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Abstract This study presents new observations of stable isotopic composition (60, ¢°H and deuterium excess) in surface
waters of the North Pacific and Arctic Oceans that were collected during the sixth Chinese National Arctic Research Expedition
(CHINARE) from mid-summer to early autumn 2014. Seawater 6'°O and 6°H decrease with increasing latitudes from 39°N to
75°N, likely a result of spatial variability in evaporation/precipitation processes. This explanation is further confirmed by
comparing the §'*0—0"H relationship of seawater with that of precipitation. However, effects of freshwater inputs on seawater
stable isotopic composition are also identified at 30°N—39°N. Furthermore, we find a non-significant relationship between the
isotopic parameters (°H and 6'°0) and salinity from 73°N northwards in the Arctic Ocean, implying that sea ice
melting/formation may have some effect. These results suggest that the isotopic parameters 6°H and ¢'°0 are useful for tracing

marine hydrological processes.
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1 Introduction

The isotopic ratios of seawater 0'*0 and o°H, which
represent the isotopic abundance ratios of '*0/'°O and
H/'H, respectively, in a sample with respect to those of
Vienna Standard Mean Ocean Water (VSMOW) are
associated with fractionation processes that occur during all
phase transitions in the hydrological cycle, including

* Corresponding author, ORCID: 0000-0003-2499-1147, E-mail:
wangyetang(@163.com

evaporation, precipitation, melting, and freezing of
freshwater in the ocean. Thus, in modern oceans, seawater
isotopes can serve as valuable natural tracers of sea ice melt
(Macdonald et al., 1999), the source(s) of freshwater input
(Khatiwala et al., 1999; Dubinina et al., 2017), and the
formation of deep ocean water (Jacobs et al., 1985). They
have also been used to trace the flow pathways of
freshwater to the sea and to quantify the exchanges between
different water masses (Gordeev et al., 1996; Bauch et al.,
2005; Dubinina et al., 2017). Furthermore, the seawater
stable isotopes of hydrogen and oxygen are considered
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important proxies for reconstructing palacoclimate (Craig
and Gordon, 1965; Sowers and Bender, 1995; Koutavas and
Joanides, 2012) and palaeosalinity, an important parameter
for understanding the ocean hydrological cycle (Rohling
and Bigg, 1998; Singh et al., 2014).

Several previous studies have documented that seawater
60, D, and their relationship can be used to understand
oceanic hydrological processes (Conroy et al, 2014;
Dubinina et al., 2017; Kumar et al., 2018). To quantify ocean
isotopic signatures, many seawater 6'°O measurements have
been made across the world’s oceans from 1950 onwards
(LeGrande and Schmidt, 2006). However, such observations
over the North Pacific Ocean and the Arctic Ocean remain
limited, and so oceanic hydrological processes remain
inadequately characterized. Thus, additional seawater isotope
observations are still required.

Deuterium excess (d), defined as d=0"H-8x6"*0
(Dansgaard, 1964), quantifies non-equilibrium fractionation
effects during phase changes. This second-order parameter
depends largely on the conditions, such as relative humidity,
sea surface temperature (SST), and wind speed, in the

region of moisture origin, i.e., where water evaporates from
the ocean surface (Dansgaard, 1964; Pang et al., 2015;
Parkes et al., 2017). Thus, ocean surface conditions have a
strong impact on d values in vapor or subsequent
precipitation (Uemura et al., 2008). As a result, changes in
surface seawater d values likely affect the d variations
measured in vapor and precipitation. Many efforts have
been made to investigate the spatial and temporal variability
vapor and precipitation d values, and to infer their main
underlying processes (Aemisegger et al., 2014; Benetti et al.,
2014; Pfahl and Sodemann, 2014). However, data on the
spatial variability of seawater d values and inferences
regarding their underlying mechanisms are still somewhat
limited.

Here, we present new isotope data of surface seawater
collected along the route of the sixth Chinese National
Arctic Research Expedition (CHINARE), which took place
from July to September 2014 (Figure 1). Based on this
dataset, we investigate the spatial patterns in seawater stable
isotopic compositions, quantify 0°H-0'"0 relationships, and
analyze their possible controlling factors.
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Figure 1 The route of the 6th CHINARE and the locations of the seawater isotopic composition and surface salinity samplings.

2 Data and methods

During the 6th CHINARE cruise (July to September of
2014), sea surface water samples were collected every 12 h
along the route shown in Figure 1. The route spans the East
China Sea, the Japan Sea, the Northwest Pacific Ocean, the
Bering Sea, the Chukchi Sea, and the Arctic Ocean. The

northern-most sampling location was at 81°N, 155°E. In
total, 178 250-mL high-density polyethylene (HDPE)
bottles were used to collect surface water. To prevent
contamination, a 10-L bucket was used to collect surface
water and first wash and then fill the bottles at each site.
Then, the tightly capped bottles were placed into separate
Ziploc bags and were refrigerated. Two bottles of seawater
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were sampled at each location to determine whether sample
contamination may have occurred.

Stable water isotopic compositions were measured at the
State Key Laboratory of Cryospheric Sciences, China by
wavelength scanned cavity ring-down spectrometry (CRDS)
(Picarro L1102), with an overall precision of at least 0.15%o for
00 and 0.5%0 for 0°H. Using the isotope ratio mass
spectrometry (IRMS) method, salinity correction to ¢ values
was considered unnecessary because the molalities of Mg, Ca,
and K were lower than the values used for correction
(Gonfiantini, 1981). As a modern method, near-infrared laser
absorption spectroscopy techniques (including CRDS) have
also proven applicable to seawater experiments (Skrzypek and
Ford, 2014). The main effect (incomplete evaporation and
memory effect) of salinity is related to the vaporizer. Thus, the
in-time replacement of the injection pad per 100 injections of
seawater samples was applied in our measurements. Isotopic
compositions are reported as 6'°O and &°H values and
represent the differences in the '0O/'°0 and D/H ratios,
respectively, between the samples and VSMOW.

Based on results from four world-class laboratories
(Benetti et al., 2017), when applying the CRDS method to
sea-water, and additional correction of ~0.09%o is required
for 6'0 compared with freshwater. This is slightly larger
than that the IRMS method requires (0.06%0—0.02%o).
However, for §°H, only ~0.13%0 of extra correction is
required, which is much less than that required by IRMS
measurements (0.55%0—0.23%o). Regardless, the errors of
both methods were minimized by applying rigorous
experimental protocols and conducting calibration.

Surface seawater was collected from an intake on the
port side of the ship at approximately 4-m depth, which was
designed to capture representative surface biogeochemical
signals. To minimize clogging by sea ice and reduce the
residence time of the sampling, a sea chest was specifically
designed (details can be found in Chen et al. (2015)). We
measured the SST and salinity continuously along the cruise
route by means of an SBE21 (Sea-Bird Electronics)
thermosalinograph installed in the sea chest, which has been
widely used for observational marine chemistry studies.

All instruments were calibrated and tested before
deployment. Instrumental uncertainty in the temperature and
conductivity sensors was 0.002°C and ~0.03 ms-cm ',
respectively. Salinities given by the conductivity sensors are
in practical salinity units (PSU). This information was also
introduced by He et al. (2015), Chen et al. (2015) and Chen
etal. (2019).

3 Results and discussion

3.1 Spatial patterns if 6"0 and 6’H in surface
seawater

Along the voyage route northwards, seawater 0°H varies
from —50.0%0 to —0.6%o, and the range of 5'°0 values is
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between —5.4%o and —0.1%o. Both the 6'°0 and ¢°H values
of surface seawater vary spatially as a function of latitude.
As expected, they decrease with increasing latitude, with
the heavy isotopes being relatively enriched in the
mid-latitudes and depleted in the high-latitude Arctic Ocean
(Figures 1 and 2). This finding agrees with the observed
changes in meteoric water due to latitudinal temperature
and precipitation effects (Craig and Gordon, 1965; Criss,
1999). Latitude is also an important factor affecting spatial
changes in d, but only for the sampling sites at <40° latitude
and >70° latitude (Figure 2). About 25% and 40% of the
spatial variance of d can be explained by the linear
regression models, respectively.

However, from 30°N to 39°N, the seawater 6'°O and
0”H values show increases of 0.1%o and 0.6%o, respectively,
per degree of latitude. Salinity values follow the 'O and
0”H patterns, but a slight decrease in the SST is observed. In
particular, extremely low salinity: 5'°O ratios occur between
36°N and 45°N, and thus the increase in the 0'°0 and §°H
values may be associated with the input of surface runoff
(freshwater). Given the extremely high correlation between
00 and O°H (>0.98, p=0), we further investigated
regional patterns in the stable isotopic composition in
surface seawater using J'°0. Between 40°N and 62°N, the
SST sharply decreases from 20°C to 5°C, whereas the
salinity gradually decreases from 33.9 to 30.7 PSU. The
corresponding 6'*O values vary by 1.7%o (from —1.8%o to
—0.1%0). From 62°N to 77°N, the SST fluctuates from
—0.7°C to 10°C. In this latitudinal range, sharp changes in
seawater salinity and 0'°O also occur, with decreases of
11 PSU and 4.5%o, respectively. From 77°N northwards, the
seawater salinity is lower, but a slight increase in the
seawater 0'°0 is observed, which may be an effect of sea
ice melt; sea ice usually has higher 0'*0 values than the
underlying seawater because relatively more 'O is
incorporated into ice than the water from which it froze.
During the freezing or melting of seawater, the 6'°O values
do not change much due to the small fractionation factor
involved in the transition between ice and water (Beck and
Miinnich, 1988; Melling and Moore, 1995). In contrast, the
influence of sea ice formation or melt on seawater salinity
changes is large because of the extremely low salinity of sea
ice (the salinity of sea ice is usually as low as 4 PSU;
Ekwurzel et al., 2001). Our samples in the Arctic Ocean
were collected between late July and early September of
2014, when sea ice extent is at or close to its annual
minimum (Figure 3). Extensive sea ice melt led to a slight
increase in seawater '°0 and a decrease in salinity.

To further determine spatial patterns in the seawater
stable isotopic composition, we identify different areas of
the North Pacific and Arctic Oceans via a clustering
analysis (Clusters 1-5 in Figure 4). Analysis of variance
(ANOVA) was used to test the statistical significance of the
differences between the clusters. Here, we use the
0.05 significance level. Cluster 1 samples are from the East
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Figure 2 Latitudinal distributions of SST (a), salinity (b), deuterium excess (d) (¢), 6°H (d), and 6'%0 (e) in surface ocean waters.
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Figure 3 Arctic sea ice extent on 26th August 2014 (a) and monthly mean sea ice extent in August 2014 (b). Data are from NSIDC:
https://nsidc.org/data/NSIDC-0051.
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Figure 4 Three-dimensional plot showing ¢'*0 vs. salinity vs. latitude, which helps to identify the regional features of the seawater 5'°0

and J-salinity relationship.

China Sea and the Sea of Japan (30°N—40°N), where a large
range of 'O values are observed and the SST decreases
sharply with increasing latitude. 0'*O values and salinities
in Cluster 2, which are from the region of the North Pacific
Ocean, dominated by Kuroshio Current, are higher
Clusters 3 and 4 were sampled over the region of the Bering
Sea where there are three main currents; the Bering Slope
Current, the Kamchatka Current, and the Aleutian North
Slope Current (Stabeno et al., 1999). The §'0 values range
from —3.5%0 to —1%o, which broadly agree with those
obtained in previous surface water samplings from Bering
Sea (Cooper et al., 1997). Based on the linear regression of
6'*0 with salinity by the least squares fit, the y-intercept of
zero salinity for 60 is —11.1%o, which is similar to the
mean 6'°0 value of freshwater between meteoric water
values and melted sea ice. Cooper et al. (1991) reported a
freshwater 5'°0 value of approximately —22%o in the Yukon
River, which is the largest river entering the Bering Sea.
According to Macdonald et al. (1989, 1999), 6'*0 values in
the sea ice and sea ice melt range from —3%o to —2%o. The
mean 0'*0 value of all sea ice collected during 2010 and
2011 in the Chukchi Sea were reported to be approximately
—1%o (Cooper et al., 2016). Cluster 5 (73°N to 81°N) was
sampled from the Arctic Ocean and has lower 6'°0 and
salinities than the other clusters.

3.2 oD ands"0 relationship in sea surface water

The pioneering work by Craig (1961) reported the
quantitative relationship between o°H and 60 in
precipitation, with 6”’H =8x6'®0+10, which is known as the
meteoric water line (MWL). This relationship has been
explained physically by an isotopic fractionation
Raleigh-type mode. The robust relationship between J°H
and 0'®0 was also observed in Antarctic surface snow by
Masson-Delmotte et al. (2008). Given that the combined
application of seawater 0°H and 0'*0 measurements can
quantitatively improve paleohydrology and palacosalinity
reconstructions (Rohling, 2007; Holloway et al., 2016),
increasing attention has been paid to the use of §°H for
palaeosalinity reconstruction (e.g., Roberts et al., 2016).
However, the seawater 6°H—0'°O relationship is still not
well documented. Our observations show a high and
significant correlation between 0°H and ¢'*0 in seawater
over the North Pacific and Arctic Oceans, with a slope of
7.7%0+0.1%0 per %o (7>0.99, p<0.01), which is close to both
the global average seawater 6°H—0'*0O slope of 7.4 (Rohling,
2007) and the slope of the global MWL derived from
Global Network of Isotopes in Precipitation (GNIP)
precipitation data (Rozanski et al., 1993). For the distinct
regions in the North Pacific and Arctic Oceans identified by
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clustering (as described above), strong correlations between
&*H and 6'°0 in seawater were found for all clusters, despite
the differences in their gradients (Figure 5). Cluster 1 had
the shallowest seawater 0°H-6'°0 slope of 6.9%o per %o.
This possibly reflects the impact of continental runoff,
which generally has a lower ¢°H-0'0 slope than seawater
(e.g., Deshpande et al., 2013). The steepest 5°H-6"°0 slope
(7.8%o per %o) was observed in Clusters 3 and 4.
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Figure 5 The relationship between seawater 6'°0 and 6°H for
the different regions (clusters) of the North Pacific and Arctic
Oceans. The dotted lines indicate the linear regressions on the data
from the different clusters. p denotes the significance of the
relationships according to the linear regression analysis.

3.3 Spatial variability in the d values of surface
seawater

Along the 6th CHINARE route, seawater d values varied
from —1.3%o to 2.5%o. In the Arctic Ocean, a significant
positive correlation between d and latitude was evident
(r=0.63, p<0.05), but a significant negative correlation
exists between seawater d and 6'°0 (r=—0.68, p<0.05).
Given that the spatial distributions of d and 'O are often
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used for model validation (Xu et al., 2012), the spatial
distribution of d as a function of latitude that best fits the d
spatial distribution (Figure 2) was calculated. However, no
significant correlations between the seawater d values and
latitude or 5'°0 were found over the North Pacific Ocean
(Figure 2).

Along the 6th CHINARE route from the Bering Strait
to the interior of the Arctic Ocean (from 66°N northward), d
values of surface seawater at all sampling sites (except one)
are positive, suggesting the possibly of strong runoff
impacts (Xu et al., 2012). The 6'*O-salinity relationship for
the sampling sites from 66°N to 70°N shows the y-intercept
(salinity=0) of 0'*0 is —24%0+6%o ("=0.74, n=8), indicating
the large freshwater contribution of river runoff into the
Bering Strait. The y-intercept (salinity=0) ¢'*0 value from
71°N to 80°N is estimated to be —9.3%0+2.2%0 (°=0.23,
n=27), which reflects a fraction of melted sea ice in the
surface seawater. However, this contribution is most likely
very limited for seawater along our cruise track because the
heavy oxygen isotopes become substantially more depleted
along the cruise route into the interior of the Arctic Ocean,
with a 6'°0 value as low as <—5%o at ~77°N in the Beaufort
Gyre. Our results over the Chukchi Sea are broadly
consistent with previously reported surface seawater §'°O
value ranges (approximately —4%o to approximately 1%o)
(Cooper et al., 1997, 2016). Morison et al. (2012) revealed
the insignificant role of melted sea ice in the freshwater of
seawater in the Beaufort Gyre, where runoff from Siberian
sources can be transported via Arctic Ocean surface water
circulation.

3.4 Processes controlling spatial variability in the
stable isotopic composition of
seawater

surface

The processes controlling variations in stable isotopes in
seawater include evaporation, precipitation, sea ice freezing
and melting, and advection and diffusion of water masses
from different source regions. Figure 6 shows the
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Figure 6 The relationships between surface sea salinity and seawater 6'0 (a), and surface sea salinity and seawater 5°H (b) from the

North Pacific and Arctic Oceans.
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quantitative relationship between 6'%0, 0°H, and salinity in
seawater along the voyage route. A robust positive
correlation is observed along the whole route, with slopes of
0.4%0+0.02%0/PSU for 0'*0 (n=90, p<0.01) and 2.8%o+
0.15%0/PSU for 6D (n=90, p<0.01).

To explore the other processes affecting spatial
changes in seawater stable isotopes, we analyzed the
oxygen isotope-salinity (6'*0-S) relationships for the
regional clusters (Figure 7). Cluster 1, which corresponds to
the East China Sea and the Sea of Japan, exhibits a shallow
slope of 0.2%0/PSU, which is broadly consistent with those
previously reported for the Tsushima Strait (0.2%0o/PSU) and
the Tsushima Current in the Sea of Japan (0.3%0/PSU)
(Kodaira et al., 2016). In the East China Sea and the
Tsushima Strait, diluted water from Changjiang is the main
driver of low salinity and 6'°0 values (Zhang et al., 1990;
Kodaira et al., 2016). For the Tsushima Current, terrestrial
water inputs from the Japanese Archipelago are responsible
for the low salinity and 'O values (Kodaira et al., 2016).
Thus, surface runoff likely plays an important role in the
5'%0 changes for Cluster 1. Cluster 2 has the steepest §'°0-S
slope of 0.6%0/PSU (Figure 7), which seems to suggest that
the seawater composition of this area may be predominantly
controlled by evaporation/precipitation. There was no
statistically significant difference in the 0'°0-S slope
between Clusters 3, 4, and 1 (p>0.05). The data for Cluster
5 indicate a 0'0-S slope of 0.11%o/PSU (+”=0.09), but the
relationship is not statistically significant (p=0.16). This
implies that sea ice melting/freezing has an important
impact on the §'*0 and salinity values in this region. Sea ice
formation/melting has large effects on seawater salinity.
However, its impact on the isotopic composition in seawater
is minor because of the small fractionation between sea ice
and seawater. Thus, a large range of salinities rather than
large changes in 'O values are observed in the surface
ocean where sea ice formation and melting occur.
Furthermore, the seasonality of sea ice extent also results
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Figure 7 The relationship between seawater 6'°0 and salinity for
the different sections of the North Pacific and Arctic Oceans
according to the clusters shown in Figure 4.
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in seasonal changes in the d-salinity relationship. Over the
Arctic Ocean, the maximum sea ice extent generally occurs
in March, and the minimum in September (Figure 4), when
our sampling took place. The J-salinity slopes in September
may be larger than those in other seasons due to the
reduction in the salinity of surface seawater caused by
extensive sea ice melting in this season.

4 Conclusions

In this study, we present new measurements of the stable
isotopic composition of surface seawater along the routes of
the 6th CHINARE voyage. This campaign has helped to
improve the coverage of isotopic measurements in the
North Pacific and Arctic Oceans. SST and salinity were also
measured. This new dataset allows us to examine the spatial
variation in the stable isotopic composition, the §'*0-0°"H
relationship, and the 6'®O-salinity relationship, and hence
helps trace hydrological processes.

A strong 6'"0-0°H relationship was found, which
makes it possible to extrapolate seawater 6°H based on 5'°0.
Seawater 0'°0 and 6°H values exhibit latitudinal changes,
with decreasing values as latitude increases. The robust
correlation between seawater 0'°O and 6°H and salinity
across the North Pacific and Arctic Oceans suggest that
spatial pattern may largely result from evaporation/
precipitation effects. However, north of 73°N, sea ice
melting plays a key role in the 'O, ¢°H, and salinity
changes. This finding can be further confirmed because a
significant correlation between d and latitude is present over
the Arctic Ocean but not over the North Pacific Ocean. The
lack of significant correlation over the North Pacific may be
associated with a decline in evaporation causing an
increased sea ice extent with increased latitude, driving up d
variations.

Our new dataset still represents only three months and
is subject to the temporal biases inherent in most 5'°0 and
O”H data. In the future, seasonal and long-term observations
of seawater stable isotopes are required to examine whether
the 0'%0-0’H relation varies over time. Furthermore, these
data are important for studying the stability of the J-salinity
relationship over time (Delaygue et al., 2001; Kumar et al.,
2018) because seawater isotopes are associated with
varying origins and pathways of atmospheric vapor,
whereas seawater salinity is not.
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