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Arctic fjords are inherently vulnerable to global warming, particularly because of

the substantial freshwater influx resulting from the melting of glaciers. In this

study, precipitation, river water, surface ice, and seawater samples from

Kongsfjorden were collected to identify the main sources of freshwater. The

dual water isotope (d18O and dD) results and temperature–salinity profiles

revealed that between 0% and 7% freshwater contributed to the fjord’s water.

Furthermore, different freshwater sources for surface and deep water were

identified by the dual water isotope analysis. Turbidity profiles confirmed the

alter in particle discharge associated with surface runoff and subglacial discharge.

Our study highlighted the sensitivity of water isotope analysis in elucidating the

hydrological processes within the fjord system and demonstrated its potential for

investigating the impact of meltwater on biological processes in the Arctic.
KEYWORDS

stable water isotopes, meltwater, turbidity, terrestrial particle discharge, Arctic
fjord, Kongsfjorden
1 Introduction

The Arctic has warmed nearly four times faster than the global mean (Rantanen et al.,

2022). The rapid melting of glaciers and ice sheets in the Arctic realm has raised significant

concerns because the climate system is sensitive to changes in the freshwater budget

through deep-water formation and thermohaline circulation (Aagaard and Carmack, 1989;

White et al., 2007; Yang et al., 2016; Spolaor et al., 2024). Arctic fjords serve as channels that

link melting glaciers and ice sheets within the Arctic basin (Brogi et al., 2019). In this

context, the mixing of water masses in fjord systems plays an important role by, facilitating

the storage and redistribution of freshwater, heat, and nutrients (Cottier et al., 2010; Calleja

et al., 2017; Santos-Garcia et al., 2022). Therefore, studies on water mass mixing contribute
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to a better understanding of the freshwater budget and its impact on

marine biogeochemical processes (Halbach et al., 2019).

Traditionally, temperature–salinity relationships have been

used as a viable method for distinguishing water masses (Tang

et al., 2004). Nevertheless, this method is limited when used for

tracing the mixing of water masses with similar salinities and

temperatures in coastal areas (Bigg and Rohling, 2000; Lao et al.,

2022). In Arctic fjords, freshwater originates from various sources

such as subglacial meltwater, glacier calving, precipitation, and river

runoff, which exhibit similar salinity levels; this complicates the

determination of their respective contributions. In contrast, dual

water isotope analysis (d18O and dD) is advantageous because the
levels of the isotopes differ across various freshwater sources

(MacLachlan et al., 2007; Tiwari et al., 2018). Variations

in the d18O and dD isotope values in surface seawater are

largely controlled by physical processes such as precipitation,

evaporation, advection, upwelling, and runoff input (Craig and

Gordon, 1965; Rohling, 2013). Water isotopes and salinity exhibit

similar responses to these physical processes, manifesting lower

values in freshwater compared with seawater (Tiwari et al., 2018).

Therefore, the d18O and dD values in coastal waters decrease with

increasing freshwater flushing and precipitation and increase with

higher evaporation and seawater intrusion (Richards et al., 2018).

Accordingly, different water masses exhibit different d18O–dD and

d18O–salinity relationships; this is, useful for studying the

hydrographic processes in high-latitude oceans, such as the Arctic

fjords (MacLachlan et al., 2007) and the Southern Ocean (Tiwari

et al., 2015).

The archipelago of Svalbard is one of the rapidly changing

regions in the Arctic with increasing water temperatures (Hop et al.,

2019), water column stratification (Promińska et al., 2017),

precipitation (Hanssen-Bauer et al., 2019), and retreating glaciers

(Østby et al., 2017). Kongsfjorden, an Artic fjord on the Spitsbergen,

Svalbard archipelago, is surrounded by glaciers, including
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Kongsvegen, Kronebreen, Kongsbreen, Conwaybreen, and

Blomstrandbreen (Figure 1A). The fjord is between 4 and 10 km

wide, ~27 km long, and has a total volume of about 29.4 km3 (Ito

and Kudoh, 1997; Brogi et al., 2019). Kongsfjorden experiences

contributions of subglacial meltwater from five tidewater glaciers,

ice calving, and direct discharge (~29 × 106 m3) from the Bayelva

River, which receives runoff from two small land-terminating

glaciers, Austre and Vestre Brøggerbreen (Figure 1A, Zhu et al.,

2016; McGovern et al., 2022). Subglacial discharge strongly impacts

the hydrographic dynamics in Kongsfjorden (Everett et al., 2018;

Halbach et al., 2019). Furthermore, Svendsen et al. (2002) report

that high precipitation during the summer and winter seasons may

affect the fjord’s freshwater dynamics (Svendsen et al., 2002). These

on-going transition from tidewater glaciers to land-terminating

glaciers do not only impacts the watermass characteristics

but also the biogeochemical properties and its ecosystem

consequences in Kongsfjorden within a warming Arctic.

Freshwater originating from glacial meltwater, precipitation, and

river runoff has distinct d18O and dD values, yet the d18O–dD
relationship remains unexplored. In this study, we present a dataset

encompassing dual water isotope values, temperature, and salinity

profile results obtained from the water column of the Kongsfjorden

in June 2023. The goal of this study is to discern mixing patterns

among the different water masses in Kongsfjorden, providing

insights into the fjord’s freshwater mixing processes.
2 Materials and methods

2.1 Sampling

Sampling was conducted in Kongsfjorden in June 2023

(Figure 1A; Supplementary Table S1). A total of 22 seawater

samples were collected at each of the 10 stations from three
FIGURE 1

(A) Map of Kongsfjorden showing the dual water isotope sampling locations in the sea water (red circles). The black line indicates a cross-section of
the sampling stations from the inner to the outer fjord. The green triangle indicates the river water sampling location and the blue squares represent
snow sampling stations. Ice samples were collected in front of glaciers, indicated by blue stars. (B) The temperature–salinity diagram for
Kongsfrjoden’s water column: Atlantic Water (AW), Transformed Atlantic Water (TAW), Winter Cold Water (WCW), and Surface Water (SW). The
boundaries of each water mass are shown according to Payne and Roesler (2019). Dashed lines represent the mixing line with runoff (river and
supraglacial discharge; towards 0°C and salinity of 0 practical salinity unit (PSU)) and subglacial discharge (towards −90°C and salinity of 0 PSU)
(Mankoff et al., 2016; Halbach et al., 2019).
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nominal water depths (surface, 100 m, and bottom depth) using 10

L Niskin bottles on board ofMS Teisten. Station 1 in the inner fjord

was the closest accessible sampling location from the Kronebreen

for the safety region. Seawater samples for dual water isotope

analyses were filtered through acetate membranes (0.45 mm pore

size) to prevent the effect of bioprocesses on water isotopes after

sampling in the vial. The filtrate was transferred to a glass vial

(Labco, 12 mL borosilicate vial, non-evacuated) that was pre-baked

at 450°C and wrapped with parafilm (PM-996, Amcor, Switzerland)

to reduce biological effects and avoid isotopic fractionation through

evaporation, and then stored at 4°C before analysis.

Hydrographic data at each station included salinity,

conductivity, temperature, fluorescence and turbidity obtained

with CTD (SD204, SAIV A/S, Norway). To distinguish between

different freshwater sources, freshwater end-members from the

region were also sampled (Figure 1A). Two ice samples from

Station 1 and 2 (Ice-1 and Ice-2) were collected using a bucket;

one Bayelva River water sample and two precipitation samples

(Snow-1 and Snow-2) samples were also obtained. Ice and snow

samples were collected in zipper−closed plastic bags and

transported to the Kings Bay Marine Laboratory in Svalbard. The

samples were immediately melted at room temperature and treated

in the same method as seawater.
2.2 Stable water isotopes

Dual water isotope analysis determines the ratios of the stable

isotopes of oxygen (i.e., 18O and 16O) and hydrogen (i.e., 2H and
1H). The ratios are reported in per mil (‰) deviations from the

Vienna Standard Mean Ocean Water (V-SMOW), denoted as d18O
and dD, as follows:

d18O=dD =
Rsample − RV−SMOW

RV−SMOW
� 1000 (1)

where Rsample and RV-SMOW indicate the 18O/16O and 2H/1H

ratios in the sample and V-SMOW, respectively.

The dual water isotope analyses were performed using a Picarro

water isotope analyzer (L2140-I, Picarro, USA) at the Shaanxi Key

Laboratory of Earth Surface System and Environmental Carrying

Capacity. Five standards were used for the calibration curve

including USFS53 (USGS RSIL, USA), GBW04458, GBW04459,

GBW04460 and GBW04461 (National Institute of Metrology,

China). Results have been reported in the standard delta notation

as d18O and dD relative to the V-SMOW. The precision of the

Picarro analyzer was ±0.2‰ and ±0.5‰ for the d18O and dD,
respectively. The reproducibility of the d18O and dD of this study’s

samples were ±0.1‰ and ±0.2‰, with an average relative standard

deviation (RSD) of 9% and 6.5%, respectively, based on duplicate

analyses of four samples.

The deuterium excess (d-excess), defined as d = dD – 8 × d18O,
has long been used as a diagnostic tool for analyzing moisture

sources, hydrological cycles, and local climate conditions

(Dansgaard, 1964; Uemura et al., 2008). Scientific studies and

isotope models have linked higher d-excess values of precipitation
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to continental recycled moisture or lower condensation

temperature, and lower d-excess values to maritime moisture or

sub-cloud evaporation in dry climates.
2.3 Mixing model

A simplified two end-member mixing model was used to

determine the d18O and dD values of freshwater input based on

the isotopic mass balance as follows:

Ss = Ssw � (1 − Ff ) + 0� Ff (2)

d18Os = d18Osw � (1 − Ff ) + d18Of � Ff (3)

dDs = dDsw � (1 − Ff ) + +dDf � Ff (4)

where Ss, d18Os, and dDs represent the salinity, d18O, and dD of

the samples, respectively, Ssw, d18Osw, and dDsw represent the

salinity, d18O, and dD of the open sea water, respectively, and Ff
is the fraction of freshwater. Equation 3, 4 can be expressed as

follows:

d18Os =
(d18Osw − d18Of )

Ssw
� Ss + d18Of (5)

dDs =
(dDsw   –   dDf )

Ssw
� Ss + dDf (6)

Accordingly, the intercept of the linear correlation between the

water isotopes and salinity in fjord water is the water isotope signal

for the freshwater discharge.

To better quantify the surface discharge and subglacial

meltwater contribution, here we also separate freshwater source

into surface freshwater (sf) and deep freshwater (df), representative

to surface discharge and subglacial meltwater. A three end-member

mixing model is implied:

Ss = Ssw � (1 − Fsf − Fdf ) + 0� Fsf + 0� Fdf (7)

Ts = Tsw � (1 − Fsf − Fdf ) + 0� Fsf − 90� Fdf (8)

d18Os = d18Osw � (1 − Fsf − Fdf ) + d18Osf � Fsf − d18Odf

� Fdf (9)

dDs = dDsw � (1 − Fsf − Fdf ) + dDsf � Fsf − d18Odf � Fdf (10)
3 Results

3.1 Hydrological properties

Water masses within Kongsfjroden are composed of warm and

saline Atlantic Water (AW; T > 1°C, S > 34.9), transformed AW,

fresh meltwater, winter cold water, and surface water (Figure 1B,
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Payne and Roesler, 2019; Tverberg et al., 2019; Vonnahme et al.,

2023). In the inner fjord (Stations from 1–4), fresher and colder

water masses were observed while the water masses in the outer

fjord (Stations from 5–7) had higher salinity and temperature.

Winter cold water was the dominant source of deepwater in the

inner fjord, while AW and transformed AW were the primary

sources of saline water in the outer fjord (Figure 1B). On the

western flank of Svalbard, warm and salty AW is carried northward

along the shelf edge by the West Spitsbergen Current and enters the

Arctic Ocean, supplying the continental slope at Kongsfjorden

(Cottier et al., 2005; Payne and Roesler, 2019). Previous

investigations have indicated the intrusion of AW into the

Kongsfjorden continental shelf is characterized by elevated

salinity and temperatures (Torsvik et al., 2019). Our observation

confirms that transformed AW spreads below the surface and

intermediate waters, and extends to the bottom of the outer fjord

(Promińska et al., 2017).

In the inner fjord at deeper depths, the temperature and salinity

fall below the mixing line between transformed AW and cold

subglacial meltwater, indicating the involvement of winter cold

water. Surface temperature and salinity are influenced by mixing

processes involving transformed AW, runoff, and warm surface
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water. Cross-sectional profile of salinity reveals a surface meltwater

contribution down to a depth of 15 m, while temperature suggests a

cold water source at depth of 15–30 m in front of tidewater glacier

(Figures 2A, B).
3.2 Spatial variability in the d18O and
dD values

The lowest dual water isotope values were observed in the

glacier calving ice samples collected at Stations 1 and 2, with an

average d18O and dD of –14.0‰ and –101.7‰, respectively

(Table 1). Slightly higher d18O and dD values were observed in

fresh snow and precipitation, remaining relatively constant at –

12.2‰ and –92.0‰, for the d18O and dD, respectively. These values
were closely aligned with the ones for Bayelva River water, where

similar isotope values of –12.9‰ and –91.7‰ were observed for

d18O and dD, respectively. The d18O and dD values of all seawater

samples spanned between –0.85‰ and 0.41‰ and –5.6‰ and

2.5‰, respectively.

The cross-sectional profiles of the d18O exhibit spatial patterns

similar to those in salinity (Figures 2A, C). The d18O of surface
FIGURE 2

Cross-sectional distributions of (A) salinity, (B) temperature, (C) d18O, (D) dD, (E) fluorescence, (F) turbidity, and (G) estimated freshwater content.
Station numbers are indicated above each panel, and sampling locations and depths for (C) d18O and (D) dD values are indicated with black dots.
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water increased with the distance from the glacier in the fjord

system, showing particularly low values in the inner fjord. In

general, the d18O values were lower in surface water compared

with bottom water. A similar trend was observed in the dD values;

however, there was larger variability. Additionally, the cross-

sectional profiles of the d18O and dD values demonstrated that

the intrusion of freshwater extended to a depth between 15–30 m

(Figures 2C, D), in contrast, a difference was difficult to differentiate

in the salinity profiles.
3.3 Spatial variability in fluorescence
and turbidity

The fluorescence data were obtained using a CTD fluorometer

to observe relative variations among stations. Lower fluorescence

was observed in the inner fjord (Stations 1–4), with values ranging

between nearly 0 and <2 mg/L (Figure 2E). The cross-section of

fluorescence demonstrated higher fluorescence concentrations in

the outer fjord (Stations 5 and 6) with a subsurface peak at depths of

between 30–50 m. In addition, a slight decrease in fluorescence

(peaked at 7.5 mg/L) was observed at Station 7.

In contrast, elevated turbidity was determined in the inner fjord

(Station 1–4), exhibiting a gradual decrease towards the outer fjord

stations. The highest values were retrieved from the subsurface

water (10–30 m) in front of the glacier, indicating a subglacial

discharge (Figure 2F). This suggests that particulate matter could be

delivered from subglacial meltwater and penetrated to deeper

depths by fast deposition. Furthermore, highest turbidity was

observed in the surface water at Station 8 near the coast.
Frontiers in Marine Science 05
4 Discussion

4.1 Factors affecting water isotope values
in Kongsfjorden

The d18O and dD values of all the seawater samples were within

the range bounded by the Arctic meteoric water line (Wetzel, 1990)

and global ocean water line (Rohling, 2007, Figure 3A). Within the

inner fjord, a significant positive correlation was observed between

the d18O and dD values (R2 = 0.99, n = 14). All the inner fjord

samples (Stations 1–4, 8 and 9) were located above the global ocean

water line, suggesting a contribution from freshwater, such as

meltwater and precipitation. In contrast, the outer fjord samples

generally had higher d18O and dD values and aligned around the

global ocean water line (Figure 3A), indicating that ocean water was

dominant in the outer fjord water mass. Figure 3B shows that the

seawater d-excess is negatively correlated with the d18O values for all

the samples, underscoring the role of kinetic fractionation

(evaporation and precipitation) in the distribution of water isotopes.

An important element of Kongsfjorden hydrological cycling is

the subsurface discharge of meltwater (Darlington, 2015). This

study’s salinity profiles demonstrate that the freshwater input was

limited to a depth of 15 m, while temperature suggests a cold water

source at deeper depth of 15–30 m (Figure 2A). Water isotopes

generally confirm freshwater effects at greater depths (Figure 2G).

The missing salinity changes in the subglacial meltwater plume may

be explained by the specific sampling location. The station was

along the Kronebreen transect, which experiences less pronounced

subglacial discharge effects compared with Kongsbreen (Torsvik

et al., 2019). Furthermore, previous observations in Kronebreen

have indicated an efficient drainage system on the north side of the

glacier terminus (How et al., 2017), while our sampling location was

limited to the south side of the Kronebreen terminus. In addition,

studies have shown that the modification of a subsurface plume

through mixing occurs close (within 2 km) of the glacier

(MacLachlan et al., 2007; Torsvik et al., 2019). Apparently,

salinity alone is not sensitive enough to detect contributions from

subglacial meltwater.
4.2 Identifying isotopic signature of
freshwater sources

The d18O values were strongly correlated with salinity in the

inner fjord samples (R2 = 0.88, n = 14, Figure 3C), with a slope of 0.54

and an intercept of –18.8 ± 1.9‰, which is consistent with the

previously reported d18O–salinity relationship in Kongsfjorden (d18O
= 0.54 × salinity – 18.42, Tiwari et al., 2018, Supplementary Figure

S1). However, it was lower than the value (–14.3‰) reported by

MacLachlan et al. (2007). Notably, the intercept of surface samples in

our study (–14.6‰) is closely alined with MacLachlan et al. (2007).

The offset between the results of studies is likely caused by the

depth of water sampling. In MacLachlan et al. (2007), the majority

of samples (12 of 16) collected from the surface rather than
TABLE 1 Sources of freshwater input and their respective water
isotope ratios.

Sources d18O (‰) dD (‰) Reference

Linear
regression intercept

–18.8 ± 1.9 –133.4 ± 13.8 This study

Ice (Glacier calving) –14.0 –101.7 This study

–18.0 to
–14.6

ND
MacLachlan
et al., 2007

Snow/precipitation –12.2 –92.0 This study

River –12.9 –91.7 This study

Ice cores (Average) –20.3
7.68× d18O

+ 4.5
Averaged value

-Kangerlugssaq –26.5 ND
MacLachlan
et al., 2007

-Austfonna –18.2 ND
Watanabe
et al., 2001

-Lomonosovfonna –15.7 –116.1 Isaksson et al., 2001

Open sea water 0.3 ±
0.1 (n=7)

1.7 ±
0.7 (n=7)

This study*
*Averaged values collected from stations 6 and 7.
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throughout the water column. Therefore, their intercept of linear

regression was mainly driven by the surface freshwater sources and

the intercept of the surface samples was closely aligned with the

d18O observed in floating ice (–14.0‰). In contrast, the intercept of

d18O–salinity regression for all inner fjord samples indicated a

freshwater source was depleted in d18O compared with this study’s

end-emebers as follows: floating ice (–14.0 ± 0.6‰), precipitation (–

12.2 ± 0.3‰), and river water (–12.9‰) (Figure 4). Intriguingly,

these results were in the range of previously reported d18O values

for glaciers and ice cores (between –15.7‰ and –26.5‰; Table 1,

Isaksson et al., 2001; Watanabe et al., 2001; Isaksson et al., 2003;

MacLachlan et al., 2007). Using the Arctic precipitation water line

equation (Wetzel, 1990), the dD value for freshwater based on d18O
was estimated as –139.9‰, following dD = 7.68 × d18O + 4.5.

Similarly, the dD is positively correlated with salinity (R2 = 0.88,

n = 14, Figure 3D), featuring an intercept of –133.4 ± 13.8‰, which

is close to the estimated value based on Arctic precipitation water (–

139.9‰). In addition, this intercept was significantly lower than the

intercept when considering the surface samples only (–102‰). All

end-members did not fully cover the water isotope depleted sources,

since a higher dD was observed in surface floating ice (–101.7‰),

precipitation/snow (–92.0‰), and river water (–91.7‰) in

Kongsfjorden (Table 1). The dD record from ice cores in Svalbard

is limited, with only one value reported from the Lomonosovfonna
Frontiers in Marine Science 06
ice core (average dD value of –116.1‰, Isaksson et al., 2001).

Nevertheless, dD values of all the inner fjord water samples in this

study confirmed the presence of freshwater sources with low isotope

values in Kongsfjorden, probably subglacial meltwater.

For evaluating the freshwater distribution, we employed

freshwater isotope signals from the linear regressions (d18O and

dD; –18.8 ± 1.9‰ and –133.4 ± 13.8‰, respectively). The

estimations from the sample’s water isotopes and salinity results

were tightly correlated (R2 = 0.88). However, the fractions obtained

based on the salinity were generally slightly lower (a slope > 1;

Supplementary Figure S2), possibly due to uncertainty of freshwater

source that we implied. The freshwater distribution in Kongsfjorden

was estimated by combining the d18O, dD, and salinity values, and

ranged between near 0% and 7% in the fjord. The averaged

distribution of freshwater based on all indicators in the fjord is

shown in Figure 2F, there was no obvious subglacial meltwater

plume observed deeper than 15 m (see Section 4.1). Nevertheless, a

detailed in-depth profile was constrained by the lack of a high-

resolution water isotope dataset.

We hypothesized that the surface freshwater mainly originated

from precipitation, river, glacier calving, and supraglacial runoff,

while the subsurface freshwater is mainly from subglacial

meltwater. Sampling for end-members was limited in this study.

Therefore, previously reported water isotope values were adapted
FIGURE 3

(A) dD–d18O relationship for water samples in Kongsfjorden. The inner and outer fjord samples are indicated with solid and open dots, respectively.
The global ocean water line (GOWL; solid line), global metric water line (GMWL; dashed line), and local metric water line (LMWL; dotted line) from
Arctic metric water are shown. (B) The d-excess with d18O for all the seawater samples. Samples collected at bottom depths of each station are
shown in triangles. (C) The d18O and (D) dD–salinity mixing line. Linear regression is indicated by a red line with a 95% confidence band.
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(Figure 4). Precipitation/snow samples vary with elevation and

season, therefore, this study utilized the d18O and dD values

reported by Barbaro et al. (2021) for Svalbard snowpits (Barbaro

et al., 2021). In our study, we barely distinguished between the

precipitation and river water samples’ isotope values, indicating

significant contribution of melting snow to river runoff.

Furthermore, two surface floating ice samples had similar water

isotope values (averaged of –14.0 ± 0.6‰ and –102 ± 3‰ for d18O
and dD, respectively), which aligned with previous reported calved

ice samples from Kongsfjorden, varied from –18.0 to –14.6‰

(MacLachlan et al., 2007). These values may have been the result

of mixing between glacier ice and seawater. For the subglacial

meltwater, the d18O values were obtained from previously

reported Svalbard ice core values (Isaksson et al., 2001, 2003) and

the dD values were calculated using the local precipitation water line

equation (dD = 7.68×d18O + 4.5, Wetzel, 1990).

The intercept of the d18O–salinity and dD–salinity regression

for all fjord samples (represented as a red cross) and only surface

samples (grey square) were indicated on the Figure 4. Water isotope

signal of freshwater throughout the water column is lower than the

snowpit’s water isotope values but within the range of the glacier ice.

In addition, the intercept of the d18O–salinity and dD–salinity
regression based on surface water is identical to that of the out

floating ice samples. Since the calved ice originally containly similar

water isotope values with glacier ice core, the enrichment in d18O
and dD from freshwater in surface is likely caused by other sources
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such as river discharge, precipitation, and melting snow. Although

this study’s water isotope dataset did not record the subglacial

meltwater directly, the estimated water isotopes of the freshwater

sources confirmed that different freshwater sources contributed

to Kongsfjorden.

Three end-member mixing model also implied to quantify the

contribution of surface discharge and subglacial meltwater

contribution (Method section 2.3). Mixing model indicates the

subglacial meltwater contribute significantly to the Kongsfjorden

freshwater (Figure 5) and the model estimated d18O values of

subglacial meltwater is ranged from –41.2 to –19.7‰ with a

median of –21.2‰. These values are closely aligned with the

previous reported ice core values (Figure 4, Table 1).
4.3 Particles delivered by surface runoff
and subglacial meltwater

Glacier discharge influences the availability of light and nutrients.

The changes in turbidity with changes in temperature and salinity

were plotted across all sampling stations (Figure 6); two distinctive

particle sources, fresh and warm (~2°C) surface source and fresh and

cold (<0°C) subsurface source, were identified (Figure 6A).

Unfortunately, the water isotope analysis results did not aid in

identifying the two distinct sources, possibly due to lack of

samples (Figure 6B).
FIGURE 4

Distribution of the dual water isotope (d18O and dD) values. The cross demonstrates the intercept of the d18O–salinity and dD–salinity regressions.
Snowpit sample values were taken from Barbaro et al. (2021), are indicated as open squares. Ice core sample values were obtained from Isaksson et al.
(2001 and 2003), are shown as open diamonds. The d18O values of calved glacier ice were obtained from MacLachlan et al. (2007). The inner and outer
fjord samples are indicated with solid and open dots, respectively. The data shown for floating ice, snow and river samples are from this study.
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FIGURE 6

Variations in turbidity (Formazin Turbidity Units, FTU) with (A) temperature and salinity, and with (B) temperature and d18O (‰) across all stations.
(C) Variations in turbidity with depth (m); inner fjord (Stations 1 and 2), coastal (Station 8), outer fjord (Station 7). (D) Variations in fluorescence (mg/L)
with turbidity and salinity across all stations.
FIGURE 5

Mixing model results: Fraction of (A) seawater, (B) surface discharge, and (C) subglacial meltwater. (D) The model estimated d18O of subglacial
meltwater. Bars represent the 1-sigma range, with mean and median values indicated by the dot and line in the middle, respective. The error bar
indicates the 2-sigma range.
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According to Halbach et al. (2019), particles are carried by

subglacial meltwater plumes and enetrate to deeper depths by fast

deposition (Halbach et al., 2019). The turbidity confirms high

particle loads in the subsurface water at the depth of 10–30 m in

front of the glaciers (Figure 2F). In addition, a sharp surface particle

increase was observed at Station 2 (Figure 6C). This could be the

upwelled small particles from the meltwater plume. However, the

higher particle load of the surface water observed at Station 2 was

compared with that at Station 1 and indicated that other surface

sources contributed to the particles at this site (Figure 6C). For

coastal Station 8, laterally transported particles from the surface

runoff were identified. This suggested that Station 2 was influenced

by these two sources; the one near the surface lateral transported

from the Station 8 and diffused particles from the subglacial

meltwater plume in the subsurface water.

The low fluorescence values in front of the glaciers confirmed

this light limitation was due to particles discharge (Halbach et al.,

2019). Despite the high nutrient concentrations at the glacier front

in Kongsfjorden (Halbach et al., 2019; Santos-Garcia et al., 2022),

near zero inner Kongsfjorden fluorescence was attributed to the

reduced light availability due to glacial discharge based on the

turbidity (Figure 6D). Previous studies and our water isotope values

demonstrated that subglacial meltwater is an important source of

freshwater in Kongsfjorden (Everett et al., 2018). However, the

released particles appeared to affect the biological production in

front of the glaciers, which had nearly undetectable fluorescence.

Our data suggested that the high particle load from the freshwater

discharge hampered the biological production within the inner

fjord. The highest biological production was observed in the outer

fjord where the shelf water mixes with the inner fjord water; this

finding agrees with the consistently elevated concentrations of

dissolved organic carbon reported in these regions (Kim et al.,

2022). The peak values of fluorescence in Kongsfjorden have been

attributed to AW intrusion (Payne and Roesler, 2019). The higher
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biological productivity without the influence of the suspended

particles in the outer fjord was demonstrated by using fluorescence.

In Greenlandic fjords, subglacial discharge from tidewater

glaciers sustains high phytoplankton productivity (Meire et al.,

2023). In contrast, fjords fed by land-terminating glaciers exhibit

lower biological productivity compared with those nourished by

tidewater glaciers. Therefore, the transition from tidewater glaciers

to land-terminating glaciers excepted has negative impact to the

biological productivity. Kongsfjorden northern flank was

dominated by tidewater glaciers, while the southern flank was

affected by surface runoff. This study reveals mixing freshwater

sources for the Kongsfjorden. In addition, the results demonstrated

that the subglacial discharge was enriched with fine particles, which

limited light availability as well (Figure 7).

While subglacial meltwater predominated the freshwater supply

in Kongsfjorden during our sampling time, the substantial presence

of particles restricted the biological production within the inner

fjord because of reduced light availability. Similarly, the turbidity

profiles revealed two sources of particulate matter within the fjord:

surface particles transported laterally and fine sediments originating

from subglacial discharge, that exerted an influence on the

biological productivity within the inner fjord. Overcoming these

knowledge gaps, future investigations will aim to enhance the

knowledge of the roles played by surface glacier calving and

subglacial meltwater by determining high-resolution water isotope

profiles throughout the year.
5 Conclusion

Kongsfjorden, Svalbard is a suitable region for studying the

impacts of climate change on water mass mixing in fjord systems

and subsequent ecosystem dynamics. Dual water isotopes and

temperature–salinity profiles were used to distinguish between
FIGURE 7

Schematic graph illustrating different sources contribution to freshwater and particles in the fjord. Snowpit sample values were taken from Barbaro et al.
(2021). Ice core sample values were obtained from Isaksson et al. (2001 and 2003) and calved ice samples values from MacLachlan et al. (2007).
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freshwater sources in surface and deep waters. Turbidity profiles

confirmed variations in particle discharge from surface runoff and

subglacial discharge. Freshwater distribution in Kongsfjorden was

estimated between 0% and 7%, with a three end-member mixing

model indicating that subglacial meltwater is a significant

freshwater source. This study emphasized the effectiveness of

water isotope analysis in understanding the fjord’s hydrological

processes and its potential for studying the influence of meltwater

on Arctic biological processes. This method has potential for further

investigating the effects of meltwater on biological processes in the

Arctic, highlighting broader implications of climate change on

these ecosystems.
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