantly smaller proportion, on average, than the meteoric contributions. The mean
sea ice meltwater is 3.6%± 4.5% (median is 1.4%), and a maximum of 20%. The areas of highest sea ice meltwater
are in the western Canadian Archipelago—where sea ice was present on this cruise—as well as in the Beau-
fort Sea.

We utilize the d‐excess observations to further delineate meteoric waters across the Western Arctic. From the
observed d‐excess values, we partition the fraction of MW as a percentage of Mackenzie or other meteoric sources
(e.g., Yukon River). We use the ArcticGRO flow‐weighted d‐excess values of the Mackenzie and Yukon Rivers
as the two primary end members, making the assumption that the Yukon River is representative of non‐
Mackenzie meteoric waters, which is consistent with the freshwater mixing line observed in Figure 5a. If
observed d‐excess values are less than the Mackenzie end member, we assume that the meteoric contribution is
100% from the Mackenzie, and if the observed d‐excess values are greater than the Yukon River end member, we
assume the meteoric contribution is 100% from non‐Mackenzie meteoric waters.

The Mackenzie River proportions in the observed seawater are displayed in Figure 7c. The difference between the
total MW (Figure 7a) and the Mackenzie River (Figure 7c) proportions is the non‐Mackenzie River contribution
to the total seawater. As expected, it is observed that the highest Mackenzie River water content is nearest the
Mackenzie River delta, as well as other heightened regions to the east into the Canadian Archipelago. There may
be additional inputs with similarly low d‐excess inputs where Mackenzie‐like water from other river basins yields
anomalously highMackenzie River proportions. For example, this is likely the case along the coast of Alaska near
the Bering Strait region where other low d‐excess freshwaters likely comprise much or all of what is shown as
Mackenzie water in Figure 8c. That said, in much of the rest of theWestern Arctic, this additional classification of
freshwater using d‐excessmeasurements does allow for Mackenzie River water to be effectively delineated from
other regional meteoric waters.

In Baffin Bay and the northern Labrador Sea, the primary freshwater source is identified to be local non‐glacial
MW (precipitation and runoff). As described in Section 3.2.3, sea ice meltwater is shown to have little to no
influence on the water in this region at the time of the cruise given the observed δ18O‐salinity relationships. For
the purpose of these simple mass balance computations, we assume zero sea ice meltwater in these waters, and
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only consider the mixture of the primary ocean water mass and local pre-
cipitation/runoff. With mixing between only two end members, Equation 2 or
3 can each be solved on their own with Equation 1 for the respective fractions.
For the ocean water end member, we use the maximum δ18O and salinity
values observed in the WGCW (Table 1), the dominant water mass in this
region. For simplicity, we assume that for any waters in this region with δ18O
and salinity values greater than that of the maximumWGCW values the given
sample is 100% ocean water (a mixture of WGCW and AW). For the fresh-
water end member, we consider the average of September and October pre-
cipitation observations at Ikerassarsuk (δ18O = − 12.3‰) to be broadly
representative of this regional fresh end member given the longer and much
larger precipitation data set at this site compared with the few precipitation
events captured directly on the Healy (Ikerassarsuk n = 87 compared to
Healy n = 3).

We show the MW composition across Baffin Bay as determined from δ18O
values in Figure 8. Meteoric water composition determined by salinity is
shown in Figure S6 in Supporting Information S1. The highest concentrations
of MW are observed across Uummannaq Fjord, as well as in smaller clusters
along coastal West Greenland and Baffin Island. Regions of heightened
freshwater as computed by salinity yield similar spatial results. As determined
by δ18O, the mean meteoric contribution is 5.8% ± 5.1% (median is 5.9%),
and a maximum of 24.1%. Using salinity measurements to compute the
meteoric contribution, smaller proportions are yielded where the mean
contribution is 3.0%± 2.4% (median is 2.9%), and a maximum of 10.2%. This
discrepancy could be the result of a missing or different freshwater end
member. Using the collected Healy precipitation to represent the fresh end
member, the results of the freshwater proportions as determined by δ18O
would only make the discrepancy larger where higher MW proportions would
be computed. As mentioned earlier, it is plausible subglacial discharge could
be a significant freshwater component, particularly in Uummannaq Fjord.
Alternatively, other meteoric sources with different isotopic compositions
could be more representative of the broader freshwater component across
Baffin Bay than the one used here. If that meteoric source had δ18O value
similar to that of other regions (e.g., δ18O = − 20‰), the freshwater pro-
portion based on the δ18O calculation would yield similar results similar to
that of the salinity‐based calculations. Regardless of approach, while there are
areas of heightened freshwater content, it is evident that the surface waters
across the Western Arctic region of this cruise had higher freshwater content
than the waters in Baffin Bay and the northern Labrador Sea.

Future versions of the freshwater proportion calculations can benefit from additional multi‐end member mixing
models with additional variables (e.g., nutrients) to further partition the freshwater quantities in a given water
mass. We also note that these freshwater estimates can vary considerably depending on mixing, advection, up-
welling, and other processes, but these calculations give rough estimates based on available information.
Particularly for confirming the presence of subglacial discharge contributing to the freshwater content, or further
constraining the absolute values of these other freshwater proportions in these given water masses, more
comprehensive studies across a range of depths in addition to the surface measurements would be needed.

4. Conclusions
In this study, we show that important insights into the partitioning of distinct freshwater sources and delineation of
surface ocean water masses can be obtained by examining the seawater δ18O‐d‐excess relationships. Delineating
these same surface water masses and mixing relationships would not have been feasible from temperature‐salinity
or salinity‐δ18O measurements alone. In particular, seawater d‐excessmeasurements offer a useful tool to identify
distinct freshwater sources and trace their transport through the ocean, though it is critical that these systems

Figure 7. Freshwater proportions based on water mass balance computations
for Western Arctic, including (a) proportion of meteoric water,
(b) proportion of sea ice meltwater, and (c) proportion of Mackenzie River
water. See Section 3.2.4 for additional details.
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contain a high amount of freshwater, and that the freshwater sources have
diverse isotopic signatures. This is the case in this Arctic system, where we
observed freshwater content up to 33% derived from meteoric sources and up
to 20% from sea ice meltwater. We further delineated the unique signals of the
Mackenzie from the Yukon River and other local precipitation inputs. While
not observed directly in this study, we show that in the study by Henson
et al. (2023), glacial meltwater inputs can be identified in seawater samples.

The continuous measurements presented in this study also enable a more
detailed examination of high‐definition mixing relationships and capture a
greater range of variability that exists in ocean water than would be observed
with discrete samples. Our continuous measurements allowed for the iden-
tification of the Mackenzie River waters that the Healy transited through in
less than 2 hr, and the d‐excess measurements enable the delineation of this
particular freshwater source from other regional sources. Similarly, along
coastal West Greenland, two distinct surface water masses were identified
from the isotopic measurements that would otherwise be considered the same
in temperature‐salinity space.

The nature of continuous measurements also enables a large study area to be
surveyed in a detailed manner and within a short temporal scale that would
otherwise be logistically infeasible with discrete sampling techniques. In this
cruise, 30° of latitude and 115° of longitude were covered within a 40‐day
window. While freshwater delineations might be possible with detailed

sampling, using isotopic observations to compliment standard physical oceanographic measurements (e.g.,
Dubinina et al., 2019; Macdonald et al., 1995), regional coverage during a single cruise would be highly
challenging.

Given the wide spatial coverage of this cruise, the observations and mechanisms described here can be applied to
other regions of the Arctic with similar settings. For example, the freshwater inputs along the Siberian coast (e.g.,
The Arctic Great Rivers Observatory, 2024) would likely cause similar isotopic divergences in the seawater as we
observed in coastal Alaska. However, the observations from this cruise are not necessarily temporally repre-
sentative. The isotopic signals of the end members identified here (both ocean water masses and freshwater
sources) may experience temporal cycles (e.g., annual) or will evolve over time, so continuing to measure these
water masses is important. For example, the isotopic signal of the Mackenzie River changes some throughout the
hydrological year (Gibson et al., 2020; The Arctic Great Rivers Observatory, 2024; Yi et al., 2010), so interpreting
its influence in any future observations will require additional monitoring of the riverine fluxes and flow dy-
namics. Resampling these same regions for their isotopic composition in the future and at different times of the
year will add significant new insight into these freshwater fluxes and their impacts.

Finally, we note that it is important to consider the wide range of seawater isotopic values observed in this study,
which is consistent with other recent studies of Arctic seawater (e.g., Bonne et al., 2019; Klein et al., 2024; Mellat
et al., 2024). In many studies, particularly for large modeling efforts, the ocean water isotopic composition is
informed with coarse, lower variance gridded data (e.g., the data presented by LeGrande & Schmidt, 2006) or
simply assumed to have composition of δ18O = δ2H = d‐excess = 0‰ or a small range of near‐zero values (e.g.,
Brady et al., 2019; Lee et al., 2007; Mathieu et al., 2002; Nusbaumer et al., 2017). There are numerous rational
reasons to make these assumptions (e.g., computational limitations in modeling exercises), and those assumptions
may be appropriate for many analyses on certain spatial and/or temporal scales, but for other analyses it may be
important to consider the potential for a wider range of seawater isotopic compositions (especially d‐excess). This
is particularly true for studies considering the evaporative fluxes from Arctic Ocean waters where such isotopic
variations in the source ocean waters would significantly impact the corresponding vapor values. As seen in the
data set presented in this study, only a small amount of seawater in the measured regions falls near the
δ18O = δ2H = 0‰ isotopic composition (the Subpolar Gyre waters), and there are large areas where heightened
freshwater content causes isotopic excursions beyond the range in these gridded data sets. Depending on the
scientific question and the spatial and/or temporal scale of the research topic, there will be cases where it is
important to consider a wider range of seawater isotopic values than is typically used.

Figure 8. Meteoric water proportions based on water mass balance
computations for Baffin Bay. See Section 3.2.4 for additional details.
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