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ARTICLE INFO ABSTRACT
Editor: José Virgilio Cruz Changes in the cryosphere extent (e.g., glacier, ice sheet, permafrost, and snow) have been speculated to impact (bio)
geochemical interactions and element budgets of seawater and pore fluids in Arctic regions. However, this process has
Keywords: . rarely been documented in Arctic fjords, which leads to a poor systematic understanding of land-ocean interactions in
gr‘?Shwamr discharge such a warming-susceptible region. Here, we present the chemical and isotopic (§'%0, 8D, 8''B, and ®”Sr/%°Sr) compo-
rine . . sitions of seawater and pore fluids from five fjords in the Svalbard archipelago. Compared to bottom seawater, the low
Water-rock interactions _ . . . 18 . .
. Cl™ concentrations and depleted water isotopic signatures (8 °O and 8D) of surface seawater and pore fluids delineate
Svalbard archipelago

freshwater discharge originating from precipitation and/or meltwater of the cryosphere (i.e., glacier, snow, and per-
mafrost). In contrast, the high Cl~ concentrations with light water isotopic values in pore fluids from Dicksonfjorden
indicate a brine probably resulted from submarine permafrost formation during the late Holocene, a timing supported
by the numerical simulation of dissolved Cl™ concentration.

The freshwater is influenced by the local diagenetic processes such as ion exchanges indicated by 8''B signatures as
well as interactions with bedrock during fluid migration inferred from pore fluid 8Sr/%°Sr ratios. The interactions
with bedrock significantly alter the hydrogeochemical properties of pore fluids in each fjord, yielding spatiotemporal
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variations. Consequently, land-ocean interactions in combination with the hydrosphere-cryosphere-lithosphere are
critical factors for understanding and predicting the hydrology and elemental cycling during global climate change pe-
riods in the past, present, and future of the Svalbard archipelago.

1. Introduction

The cryosphere in Arctic regions is sensitive to global climate changes
through geological time (Peterson et al., 2002; Semiletov et al., 2004;
Polyakov et al., 2012), which has immense consequences on the environ-
ment and ecosystem. Hydrogeologically, the dynamics of terrestrial ice
sheets and permafrost have been proposed to impact the submarine fluid
observed in the circum Arctic off Norway, Canada, and Alaska, as well as
the Laptev Sea and Greenland Shelf (DeFoor et al., 2011; Lecher et al.,
2016; Charkin et al., 2017; Hong et al., 2019; Kim et al., 2021). The same
processes also lead to significant perturbations in the marine (bio/geo)
chemistry and ecosystems in the Arctic region by delivering trace elements,
nutrients, rare earth elements, and dissolved organic matter (Frey and
McClelland, 2009; Chen et al., 2016, 2021; Colombo et al., 2018; Kim
etal., 2021).

Fluctuations in glacier coverage in the Svalbard archipelago make it one
of the key Arctic regions to study the interactions between glacier dynamics
and climate changes in the present and on geological time scales. In this re-
gion, deglaciation terminated at ~11.2 ka BP (before present) and a warm
period lasted until 9 to 8 ka BP, whereas the expansion of glaciers occurred
between 6 and 4 ka BP. Most glaciers reached their maximum Holocene ex-
tents during the Little Ice Age (LIA) (Svendsen and Mangerud, 1997;
Forwick and Vorren, 2009; Baeten et al., 2010; Farnsworth et al., 2020;
Jang et al., 2020). The repeated advance and retreat of glaciers throughout
the Holocene have led to critical changes in seawater and pore fluid systems
in both the land and the ocean (e.g., the formation of straits, creation of
islands, hydrology of downstream systems, current circulation, and the per-
mafrost formation and thawing) (Blaszczyk et al., 2013; Grabiec et al.,
2018). When conditions allow, large amounts of meteoric freshwater can
be produced from the glaciers that transport dissolved solutes to the
ocean via surface runoff and/or submarine groundwater discharge
(Hagen et al., 2003; Haldorsen et al., 2010; Hong et al., 2019).

The Svalbard archipelago has been impacted by the warming climate.
From 1971 to 2017, the annual temperature increased an average of
4.0 °C over the entire archipelago, which is substantially higher than
the rise in global average temperature (0.83 °C) for the same period
(Hanssen-Bauer et al., 2019). The surging annual temperature together
with the more frequent extreme precipitation (Serreze et al., 2016;
Vikhamar-Schuler et al., 2016; Peeters et al., 2019) led to a rapid decrease
in the glacial surface area by 16% between 1936 and 1990, and a further
7% reduction over the past three decades (Nuth et al., 2007, 2013). By ap-
plying the average glacier retreat rate from 2000 to 2015, it has also been
predicted that the opening of a strait between Sgrkapp Land (south of
Hornsund; Fig. 1) and the rest of Spitsbergen Island will likely occur be-
tween 2055 and 2065 (Grabiec et al., 2018). Thus, to date, the accelerating
shrinkage of the cryosphere extent in the Svalbard archipelago has drawn
attention to the potential consequences on the environment and ecosystem
from land to ocean, such as hydrology, hydrodynamics, sediment flux, and
biota. However, most studies on freshwater discharge in this area have fo-
cused on the groundwater from the prominent terrestrial features such as
pingos (Yoshikawa and Harada, 1995; Hodson et al., 2019) and springs
(Haldorsen and Heim, 1999; Olichwer et al., 2012) with less focus on the
impact of groundwater discharge to the marine environment. Although
these studies have provided considerable information about how the
groundwater system is influenced by cryosphere dynamics, they fail to re-
veal the regional consequences as fresh groundwater flows into the fjord
and marine system around the Svalbard archipelago. As a result, key knowl-
edge of the extent of freshwater discharge from the region is still missing. It
is also not clear how offshore groundwater impacts the regional hydrolog-
ical system, alters the chemical properties of seawater and pore fluids,

and interacts with bedrock and/or aquifers under current and past global
climate changes.

Here, we report the compositional and isotopic signatures of seawater
and pore fluids from five fjords (Isfjorden, Dicksonfjorden, Tempelfjorden,
Van Mijenfjorden, and Hornsund fjord) in the Svalbard archipelago (Fig. 1).
We observe fluid freshening in both surface seawater and pore fluid while
brine fluid is found only in pore fluid, reflecting the cryosphere fluctuation
in each fjord in response to climate changes. We also identify geochemical
signatures that suggest fluid-bedrock interactions. Ultimately, we elucidate
the origin and alteration of seawater and pore fluid in the Svalbard archi-
pelago. Numerical modeling of the dissolved chloride profiles reveals a re-
sponse time of several centuries with an ascending freshwater front in the
fjord sediments. Such a result suggests that the hydrosphere-cryosphere-
lithosphere connection has likely been occurring in the Svalbard archipel-
ago since the late Holocene. Our findings contribute to a more comprehen-
sive understanding and a better prediction of the impact of the increasing
meltwater discharge of the cryosphere on the seawater and pore fluid
chemistry in the Arctic coastal regions, in response to future global climate
changes.

2. Regional setting

The Svalbard archipelago is located in the northwestern Barents Sea be-
tween 74° N and 81° N with a total land area of 63,000 km?. Approximately
60% of the land area is covered by glaciers, corresponding to ~10% of the
Arctic glacier area, excluding the Greenland ice sheet (Onarheim et al.,
2014). Since the archipelago lies between the Fram Strait and the Barents
Sea at the outer reaches of the warm North Atlantic Current (Loeng,
1991; Nuth et al., 2010), it experiences a relatively warm and variable cli-
mate compared to other regions at similar latitudes.

We investigated five different fjords along the main island of the archi-
pelago, Spitsbergen; Isfjorden, Dicksonfjorden, Tempelfjorden, Van
Mijenfjorden, and Hornsund fjord (Fig. 1). Isfjorden, the largest fjord sys-
tem in the Svalbard archipelago (ca. 100 km long and up to 425 m deep),
is dominated by partly deformed sedimentary rocks of Devonian to Neo-
gene age, with deformed Proterozoic metamorphic rocks occurring in the
western part of the fjord. Unconsolidated Quaternary fluvial and marine de-
posits appear in valleys and on raised strand flats (Dallmann, 2015). The
inner parts of Isfjorden were deglaciated approximately 10 ka BP, suggest-
ing that it probably had not been influenced by tidewater glaciers during
the early- (11.7-8.2 ka BP) and mid-Holocene (8.2-4.2 ka BP) (Svendsen
and Mangerud, 1997). The major readvances of the glaciers commenced
during the late Holocene (4.2 ka BP to the present), culminating in maxi-
mum glacier extents at different times (Werner, 1993; Svendsen et al.,
1996; Svendsen and Mangerud, 1997; Farnsworth et al., 2020).

Dicksonfjorden and Tempelfjorden are the tributary fjords of the
Isfjorden system. Dicksonfjorden is a north-south oriented fjord that is ap-
proximately ~30 km long and ~7 km wide (Hagen et al., 1993). Devonian
fluvial siltstones and sandstones are the predominant bedrock in the area
and Carboniferous-Permian mixed carbonate-siliciclastic strata are partly
observed (Dallmann, 2015). Tempelfjorden is ~14 km long and up to
5 km wide and comprises a sinuous-shaped basin with a maximum water
depth of 110 m in the central and outer parts of the fjord. A smaller
glacier-proximal basin with a water depth reaching 70 m is located in the
inner fjord (Plassen et al., 2004). Carboniferous and Permian carbonates
as well as evaporites with subordinate silicified carbonates and clastic strata
comprise the bedrock in the area (Dallmann, 2015).

Van Mijenfjorden is ~50 km long and 10 km wide and contains two
main basins separated by a sill. The innermost basin reaches a depth of
~50-60 m, whereas the outer, larger basin is approximately twice as
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Fig. 1. Major physiographic features of the Svalbard archipelago and sampling sites of seawater and pore fluids. Black closed circles: normal pore fluid sampling sites, green
closed squared: freshening pore fluid sampling sites, purple closed triangle: brine pore fluid sampling site, red closed squares: seawater sampling sites.

deep (Hald et al., 2001). The mouth of the main fjord is almost entirely
blocked from the open ocean by Akselgya Island. The bedrock is composed
of Cretaceous and Tertiary shales, siltstones, and sandstones (Dallmann,
2015) and all glaciers in this fjord have experienced significant volume
losses over the last century (Nuth et al., 2013).

Hornsund fjord is the southernmost fjord on western Spitsbergen with a
length of 30 km and a maximum water depth of ~260 m (Frankowski and
Ziola-Frankowska, 2014). The main bedrocks vary from Proterozoic meta-
morphic rocks at the fjord mouth in the west to Paleogene sedimentary
rocks at the fjord head in the east (Dallmann, 2015).

The lithologies of the sediment cores from each Svalbard fjord have di-
verse characteristics. The sediment is mainly composed of gray to dark
brown sandy mud, and ice-rafted debris (IRD) at Isfjorden (Yoon et al.,
2006; Levitan et al., 2008); massive reddish brown mud or sandy mud
with varying amounts of scattered clasts at Dicksonfjorden (Joo et al.,
2019); reddish brown and dark to very dark grayish brown clayey silt
with scattered clasts, as well as clayey silt with sandy mud at Tempelfjorden
(Plassen et al., 2004); and homogeneous mud with scattered IRD, as well as
reworked sediments with abundant shear structures and normal faults at
Van Mijenfjorden (Hald et al., 2001). The bottom sediment of the Hornsund

fjord area consists of sandy mud, laminated mud, homogeneous to biotur-
bated mud, and often sandy gravel (Gdrlich, 1986).

3. Materials and methods
3.1. Fluid sampling

Seven sediment cores were collected from five fjords in Spitsbergen by a
gravity corer onboard the R/V Helmer Hanssen from the Arctic University
of Norway in Tromsg (UiT) during the 2016 Expedition in July (Fig. 1;
Table 1). Upon recovery, cores were immediately sectioned and capped
with ca. one meter intervals on the core deck. We perforated holes in the
core liner at 30-50 cm intervals to extract pore fluid using Rhizons attached
to syringes on deck. To minimize contamination, all fluid sampling equip-
ment (i.e., syringes, plastic vials, and rhizons) was stored in a 10% HCl
bath for at least 4 h and then rinsed individually several times with ultra-
pure distilled water. Then, the sampling equipment was dried on a laminar
flow clean bench. The extracted pore fluid was filtered through a 0.20 ym
disposable polytetrafluoroethylene filter before collection for onboard
and postcruise analyses. The pore fluid aliquots were transferred into
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Table 1

Summaries of location, water depth, total core length, and maximum freshening ratio in each site.

Science of the Total Environment 835 (2022) 155516

Sample type  Site no. Station Fjord Latitude (N)  Longitude (E)  Water depth (m)  Total core length (m) =~ Maximum freshening ratio (%)

Pore fluid GC1 HH16-1178-GC-MF Tempelfjorden 78°24.8026" 17° 6.4911° 66.9 3.90 90.9
GC2 HH16-1202-GC-MF Dicksonfjorden 78°43.6320°  15°18.5839" 87.4 2.74 Brine

GC3 HH16-1205-GC-MF Isfjorden 78°20.8134"  15°17.1105" 259.5 4.66 0.0

GC4 HH16-1209-GC-MF  Van Mijendjorden  77° 49.5664" 16°21.216" 68.9 2.02 5.5

GC5 HH16-1214-GC-MF  Van Mijendjorden  77°47.7689°  15°41.3312" 86.2 3.06 0.0

GC6 HH16-1217-GC-MF Hornsund 76°58.9996°  16°16.1584" 109.6 2.36 18.2

GC7 HH16-1219-GC-MF Hornsund 76°58.6227°  15°50.9790" 192.3 2.80 31.0

Seawater S1 HH16-1181-CTD Dicksonfjorden 78°48.3129° 15° 21.7267" 38.8 36.1% 90.9
S5 HH16-1191-CTD Dicksonfjorden 78°38.6120°  15°16.9467" 101.0 98.7% 25.5

S7 HH16-1211-CTD Van Mijendjorden ~ 77°47.8121"  15° 41.0778" 86.5 85.7° 9.1

S8 HH16-1221-CTD Hornsund 76° 58.5246" 15°50.9990" 192.5 191.3% 5.5

# Maximum CTD casting depth.

high density polyethylene vials for anion and cation analyses. The samples
for cation analysis were acidified with ultrapure concentrated HNO3
(~10 pl per 2 ml of sample). An additional subsample was collected in
2 ml septum screw-lid glass vials for water isotopes (8D and 8'0) analyses.

The seawater was also collected from Isfjorden, Van Mijenfjorden, and
Hornsund fjord using a CTD/rosette system that holds twelve 5 L Niskin
bottles (Seabird 911 Plus) (Fig. 1; Table 1). The seawater aliquots analyzing
compositional and isotopic properties were preserved following the same
protocols as described above for the pore fluid. All fluid samples were
stored at 4 °C until analyses.

3.2. Chemical composition and isotope analyses

The chlorine (Cl™) concentration and alkalinity of seawater and pore
fluids were measured onboard during the 2016 Expedition. The CI~ con-
centration and alkalinity were measured via titration with 0.1 M silver ni-
trate (AgNO3) and 0.02 M HCI, respectively. The reproducibilities of C1™~
concentration and alkalinity were monitored by repeated analyses of the In-
ternational Association of Physical Sciences of the Oceans (IAPSO) standard
seawater and were < 2% and < 0.5%, respectively. Sulfate (SOF ) was an-
alyzed by ion chromatography (ICS-1500, Dionex) at the Korea Basic
Science Institute (KBSI). Ammonium (NH. ) and phosphate (PO3 ™) were
measured spectrophotometrically (Shimazu UV-2450) at 640 nm and
885 nm at the Korea Institute of Geoscience and Mineral Resources,
respectively.

Major and minor cations (Na*,K*, Mg?*, Ca®>*,Ba®*, Li*, B, Sr* ", Fe,
Mn, and H,;SiO4) were analyzed by inductively coupled plasma atomic
emission spectrometry (Perkin Elmer Optima 8300) and inductively
coupled plasma mass spectrometry (Thermo Fisher Scientific iCAP™) at
the KBSL. The reproducibilities, estimated from repeated analyses of refer-
ence materials (SLRS-4 and NASS-5), were < 5%.

Water isotopes (880 and 8D) were determined with a VG prism stable
isotope ratio mass spectrometer (IRMS) at the KBSI. The analytical repro-
ducibilities were + 0.1%o for §'%0 and + 1%o for 8D. All oxygen and hy-
drogen isotopic data are reported in the usual 8 notation relative to
Vienna Standard Mean Ocean Water (V-SMOW) (Eq. (1)).

—
—

R —R
8(%0) = (75“"”;?& dsj”d““’) x 1000 (

where R represents the ®0/1°0 and D/H isotopic ratios of samples and
standards.

Dissolved strontium and boron in seawater and pore fluids were sepa-
rated for isotopic analyses using Sr-Spec columns (Eichrom-Sr resin) and
B-specific exchange resin (Amberlite IRA 743), respectively. Strontium iso-
topic ratios (®7Sr/%°Sr) were measured using a Neptune multi-collector in-
ductively coupled plasma mass spectrometer (MC-ICP-MS) (Thermo

Finnigan, Bremen, Germany) at the KBSL. The measured %”Sr/®®Sr ratios
were normalized to ®6Sr/%8Sr = 0.1194, and repeated measurements of
NBS 987 yielded a value of 0.71025 = 0.00002 (20,ean, 1 = 24). Boron
isotopic ratios (*'B/1°B) were determined by a Neptune MC-ICP-MS
(Thermo Finnigan, Bremen, Germany) on the PACITE platform at Institut
Terre et Environnement de Strasbourg (ITES) (Université de Strasbourg)
using a protocol adapted from Roux et al. (2015). The 11B /108 ratios are re-
ported in the usual 8 notation relative to NIST SRM 951 (Eq. (1)), and the
repeated measurements of in-house reference material, which was seawater
collected from Malibu Beach (California, USA), gave 39.43 = 0.32%o
(20mean, 1 = 6). The procedural reproducibility was 0.5%o0 (20mean)-

3.3. Numerical modeling

We simulated a 4 m profile of dissolved Cl ™~ concentration using a cus-
tomized MATLAB code similar to the one described in Sauer et al. (2021).
We compared the modeling results with the observed concentration pro-
files from the three investigated sites (GC1, GC2, and GC7) to constrain
the fluid advection rates and the time scales evolving from an assumed ini-
tial condition to a designated profile. The model was performed for
10,000 years. The following governing equation describes the conservation
of bulk sediment volume:

o(M.) oF.
o ox

@

M: mole/gram of material in bulk sediments as a function of depth
and time.

F: volumetric flux of material (mole or gram/m2 of bulk sediment/yr).

t and x: time (yr) and depth (m), respectively.

For dissolved C1™, the following equation was applied:

a((pf St) a(DX a({ﬁzj)\\y‘) - (Vf-X + Vext.x)gbf.xSfV)
xPx

o ox ®

&y x: pore fluid volume fraction as a function of depth (time invariance).

St: dissolved Cl~ concentrations as a function of depth and time.

V¢ x: pore fluid burial velocity as a function of depth (m bulk sediment/yr).

Vext. x €xternal fluid velocity as a function of depth (m bulk sediment/yr).

D,: diffusion coefficients as a function of depth (m? bulk sediment/yr).

The porosity, solute diffusion, advection of the sediment package, initial
and boundary conditions used for modeling and results of sensitivity tests
are detailed in the Supplementary Materials (e.g., Method, Fig. S1 and S2,
Table S1).

Fig. 2. Profiles of C1~, SO3 ™~ and alkalinity concentrations and molar ratios of NH; /Cl~ (x10%), Na*/Cl~, Mg®* /Cl~,K*/Cl~, Ca®*/Cl~, B/Cl~ (x10%), Li* /Cl~ (x10%),
Sr?*/Cl™ (x10%), and H,4Si04/Cl~ (x10%) in seawater and pore fluids from the Svalbard fjords. The red dashed lines in the pore fluid profiles show bottom seawater value of

Site S8 (water depth = 191.3 mbss).
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4. Results and discussion

The chemical and isotopic compositions of seawater and pore fluid sam-
ples are shown in Figs. 2 and 3 and Tables 2 and 3. In order to separate the
effects of freshwater dilution and brine from the fluid data, we normalized
the concentrations of most dissolved solutes (except for sulfate and
alkalinity) to the C1™~ concentrations (Fig. 2). A conceptual model is pre-
sented in Fig. 4 to illustrate the hydrological process as well as the chemical
reactions. This conceptual model is supported by our geochemical data and
numerical modeling discussed in the following sections.

4.1. Causes of fluid freshening

4.1.1. Freshening of surface seawater due to runoff

The Cl~ concentrations and 8D and §'0 values of seawater samples
generally increase as water depth increase at all four sampling sites (S1,
S5, S7, and S8 from Figs. 2 and 3; Table 2). The most prominent increasing
trend of C1~ concentrations and isotopic signatures are observed in seawa-
ters from Site S1 in Dicksonfjorden, characterized by the shallowest water
depth of 38.8 m (Table 1; Fig. 1). The lowest values (CI~ = 160 mM,
8D = —68.1%o0, and 8'80 = —9.7%o) are observed in the upper water
column (<11 mbss, meters below sea surface). The shallowest samples col-
lected at Sites S5, S7, and S8 also have distinctively lower Cl~ concentra-
tions and isotopic signatures than those of the deepest samples. The
differences in Cl~, 880, and 8D values between the surface and bottom
seawater samples from Sites S1, S5, S7, and S8 decrease as the water
depth at each site increases (Figs. 2 and 3; Table 2).

The different degrees of freshening from surface and shallow seawater
reflect the contribution of freshwater to Svalbard fjords, which is greater
at the sites closer to the heads of the fjords (i.e., sites with shallower
water depths) (Fig. 2 and Table 1). In the Svalbard archipelago, the amount
of freshwater discharged by runoff has been estimated to be at least 42% of
the freshwater budget of surface seawater and the remaining freshwater
was from the Barents Sea low-salinity Arctic Water in the 1990s
(Beszczynska-Moller et al., 1997). Runoff mostly occurs during a few
months from June to September as the rivers are mostly frozen for the
rest of the year. Svalbard runoff mainly originates from snowmelt in June
and July while the sources change to rainfall and glacier melt during August
and September, respectively (Killingtveit et al., 2003). Our observations of
the freshened surface seawater support that the runoff from precipitation,
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snow, and glaciers rapidly delivers freshwater to the coastal ocean from
land.

4.1.2. Freshening of pore fluid due to the input of meteoric fluids

The Cl~ concentrations and §'®0 and 8D values in pore fluids from
Isfjorden, Tempelfjorden, Van Mijenfjorden, and Hornsund fjord show di-
verging downcore variations. The values in pore fluids from Sites GC3
(Isfjorden) and GC5 (Van Mijenfjorden) display a relatively constant
downcore trend, ranging from 543 to 562 mM, —0.1%o to 0.4%o, and
—0.9%o0 to 3.2%o for C1~ concentrations and 8'®0 and 8D values, respec-
tively, which are close to the bottom seawater values at Site S8 (Cl~ =
543 mM, 880 = 0.4%o, and 8D = 2.1%o) (Figs. 2 and 3; Tables 2 and 3).
In contrast, Cl~ concentrations in pore fluids from Sites GC1
(Tempelfjorden), GC4 (Van Mijenfjorden), and GC7 (Hornsund fjord)
steadily or rapidly decrease downcore with minimum values of 49 mM,
513 mM, and 375 mM at the bottom of the cores, respectively (Fig. 2;
Table 3). At Site GC6 in Hornsund fjord, the Cl~ concentrations in the
pore fluids remain almost constant down to 1.60 mbsf (meters below sea-
floor), from which it starts to decrease until it reaches 444 mM at
2.25 mbsf (Fig. 2; Table 3). Since the C1~ concentration in the bottom sea-
water at Site S8 is ~543 mM (Fig. 2; Table 2), pore fluids from Sites GC1,
GC4, GC6, and GC7 clearly illustrate fluid freshening. The maximum de-
grees of freshening at each site relative to the bottom seawater at Site S8
are estimated by the equation, [Clseawater — Clpore fiuial/Clseawater X 1001,
which yields 91%, 6%, 18%, 31% at Sites GC1, GC4, GC6, and GC7, respec-
tively (Table 1).

The 8'®0 and 8D values in pore fluid from the top sediment at Sites GC1,
GC4, GC6, and GC7 range from —0.1%o to 0.3%o and from —0.9%o to
1.9%o, respectively, which are similar to the values from our representative
bottom seawater sample (Tables 2 and 3). The downcore values of 8'%0 and
8D from these sites decrease with depth, similar to their respective Cl~
downcore trends. Different minimum values for 8'0 and 8D at the bottom
of the cores are observed: —13.2%o0 and —92.3%o at Site GC1, — 0.5%o0 and
—3.4%o at Site GC4, —2.2%o0 and —14.5%o at Site GC6, —3.6%o0 and
—24.3%o at Site GC7, respectively (Figs. 2 and 3; Table 3).

In general, the freshening of pore fluid can be explained by meteoric
water input, gas hydrate dissociation, and dehydration reactions, such as
illitization and opal diagenesis (e.g., Kastner et al., 1991; Torres et al.,
2004; Teichert et al., 2005; Kim et al., 2013, 2021). The freshening ob-
served in the Svalbard fjords can be best explained by meteoric water
input based on the positive correlation between water isotopes and Cl
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Fig. 3. Profiles of 8'%0, 8D, ®7Sr/%°Sr, and §''B in seawater and pore fluids from the Svalbard fjords.
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concentrations (Fig. 5). In addition, the measured 8'80 and 8D values of
pore fluids overlap with the local meteoric water line (LMWL) (http://
www-naweb.iaea.org/napc/ih/HIS_resources_gnip.html) and their values
at Site GC1 with the maximum freshening ratio are within the range of
the present-day precipitation in the study area (Fig. 5). Other mechanisms,
such as clay mineral dehydration and gas hydrate dynamics, cannot explain
the observed data because clay mineral dehydration causes different frac-
tionations of water isotopes, and gas hydrate dynamics have different cor-
relations between Cl~ and 8D values in our measured data (Fig. 5).
Considering the rapid decrease in the present cryosphere extent
(Muckenhuber et al., 2016) and the large quantities of freshwater from
both melting glaciers and snow to surface seawater (Beszczynska-Moller
et al., 1997; Nuth et al., 2007, 2013; Fig. 2), the meteoric water signals in
pore fluids can be mainly attributed to the freshwater from precipitation
and the melting of glaciers, permafrost, and snow, which flows to the
ocean through subsurface aquifers. Meteoric water sourced from melting
glaciers, snow, and permafrost has been documented throughout the Arctic
region (Hong et al., 2019 and see the references therein). Recently, Micallef
et al. (2020) proposed that sub-glacial and pro-glacial injection is a primary
mechanism causing the offshore freshened groundwater. Our observations
from the Svalbard fjords can likely be explained by the same mechanism.

4.1.3. Heterogeneous subsurface freshening due to complicated hydrogeological
conditions

Pore fluid freshening occurs in three of the fjords surveyed at the water
depths of 66.9 m (Tempelfjorden; GC1), 68.9 m (Van Mijendjorden; GC4),
and between 109.6 m and 192.3 m (Hornsund fjord; GC6 and GC7). Al-
though Sites GC1 and GC4 have similar water depths, their maximum fresh-
ening degrees in pore fluid are contrastingly different (e.g., 91% versus 8%
for the two sites). The drastically different pore fluid freshening can even be
observed at the two adjacent sites in Hornsund fjord, Sites GC6 and GC7
(Fig. 2; Table 1). Unlike in the water column, where stronger freshening
is observed at sites closer to land, the degree of pore fluid freshening cannot
be correlated with water depth and distance from land. Rather, subsurface
hydrogeology in each fjord, such as aquifer property and conduit connectiv-
ity, predominantly controls subseafloor freshening. Most Svalbard glaciers
are polythermal, thus, they have a considerable meltwater retention capac-
ity by refreezing in the porous snow and firn as the climate warms. Al-
though the retention capacity is rapidly decreasing under recent and
rapid climate warming, as well as a consequential reduction in cryosphere

Table 2
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extent (Van Pelt et al., 2019), the amounts of meltwater discharge and its
influence on the regional hydrology are still prominent and have high spa-
tiotemporal variation in each Svalbard fjord (Christianson et al., 2015).

4.2. Subsurface brine as a result of submarine permafrost formation

Despite the low Cl ™~ concentrations in the pore fluids from several loca-
tions (Fig. 2; Tables 1 and 3), the core from Dicksonfjorden, Site GC2, has
high Cl™ concentrations in the pore fluids, reaching a maximum Cl~ con-
centration of ~680 mM at the bottom of the core (Fig. 2; Table 3). Such a
brine is characterized by light water isotopic signatures compared to the
bottom seawater, which is negatively correlated with the Cl~ concentra-
tions (Fig. 5). Recently, Charkin et al. (2017) described a mechanism, “cryo-
genic squeezing”, to explain the observed brine bottom water on the Laptev
Shelf. They proposed that the expulsion of dissolved solutes to the adjacent
unfrozen water mass, as a result of rapid ice formation in the upper water
column during the autumn-winter freezing season, could explain the ob-
served brine. In terrestrial environments, brine water has also been re-
ported in Siberia and Canada as a consequence of permafrost formation
(Alexeev and Alexeeva, 2002, 2003; Shouakar-Stash et al., 2007; Stotler
et al., 2009). We postulate a similar process in which the formation of sub-
marine ice and/or permafrost in the sediment column in the geological past
affects the pore fluid chemistry at Site GC2, even though the presence of
submarine permafrost in the fjord has not been reported at present and
thinning of permafrost toward the shore in the Svalbard region is expected
in the warming ocean (Yoshikawa and Harada, 1995; Meier and
Thannheiser, 2009). We speculate that submarine permafrost could have
formed during a time when the maximum extent of the Barents Sea ice
sheet covered the entire Svalbard archipelago, including the fjords
(Ingdlfsson and Landvik, 2013). As a result of submarine permafrost forma-
tion, enriched dissolved chemical species and light water isotopes ("H and
160) were released from the freezing sediments into the unfrozen area, re-
sulting in high concentrations of C1~, as well as other dissolved species,
and depleted water isotopic signatures. Although the trends in water stable
isotopes and Cl~ concentrations can also be explained by gas hydrate for-
mation (Fig. 5B), this is rather unlikely because in situ gas hydrate was
not found during the 2016 Expedition (KIGAM, 2016) and all sites did
not penetrate the sulfate-methane transition zone to generate microbial
methane, as is shown by the high SO~ concentration in pore fluid
(> 16 mM; Fig. 2 and Table 3) and the low methane concentrations

Chemical and isotopic compositions of seawater from the Svalbard archipelago collected during the 2016 Expedition.

Site Depth Cl~ SO, Alkalinity NH; PO3~ Na® K* Mg®*  Ca*t H,Si0, Ba’* B Li*  sr** Mn Fe 80 8D 878r/%%sr 8B
(mbss) (mM) (mM) (mM) EM) M) (mM) (MmM) (mM) @mM) (M) EM) (M) (M) (pM) (pM) (pMD) (%0)  (%0) (%o0)
S1 361 523 250 1.6 nd. 0.0 450 82 487 9.3 n.d. 0.1 3449 21.3 705 03 nd 01 -01 0.70914 385
10.6 158 75 1.6 nd. 09 130 28 171 3.7 n.d. 16 1177 73 291 06 nd —-96 —-67.0 - -
5.2 168 9.0 16 nd. nd 141 28 179 3.8 n.d. 15 1152 7.4 300 06 nd -95 —-66.8 - -
2.3 187 92 20 nd. 04 162 27 176 38 n.d. 16 1162 7.8 290 06 nd —97 -681 0.70959 39.3
S5 987 493 292 24 nd. 0.4 423 92 519 96 3.1 0.5 341.3 210 717 02 nd 04 20 0.70917 39.4
61.2 498 291 2.4 nd. 07 429 95 510 96 3.8 0.3 3519 21.3 725 0.4 nd - - - -
30.2 483 264 2.4 223 nd. 408 91 515 94 n.d. 0.3 3547 212 708 02 nd 02 05 - -
15.7 493 275 24 0.0 02 422 94 506 9.4 n.d. 0.3 3450 206 701 03 nd 01 -08 070915 -
5.2 405 225 2.4 00 nd 345 93 424 7.9 0.0 0.3 2797 171 589 0.3 nd -27 -19.2 070920 -
S7 857 543 324 28 14.4 0.4 480 87 515 9.4 0.0 0.1 347.3 212 722 05 nd 03 20 0.70920 38.3
60.6 523 289 28 nd. 1.1 456 85 504 9.3 5.0 0.1 355.0 21.7 71.0 03 nd - - - -
40.3 523 31.4 28 nd. 0.4 460 83 508 9.3 n.d. 0.1 332.8 203 709 02 nd 0.0 0.1 - 38.2
20.1 523 307 28 262 0.4 459 82 511 9.0 n.d. 0.1 336.4 205 695 04 nd - - - -
10.2 523 305 28 223 05 462 7.8 494 9.1 14.7 0.1 339.5 207 668 05 nd -05 -35 - 37.6
2.4 493 300 28 183 0.4 432 7.9 493 9.0 n.d. 0.1 3237 196 66.8 04 nd -07 —-49 070918 -
S8 191.3 543 31.7 28 nd. nd 475 85 531 9.6 n.d. 0.1 353.9 220 703 02 nd 04 21 0.70918 39.5
1409 533 318 28 nd. 07 466 84 528 96 n.d. 0.1 349.1 213 714 02 nd 04 1.4 - -
101.2 543 326 28 183 0.2 478 85 527 95 n.d. 0.0 3451 21.1 725 02 =nd 03 1.0 0.70917 -
50.5 533 315 28 301 0.2 469 86 515 9.2 n.d. 0.1 3541 215 718 02 nd. 03 07 0.70913 -
30.4 533 304 28 144 nd. 467 84 512 9.2 n.d. 0.1 3455 21.1 703 02 nd - - - -
10.1 523  30.8 28 301 nd. 460 82 503 9.2 7.7 0.1 3388 21.0 697 02 nd -02 -37 - -
2.0 513  29.4 28 166.7 0.4 448 7.9 504 9.0 2.3 0.1 330.2 204 688 03 nd —03 —-20 070927 -

—: No measurement.
n.d.: Below detection limit.
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Table 3
Chemical and isotopic compositions of pore fluids from the Svalbard archipelago collected during the 2016 Expedition.

Site Depth Cl~ SO, Alkalinity NH; PO3~ Na* K" Mg> GCa?* H,Si0, Ba®> B Li* sr** Mn  Fe §'%0 8D 878r/%6sr  §''B

(mbsf) (mM) (mM) (mM) (mM) (M) (M) (mM) * (mM) (uM) * EM) @M @M (M) (M) (%0) (%0) (%0)
(mM) (uM)

GC1 0.20 553 26.4 3.6 0.4 0.0 482 8.8 50.5 8.4 135.3 0.3 407.6 20.7 83.0 101 321.0 -0.1 —-0.9 0.70923 385
0.50 553 26.3 4.0 05 1.6 486 82 495 79 1219 0.2 3838 204 823 85 2804 - - - -
0.80 493 242 45 0.6 0.0 438 7.6 43.6 6.4 129.9 0.2 400.1 20.4 839 4.2 1705 - - - -
1.10 454 22.7 5.0 0.7 0.0 404 7.4 40.3 5.6 110.4 0.2 408.6 19.5 82.0 4.7 133.8 -2.5 —-17.1 0.70923 39.3
1.40 414 235 6.0 0.7 0.0 377 6.8 36.7 4.8 101.4 0.2 403.6 19.1 844 3.6 57.7 - - - -
1.70 375 208 6.6 0.7 0.0 341 62 335 42 981 0.1 4109 178 81.6 35 731 - - - -
2.10 296 21.3 7.3 0.6 0.0 286 5.3 239 3.0 111.3 0.2 3940 15.1 81.8 24 50.9 -5.9 —40.8 0.70921 385
2.50 217 18.0 10.0 0.5 3.7 224 4.2 15.2 19 89.2 0.1 403.0 12.0 80.7 1.4 122 - - - 38.8
2.90 148 169 10.6 0.4 205 167 33 97 1.3 844 0.1 4199 96 81.8 1.4 0.2 -9.8 —69.5 070921 37.3
3.30 99 16.1 113 0.4 46.1 126 3.0 5.4 0.9 71.8 0.1 4104 7.2 80.5 1.2 2.3 - - - -
3.80 49 16.0 9.3 0.3 95.1 82 1.8 2.6 0.6 65.1 0.1 351.7 4.7 81.4 0.6 4.5 —-13.2 -92.3 0.70918 -

GC2 0.10 543 279 4.0 0.0 114 472 92 508 98 796 0.5 4443 226 755 189.8 192 0.4 1.7 0.70936 37.5
0.40 562 26.8 6.0 0.1 251 487 95 523 103 1160 0.3 4369 243 943 1582 304 - - - -
0.70 562 252 7.3 0.3 52.5 478 9.1 54.7 11.5 1387 0.3 415.3 25.8 119.4 1189 401 - - - -
1.00 582 25.0 8.6 0.5 62.4 497 9.4 55.0 12.0 146.7 0.3 423.0 28.8 141.5 102.7 41.6 0.1 0.0 0.71269 36.8
1.30 602 256 9.3 0.6 619 511 93 576 133 1671 03 411.4 31.5 1653 927 447 - - - -
1.60 612 26.1 10.0 0.6 53.8 518 9.5 58.6 142 1721 0.3 400.6 35.6 190.1 84.3 475 - - - 35.7
1.90 622 249 10.0 0.7 40.1 520 9.3 60.6 149 172.7 0.3 372.2 38.7 2199 69.8 30.9 -0.3 —2.5 0.71413 347
220 671 253 10.0 0.8 345 562 9.3 628 16.6 1954 0.3 3388 437 289.0 56.4 461 - - - 34.3
2.60 681 26.5 9.3 0.9 21.3 559 9.3 67.6 194 21538 0.2 286.3 57.4 373.2 41.3 832 -0.8 —-5.8 0.71509 33.4

GC3 0.10 553 29.0 4.0 0.1 0.0 483 9.4 51.2 9.7 60.4 0.3 4147 229 730 106 224 04 3.2 0.70915 38.3
0.40 553 29.2 4.0 0.1 2.0 483 9.0 52.3 9.2 93.6 0.2 406.4 224 728 4.1 284 - - - -
0.70 553 28.2 4.0 0.2 5.9 480 9.2 52.2 9.6 105.2 0.2 412.6 23.2 722 5.6 26.8 - - - 38.2
1.00 543 275 53 0.4 29.8 471 9.0 51.8 9.4 126.4 0.2 4119 222 713 6.9 28.0 - - - -
1.30 543 26.7 6.6 0.7 43.1 469 9.0 52.7 9.5 164.7 0.2 405.5 224 733 8.4 28.0 04 1.6 0.70918 37.6
1.60 543 25.6 9.3 1.0 58.1 470 9.0 52.7 8.8 175.4 0.2 430.0 22,5 84.8 105 303 - - - -
1.90 553 225 119 1.1 92.8 478 8.7 51.6 9.0 183.5 0.2 4386 219 845 11.2 19.2 0.3 1.6 - 36.6
2.40 563 255 16.6 1.3 139.8 509 9.0 51.4 8.6 205.2 0.2 445.1 21.7 86.8 11.2 19.7 - - - -
2.90 543 285 19.9 1.6 1681 491 86 507 88 2179 0.2 4507 21.5 87.2 104 156 0.2 0.1 0.70920 36.4
3.40 562 144 226 2.0 172.4 487 8.7 49.9 8.4 219.3 0.2 4498 21.6 879 9.2 5.2 - - - 36.1
3.90 543 12.5 252 2.3 204.5 465 8.5 50.5 8.3 303.4 0.3 446.3 20.8 90.5 9.5 109 - - - -
440 553 10.7 27.2 2.4 2109 478 83 484 7.8 4184 03 4275 21.4 918 93 25 -0.1 —09 070921 36.2

GC4 0.10 543 29.7 1.3 0.4 12.7 473 8.9 51.5 8.9 128.6 0.4 365.5 14.1 97.0 167.2 896.0 0.2 0.8 0.70952 -
0.30 533 29.5 2.0 0.6 13.1 467 8.9 50.0 8.4 107.2 0.3 3371 114 964 60.6 8725 - - - -
0.50 533 274 20 08 6.7 464 89 498 82 1303 0.3 3526 11.1 97.1 36.5 7243 - - - -
0.70 523 267 3.3 09 37 455 89 497 80 953 0.3 3547 11.3 932 333 580.1 - - - -
0.90 523 26.3 4.6 0.9 0.0 459 8.7 48.4 7.6 97.3 0.3 384.8 124 91.0 434 496.3 0.0 —-0.1 0.70942 -
1.20 523 25.6 5.3 0.9 0.0 459 8.6 47.6 7.7 89.8 0.2 377.0 12.0 882 276 3943 - - - -
1.50 513 229 53 1.1 0.0 446 86 467 7.4  90.1 0.2 3747 119 86.1 189 317.7 - - - -
1.90 513 20.2 46 1.2 0.0 446 8.3 438 7.2 81.1 0.2 348.3 10.1 84.2 9.7 305.2 -0.5 —-3.4 0.70941 -

GC5 0.10 543 27.2 4.0 0.1 8.0 473 9.2 50.1 9.1 142.7 0.4 436.0 22.8 846 66.8 1595 0.3 1.7 0.70917 -
0.40 543 253 6.6 02 84 471 93 506 9.2 1033 0.3 4255 21.5 831 643 1524 - - - -
0.70 533 25.6 8.6 0.5 9.7 466 9.2 49.4 9.2 111.8 0.2 424.3 20.7 83.3 583 150.2 - - - -
1.00 543 23.6 10.0 0.6 8.4 471 9.1 50.7 9.0 131.4 0.2 4353 199 84.0 646 1456 0.3 0.9 - -
1.40 543 21.6 119 0.8 15.3 469 9.2 50.2 9.0 131.4 0.2 438.2 19.7 839 676 1439 - - 0.70919 -
1.80 543 217 133 09 11.9 472 93 498 88 1349 02 4231 184 834 588 1356 - - - -
2.20 543 21.0 146 1.0 26.4 470 8.9 50.4 9.1 152.0 0.2 4375 19.0 83.0 589 1454 0.2 1.1 - -
2.60 543 19.9 16.6 1.1 5.0 471 9.2 50.1 8.9 168.1 0.2 409.3 17.8 825 664 883 - - - -
3.00 543 182 17.2 1.2 59 471 89 488 88 151.5 0.2 4359 193 831 936 509 0.1 0.0 0.70926 -

GC6 0.10 543 26.4 4.6 0.5 0.0 469 9.1 51.8 8.8 162.2 0.4 401.3 179 884 68.8 4329 0.3 1.3 0.70926 -
0.40 543 284 46 1.1 0.0 473 8.6 52.0 8.8 119.8 0.2 3553 15,5 93.7 19.0 5270 - - - -
0.70 543 30.7 4.6 1.3 0.0 475 8.0 525 95 122.5 0.2 3315 16.8 99.2 13.0 5878 - - - -
1.00 533 30.2 4.0 1.4 2.0 463 7.6 529 95 111.7 0.2 3444 185 998 11.3 560.8 —0.2 —-0.2 0.70943 -
1.30 543 30.5 4.0 1.3 2.4 475 7.4 51.9 9.9 136.9 0.2 366.3 20.0 100.1 12.0 566.6 - - - -
1.60 543 29.8 4.6 1.3 0.0 474 7.5 52.4 9.9 119.6 0.2 3784 20.6 973 11.5 5385 -0.5 —-2.8 0.70955 -
1.90 493 309 53 1.1 0.0 437 7.1 47.7 10.1 1185 0.2 385.8 20.8 93.1 16.0 406.7 -1.1 -6.5 - -
2.25 444 27.9 6.0 1.1 0.0 400 6.2 41.1 8.3 233.0 0.2 376.0 199 814 152 2790 -22 —-14.5 0.70952 -

GC7 0.10 543 25.7 6.6 0.3 69.2 471 9.3 50.8 9.2 253.5 0.2 396.2 21.4 837 165 931 0.3 1.9 0.70917 37.6
0.40 523 214 11.9 1.0 320 454 86 485 84 2145 0.2 4053 193 807 17.5 1793 - - - -
0.70 493 19.7 139 1.6 0.7 428 8.0 46.0 8.5 202.7 0.2 4215 196 776 172 978 - - - -
1.00 474 17.7 146 1.8 44.0 413 7.8 42.6 8.0 313.5 0.2 4138 20.2 763 16.0 121.5 -1.2 —-7.6 0.70940 36.8
1.30 454 17.4 139 1.8 512 397 7.3 408 7.6 3234 0.2 4040 201 749 16.0 121.7 - - - -
1.60 434 17.8 10.6 1.4 20.0 380 6.9 381 7.9 311.7 0.2 3546 17.4 74.1 152 1875 -2.0 —-14.3 0.70961 36.8
2.30 395 19.7 4.6 1.3 0.0 349 5.8 337 7.6 109.1 0.3 3235 147 70.7 8.7 250.3 - - - -
270 375 17.9 4.6 1.2 20 327 54 331 80 1264 0.2 3005 132 721 102 257.8 —-3.6 —24.3 0.70987 39.2

—: No measurement.

(KIGAM, 2016). The observed pore fluid profiles at Site GC2 thus most
likely reflect mixing between local seawater and brine resulting from sub-
marine permafrost formation.

Seawater intrusion can alter the pore fluid composition in shallow
sediments of the fjords. If the supply of either terrestrial freshwater or

marine brine has been terminated for sufficient time (a few hundred
years based on the modeling results; Fig. 6), the diffusion of seawater
from the seafloor slowly erases all anomalous geochemical signals and
results in identical downcore chemical and isotopic values of the pore
fluids at Sites GC3 and GC5. The pore fluid chemistry at Site GC2 did



J.-H. Kim et al.

Science of the Total Environment 835 (2022) 155516

A
Precipitation
1L ]
Surface Freshwater
depleted 8'"'B, 8'*0, 3D, CI and cations
enriched ’Sr/*
unofy . Sea Ice Sea level
Subsurface Freshwater
depleted 8''B, "0, 8D, CI, and cations
enriched ¥St/*Sr, and H,SiO, relgRhening
exchange «
Permafrost/Ice Brilic Water Aquifer |
depleted 5“B 8"0, 8D, andB = -
enriched ¥7St/%Sr, Ci-and cations «
= => - -
B
Precipitation
vy
Surface Freshwater
depleted 8''B, 6"]‘10d§2 /Cx’l and cations
nmzing/ml’inm(_ \ruﬁ‘(‘,m € T/ Soa lce S5 1avel
10n
=
29, = GCI
) e cafiainzation
Subsurface Freshwater —> GC2
depleted 8!"B, 8'*0, 8D, CI, and cations _quifer t t
enriched ¥7Sr/*Sr, and’ H,SiO, - =
20, > ! Y Brine Water GC3
S depleted 3''B, 5'*0, 8D, and B «
Permafrost/lce - enriched ¥Sr/*Sr, CI- and cations «
C
Precipitation

vy

Surface Freshwater
depleted 8''B, 3"*0, 8D, CI, and cations
enriched ¥St/%Sr

2=y [Unofy .

infiltration

>

salinzation
cation eical nge

=>
Aquifer 4=
=>
-
Subsurface Freshwater -~

depleted 8'"'B, 8"0, 3D, CI, and cations
enriched ¥St%Sr, and H,SiO 4

Sea level

Fig. 4. Conceptual model illustrating the hydrological processes, chemical reactions, and characteristics of each fluid source at Isfjord interacting with the hydrosphere-
cryosphere-lithosphere during the cooling period of the late Holocene (A), at present (B), and in the future (C). Subsurface freshwater is the sum of the groundwater and
meltwater of the cryosphere (i.e., glacier, permafrost, ice). The arrow size shows the relative fluid flux.

not corroborate any evidence for freshening by terrestrial freshwater
discharge and/or by the degradation of permafrost or ice. Instead, it in-
dicates the predominant mixing of present-day seawater and residual
brine fluid in the deep sediment column without (or with slight) terres-
trial freshwater discharge. Hence, the brine signals at Site GC2 are indi-
rect evidence for the influence of submarine cryosphere formation in the
deeper parts of Dicksonfjorden, likely during the cooling period of the
late Holocene (see Section 4.3 for further discussion on timing). This
finding may also strengthen our interpretation that the interaction be-
tween the hydrosphere and cryosphere in each Svalbard fjord impacts
the seawater and pore fluid chemistry.

4.3. Time scales of fluid freshening and brine formation

The early Holocene was a relatively warm period with a strong inflow of
warm Atlantic Water leading to reduced sea ice formation and glacier ex-
tent in Isfjord and its branches (Peral et al., 2022). Counterintuitively, the
regional sea level during this warm period was lower than that during the
glacial period due to postglacial crustal rebound (Svendsen and
Mangerud, 1997; Forwick and Vorren, 2009; Mangerud and Svendsen,
2018; van der Bilt et al., 2018; Joo et al., 2019; Farnsworth et al., 2020),
which could have led to the production of brine pore fluid as the shallow
water depth could have enhanced the formation of (submarine) permafrost
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in this area. This phenomenon, however, does not explain the brine ob-
served at Site GC2, as sea level in Dicksonfjorden was higher during the
early Holocene than at the present level by at least ~90 m (Forman et al.,
2004). Rather, we postulate that the brine fluid was produced in the sedi-
ment column through submarine permafrost formation during the cooling
periods of the late Holocene.

As the insolation and the inflow of Atlantic Water decreased from ca.
9 ka BP, cooler conditions occurred during the late Holocene with gla-
cier readvances at different times (Mangerud and Svendsen, 2018; van
der Bilt et al., 2018; Joo et al., 2019). This occurrence is also expected
to have enhanced shorefast sea ice formation and/or more permanent
sea ice cover in central Isfjorden and its branches during the late Holo-
cene (e.g., Forwick and Vorren, 2009; Baeten et al., 2010). Indeed,
Site GC2 records a period with intensive sea ice formation from 1.53
mbsf (~3 ka BP) based on the abundance of ice-rafted debris (Joo
et al., 2019). Moreover, the glaciers on Svalbard reached their maxi-
mum Holocene extent by the termination of the LIA in the beginning
of the 1920s (Hagen et al., 2003) and the maximum brine production
in the water column also correlated with the Dark Ages Cold Period
(1500-1100 yr BP) and the LIA (600-100 yr BP) (Rasmussen and
Thomsen, 2014). Therefore, we suggest that these cooling conditions
in the late Holocene might have led to the development of submarine
permafrost at Site GC2. Such a time scale is consistent with the
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numerical modeling result showing that at least ca. 400 years are
needed for the downcore dissolved Cl~ profile at Site GC2 to evolve
from an initial seawater composition to a profile that is extensively in-
fluenced by brine (Fig. 6). In contrast, the freshwater signatures ob-
served at Sites GC1, GC4, GC6, and GC7 can be mainly explained by
the discharge of terrestrial freshwater into the ocean through subsurface
conduits associated with the melting of glaciers and permafrost on land
that has been occurring for a few centuries. Possible conduits include
porous media, fractures (e.g., the Hornsund fracture zone adjacent to
GC6 and GC7), and widely distributed karst formation (Dallmann,
2015). Although we are not able to know the exact subsurface flow con-
duits, the presence of geological features supports our inference. Ac-
cording to the simulation results of the downcore Cl~ profiles at Sites
GC1 and GC7, it takes at least ca. 500 years for the profiles to evolve
from an initial seawater condition, although the Cl ™ profiles slightly ad-
just again during the last century due to the high sedimentation rate
assigned in the model, which results in faster burial of the pore fluids
(Figs. 6 and S2). During the same period, the upward fluid advection
(due to processes such as overpressure) is slower than sedimentation,
and the downcore Cl™ profiles are thus slightly concave-upward
(Fig. 6B). We also estimate slightly higher upward fluid advection
rates, specifically <0.2 cm/yr at Site GC1 and ~ 0.5 cm/yr at Site
GC7, compared to that at Site GC2 (Fig. S2). Without other age
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constraints, it is difficult to precisely determine the exact timing of
freshwater arrival. Nonetheless, our modeling results suggest that such
a freshened groundwater circulation has continued for a few centuries.

4.4. Ion exchange reaction and seawater intrusion

After normalization to the C1~ concentration, each dissolved cation pro-
file shows site-distinctive variation, which can be largely divided into three
groups. The first group, which includes Site GC1 with a maximum freshen-
ing ratio, has distinctly higher (Na* +K*)/Cl~ and lower (Ca®* +Mg>*)/
Cl™ ratios than the ratios from the representative bottom seawater at Site
S8 (Fig. 7). Although the bedrock of Tempelfjorden is partly composed of
carbonate-rich rock (Dallmann, 2015), the observed decreasing downcore
trend of (Ca®** +Mg?*)/Cl™ in pore fluids at Site GC1 (Fig. 7) suggests
that the pore fluid chemistry is not controlled by the carbonate dissolution.
We propose that salinity-dependent reverse cation exchange is the most
plausible mechanism to explain the trends observed in these elemental ra-
tios because the shallow sediment of Tempelfjorden is mainly composed
of clayey silt (Plassen et al., 2004). The freshening of pore fluids at Site
GC1 leads to the exchange that Na™ and K™ on the exchanger complex
are replaced by Ca?* and Mg?™, as expressed by the following equation
(Appelo and Postma, 2005):

(Ca®",Mg*") + (Na",K") — X2 (Na™,K") + (Ca*",Mg™") - X (¥
where X represents the complex exchanger (sediment and/or aquifer).

Consequently, (Na* +K*)/Cl~ and (Ca®* +Mg>*)/Cl ™ ratios in pore
fluids become higher and lower, respectively, than the seawater ratios
(Fig. 7). Intruded seawater as the result of the loss in cryosphere extent
can influence the properties of shallower pore fluid. However, among the
study sites, Site GC1 is located at the most landward part of the fjord,
which is supposed to be the least influenced by seawater intrusion. The
Sr?* /Cl™ ratios in pore fluids are also lower than the seawater ratio,
which can be similarly explained by reverse cation exchange due to the sim-
ilar chemical properties between Sr>* and Ca®* (Figs. 2 and 7). Interest-
ingly, B/Cl~ and Li* /Cl~ in pore fluids increase as the sediment depth
increases at Site GC1 and show higher values than those of seawater. B/
Cl~ and Li*/Cl~ also correlate well with (Na™ +K™*)/Cl~, NH; /Cl~
and H,SiO4/Cl ™ (Figs. 2,7, and S3). As opposed to the increasing downcore
trends in the elemental ratios, the §''B values in the pore fluids decrease
downcore (Fig. 3; Table 3). This indicates that the degradation of organic
matter releases dissolved boron that is enriched with light boron isotope
(*°B) through B-NH, exchange in clay during early diagenesis in marine
sediment (Teichert et al., 2005), which also supports the occurrence of re-
verse ion exchange reactions involving NHy .

For Site GC2, where brine is present and the clay content is >20% (Joo
et al., 2019), we propose that cation exchange (the opposite of reverse cat-
ion exchange in Eq. (4) from right to left) could explain the higher (Ca®*
+Mg?")/Cl™ and lower (Na™ +K*)/Cl ™ ratios observed in the pore fluids
at Site GC2. In this case, Ca®>* and Mg?* on the exchanger complex are re-
placed by Na* and K™ as the brine fluid appears in the sediment. The
values of Sr** /Cl~ and Li* /Cl are also higher than those of the bottom sea-
water at Site S8, which means that Sr** and Li* are released into the pore
fluid by water-rock interactions, including ion exchange reactions (Figs. 2
and 7). These water-rock interactions or carbonate precipitation can influ-
ence boron chemistry because boron can be either adsorbed or desorbed,
respectively, during these reactions (Kowalski and Wunder, 2018; Hong
et al., 2022). However, little variation in alkalinity below 1.30 mbsf at
Site GC2 is observed and points to no carbonate precipitation. Besides, B/
Cl~ exhibits negative correlations with NH; /Cl~ and H4SiO4/Cl~ ratios
and suggests that B is not affected by water-rock interactions. In addition,
the 8''B value decreases with increasing depth and has the lightest at the
bottom of Site GC2 among the analyzed pore fluid samples (Figs. 2, 3,
and S3; Table 3). These results suggest that the two reactions can be ex-
cluded as the major factors controlling fluid B chemistry at Site GC2.
Rather, the source of the brine fluid is likely to have a very low B
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concentration with depleted 8" 'B signatures from the deep-seated sediment
at Site GC2. Both the B concentration and B/Cl™ ratio in pore fluids from
Site GC2 negatively correlate with 8''B (R* = 0.90 and 0.97 for B and B/
Cl™, respectively) (Fig. 8; Table 3), which is consistent with our interpreta-
tion for the boron source. Assuming that the pore fluid from Site GC2 is a
result of binary mixing between a brine fluid with a low boron concentra-
tion and seawater with B/Cl~ and 8''B values from the sample at
0.10 mbsf of this site, the Cl~ concentration and 8''B in the brine fluid
are estimated to be 844 mM and 28.9%o, respectively. Similarly, the esti-
mated 8'80 and 8D values for the same brine are —2.0%o and — 13.7%,
respectively (Fig. 8).

The third group has an invariable downcore trend of cations/Cl~
(Figs. 2 and 7). However, (Na* +K™)/Cl ™ is similar to/or slightly higher
than that of the bottom seawater from Site S8, whereas (Ca?* + Mg2+)/
Cl~ and Li* /Cl display slightly lower values compared to the bottom sea-
water (Fig. 7). These results imply that the pore fluid from this group is
slightly altered by the processes that are responsible for the trends in
Group 1.

4.5. Lithosphere influence on the fluid 8”Sr/%5Sr value

The 37St/3¢Sr values in pore fluids from Sites GC3 and GC5 range from
0.70914 to 0.70926 (Figs. 3 and 8; Table 3), which are similar to the bottom
seawater value from Site S8 (~0.70918; Table 2) indicating that the pore
fluid is mostly from the ambient bottom seawater. This interpretation is
consistent with the fluid source inferred from the Cl~ and water isotope
data (see Section 4.1). In contrast, these 87Sr/%°Sr values in pore fluids
from Sites GC2, GC4, GC6, and GC7 are higher than that of the bottom sea-
water from Site S8 (Figs. 3 and 8; Tables 2 and 3). In particular, a maximum
878r/88Sr value of 0.71504 is observed in pore fluids from Site GG2, which
is abnormally higher than that of bottom seawater from Site S8 and pore
fluids from Sites GC3 and GC5 (Figs. 3 and 8; Tables 2 and 3). Interestingly,
while pore fluids from Sites GC2, GC4, GC6, and GC7 have higher sr2*/cl
ratios than the bottom seawater from Site S8 (0.00013) (Figs. 2 and 7), the
correlation between 7Sr/%%Sr and Sr** /Cl ™ ratios at these sites shows
three different trends: a positive correlation at Sites GC2 and GC7 (R% >
0.82), a negative correlation (R? = 0.69) at Site GC4, and little correlation
at Site GC6 (Fig. 8). These different correlations do not correspond to the
changes in dissolved Cl~ concentrations at these sites, and thus they indi-
cate that 8”Sr/*%Sr values in pore fluids from the Svalbard fjords are influ-
enced by sources enriched in radiogenic 8 Sr. We propose that the high
87r/86Sr values in the pore fluids reflect the leaching of bedrocks during
fluid migration. The bedrock of Dicksonfjorden, Van Mijenfjorden, and
Hornsund fjord is dominantly composed of silicate rocks (e.g., shales, silt-
stones, sandstones, and metamorphic rocks) (Salvigsen and Hggvard,
2006; Dallmann, 2015) that have abundant radiogenic %”Sr. The fluid that
flows through the bedrock could induce the dissolution of silicate minerals
and release radiogenic 7Sr to the pore fluids at Sites GC2, GC4, GC6, and
GC7.

This mechanism proposed here is different from in situ marine silicate
weathering (MSiW), which is coupled to methanogenesis in anoxic sedi-
ments (Solomon et al., 2014; Kim et al., 2016; Torres et al., 2020), as our
cores did not reach the methanogenesis zone. Such a process increases
the 87Sr/%Sr values of pore fluids while releasing dissolved cations
(e.g., K*, Mg?", Ca®™, and Sr**) and H4Si0, (Wallmann et al., 2008;
Solomon et al., 2014; Kim et al., 2016; Hong et al., 2018; Torres et al.,
2020), which has not been observed at Sites GC2, GC4, GC6, and GC7
(Figs. 2 and 7). In comparison with pore fluid from Storfjordrenna (offshore
Svalbard; maximum 87Sr/%°Sr = ~0.70987) influenced by the in situ
MSiW in anoxic sediment (Hong et al., 2018), the maximum ®7Sr/%6Sr
value at Site GC2 is much higher (Fig. 3; Table 3). The analyzed ®Sr/%°Sr
values in the bottom and surface seawater from Site S1 also provide direct
evidence for this interpretation. Compared to the present open seawater
(®7Sr/8%Sr value = 0.70917; Paytan et al., 1993) and bottom seawater at
Site S8, the 87Sr/%°Sr value in the surface seawater at Site S1 (water
depth = 2.3 mbss) is abnormally high (0.70959) with a much depleted



J.-H. Kim et al.

Science of the Total Environment 835 (2022) 155516

A . . . B . . .
—  Initial (10,000 yr BP) pi —  Modern ] . . .
~— 9,900 yr BP » — 25yrBP el
— 9,800yr BP - - ;g;:g,’; .
1k B 1+ A 4l i B
9,700 yr BP — 100yrBP L
g |— 9,500 yr BP g : °
2 | — 9400yrBP 2 o
E E
E,1 J E,1 |
=2 =2
g =]
g # =
o a
3+ @ - Cl N S 4
2 |\ L e
AR TP 1 1 1
) ) ) 200 300 400
4 . . . 4 )
0 150 300 450 600 0 150 300 450 600 Cl (mM)
CIl' (mM) CI (mM)
C 0 T T D 0 T T
— Initial (10,000 yr BP) — Modern
~—— 9,900 yr BP — spBp P g y
— 9,800yr BP = ;?f: L S— o |
1r 9,700 yr BP R 1 100 yr BP g
g (= g 5 g
=} 4etyr o & L5F E
g/ 2k i é 2k i g 100 yr
= = S
j=9 j=" j=9 2k e
j5) L j5)
A (=) A
3+ g 3+ A
25+ g
1 1
4 . L ; . 400 450
200 300 400 500 600 200 300 400 500 600 Cl (mM)
CI (mM) CI (mM)
E o : : ; F a
— Initial (10,000yrBP) | | N\g, ! .
— 990yrBP 1 T\
— 9800yrBP | | PN 1F Hﬁi
\
1r 9,700 yr BP 1 1F R \.%
—_ e 1
3 el 5 T
2 ,500 yr 32 Z 15t N\
é 2 é 2 é N
= £ N g1 e\
=2 ] [— A 100yr <
— yr ;"\?\’_‘ |
3k B 3+— 50yrBP . AN
75 yr BP 25F A
— 100yr BP A .
" . ) ) 600 650 700
500 600 700 800 900 500 600 700 800 900 CI (mM)
CI- (mM) Cl' (mM)
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then essentially invariable from 9400 yr BP (or 9500 yr BP for Site GC2) until a century ago, when a higher sedimentation rate (0.5 cm/yr) was assigned. In general, it takes ca.
400 (Sites GC1 and GC7) to 500 (Site GC2) years for the pore fluid profiles to evolve from an initial seawater condition to the measured value. The analytical uncertainty of the

Cl™ data is <2%.

Cl™ concentration (187 mM), while the bottom seawater at this site (water
depth = 36.1 mbss) shows a similar 8 Sr/%°Sr value of 0.70914 with a
slightly low C1~ concentration (523 mM) (Table 2). Since Site S1 is the
nearest to the land among the study sites, the impact of terrestrial freshwa-
ter with radiogenic ¥ Sr is greater in the surface seawater by runoff than in
the bottom seawater.

Interactions with the Carboniferous to Permian carbonate bedrocks, as
documented from Tempelfjorden (Dallmann, 2015), cannot explain the ob-
served radiogenic Sr signals in pore fluids from Site GC1. Given that fluid
interacts with the carbonate rocks, the 8”Sr/%Sr values in pore fluid tend
to be similar to those of the carbonate rocks, which reflects the seawater
value during its deposition (McArthur et al., 2012). When freshwater mi-
grates from land to the ocean, the 8Sr/°Sr value in pore fluids should be
similar to that of late Paleozoic seawater if the dissolution of this bedrock
has significantly impacted the fluid. However, the reported 8”Sr/%¢Sr values
in the seawater from the Carboniferous to Permian (~0.7070 to ~0.7085;
McArthur et al., 2012) are lower than those of the present seawater and
all the pore fluids from Site GC1, which means that the ”Sr/%°Sr values
in pore fluids from this site are not significantly influenced by carbonate
bedrock. It is also consistent with our interpretation that the chemical com-
positions of pore fluids are mainly influenced by water-rock interactions
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and/or mineral precipitation in contact with silicified carbonate and clastic
sedimentary rocks rather than carbonate dissolution at this site. We postu-
late that the 8Sr/%°Sr values in pore fluids from Site GC1 reflect mixing
with freshwater containing Sr isotope composition similar to that of the
present seawater affected by silicate weathering (Fig. 8). Overall, the
87Sr,/%5r values in the pore fluids from the Svalbard fjords are mainly con-
trolled by water-rock interactions with the bedrock and/or aquifer of each
fjord.

5. Summary and implications

The compositional and isotopic signatures (e.g., depleted C1 ™, 8'80, and
8D) of the surface seawater and pore fluids from the studied Svalbard fjords
delineate fluid freshening by terrestrial freshwater discharge from precipi-
tation and/or meltwater from the cryosphere (i.e., glacier, permafrost, and
snow). The brine pore fluid with low 880 and 8D values from Site GC2 can
be attributed to the rapid formation of submarine permafrost or ice as a re-
sult of the readvance of the cryosphere during late Holocene cooling pe-
riods. Such a time scale is supported by our numerical simulation, which
suggests a time window of ~400 years for brine emplacement. During the
formation of such a brine, most dissolved species and light water isotopes
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were excluded from the frozen sediments to the surrounding unfrozen sed-
iments via cryogenic squeezing (Fig. 4A and B).

The pore fluid chemistry shows no clear correlation with water depth
and distance from land at each site (Figs. 2 and 3). We propose that the het-
erogeneity in cryosphere conditions, as well as the subsurface hydrogeol-
ogy of each fjord, serve as the most important factors determining fluid
chemistry. In particular, the cryosphere conditions in each Svalbard fjord
have responded differently to Holocene climate change, which has altered
the fluid chemistry through interactions between the hydrosphere and
cryosphere.

The fluid transported from land to ocean has been modified by multiple
water-rock interactions, such as bedrock weathering, (reverse) ion ex-
changes, and mineral precipitation. In particular, the high 8”Sr/%°Sr values
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in pore fluids from Sites GC1, GC2, GC4, GC6, and GC7 are strongly con-
trolled by interactions with siliciclastic bedrock and/or aquifers rather
than by in situ MSiW (Fig. 4A and B).

The river inputs of dissolved solutes, nutrients (P, N, and Si), and or-
ganic matter (dissolved and particulate organic carbon) in association
with the shrinkage of the cryosphere extent significantly impact the ele-
mental cycle and biogeochemistry of coastal areas in the Arctic Ocean
(Bhatia et al., 2013; Hawkings et al., 2016, 2018; McClelland et al., 2016;
Deuerling et al., 2019; Martin et al., 2020). This meltwater transportation
will enhance the delivery of these dissolved species in response to future
warming. In the Svalbard fjords, we also observe freshwater discharge
with enriched 8 Sr/%°Sr and depleted 8''B and cations in surface seawater
and pore fluid (Figs. 2, 3, and 4; Tables 2 and 3). This observation indicates
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that significant amounts of these solutes are transported to coastal areas
through river runoff and subsurface freshwater flow and impact the water
cycle and element budgets of coastal areas in the Svalbard fjords. Addition-
ally, enriched H,4SiOy, is delivered to the coastal area through subsurface
freshwater flow (Figs. 2 and 4; Table 3), which can influence biogeochem-
ical cycles because Si is an essential nutrient for a number of marine organ-
isms (Hawkings et al., 2018). Consequently, our findings suggest that the
delivery of dissolved species via subsurface flow is also important for ele-
ment budgets and biogeochemical cycles in the coastal area of Svalbard
and potentially the Arctic Ocean. Future work will need to quantify the
out-flow of subsurface freshwater and precisely investigate its impact on
the coastal ecosystem compared to surface runoff.

The retreat of the cryosphere has accelerated in the Svalbard fjords dur-
ing the past several decades in response to rapid global warming (Nuth
et al., 2007, 2013; Grabiec et al., 2018), which implies that seawater has
rapidly replaced this area and that its influence has gradually increased
landward. Indeed the former peninsula in Kongsfjorden is now an island
as of the early 1990s and the opening of a strait between Sgrkapp Land
and the rest of Spitsbergen Island is expected to occur between 2055 and
2065 (Grabiec et al., 2018). These results also suggest that the subsurface
fluid in the coastal area may be more salinized landward by natural seawa-
ter intrusion as the seawater area expands landward in the Svalbard fjords
in association with cryosphere area retreat. It is expected that this retreat
will accelerate in the near future (Peterson et al., 2006; Hood et al.,
2015), which will expedite natural landward seawater intrusion. Conse-
quently, the present fluid conditions governed by the cryosphere-
hydrosphere-lithosphere will undergo remarkable changes. The observed
pore fluid compositions at Sites GC1, GC2, and GC3 may serve as an analog

A
40 A) T T T
X®
8 o ¢
100%
°
§ ;
36 ) -
r\//,Q---75%
& ,'. ® GCl
< M50
S 7-50% H GC2
~nt S & GC3
/m 1250 A GC4
) K * GC5
o + GC6
0% X GC7
28t O st
0 ss
O 87
A S8
24 1 1 1
0 1 2 3 4
B/Cl' (uM/mM)
0.716 : . :
n
0.714 | u .
4 u, : .
2
Z 0712t x4
2 &
0
o X
0.7095 | h'+ 4
A
071} » H
YR
T0.709 L L
0.05 0.1 0.15 02
0.708 ' ' '
0 0.15 03 045 0.6

Sr?*/Cl- (uM/mM)

Science of the Total Environment 835 (2022) 155516

for future scenarios. Sites GC1 and GC2 have been directly and strongly in-
fluenced by changes in the cryosphere extent during the late Holocene (Joo
et al., 2019; Farnsworth et al., 2020), thus pore fluids have been severely
affected by fluid freshening or fluid brines in response to varying interac-
tions with the cryosphere (Fig. 4). However, the similarity in fluid compo-
sition at Site GC3 to open ocean conditions suggests that the cryosphere-
derived influence may diminish depending on the future status of the
cryosphere under a future warming scenario (Fig. 4B and C). We predict
that the observed unique freshening and brine fluid at Sites GC1 and
GC2, respectively, will disappear in the future (Fig. 4C), which will signifi-
cantly impact the environment from land to the ocean in the Svalbard
fjords. Our study emphasizes the need for a better understanding of land-
ocean interactions through the subsurface including the role of the
cryosphere-hydrosphere-lithosphere and how it influences the element cy-
cles as well as the environment in the Svalbard fjords in response to climate
change.
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