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Abstract

Ny-Alesund, located in Arctic Svalbard, is one of the most sensitive areas on Earth to global warming. In recent
years, accelerated glacier ablation has become remarkable in Ny-Alesund. Glacial meltwaters discharge a
substantial quantity of materials to the ocean, affecting downstream ecosystems and adjacent oceans. In August
2015, various water samples were taken near Ny-Alesund, including ice marginal meltwater, proglacial meltwater,
supraglacial meltwater, englacial meltwater, and groundwater. Trace metals (Al, Cr, Mn, Fe, Co, Cu, Zn, Cd, and
Pb), major ions, alkalinity, pH, dissolved oxygen, water temperature and electric conductivity were also measured.
Major ions were mainly controlled by chemical weathering intensity and reaction types, while trace metals were
influenced by both chemical weathering and physicochemical control upon their mobility. Indeed, we found that
Broggerbreen was dominated by carbonate weathering via carbonation of carbonate, while Austre Lovénbreen
and Pedersenbreen were dominated by sulfide oxidation coupled with carbonate dissolution with a doubled
silicate weathering. The higher enrichment of trace metals in supraglacial meltwater compared to ice marginal
and proglacial meltwater suggested anthropogenic pollution from atmospheric deposition. In ice marginal and
proglacial meltwater, principal component analysis indicated that trace metals like Cr, Al, Co, Mn and Cd were
correlated to chemical weathering. This implies that under accelerated glacier retreat, glacier-derived chemical

components are subjected to future changes in weathering types and intensity.
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1 Introduction

Glaciers contain about 70% of the global fresh water re-
sources on earth. Polar regions are some of the most sensitive re-
gions with respect to climate changes. According to the IPCC
(2019) reports, almost all glaciers are experiencing continuous
retreat, especially in the Arctic and the west Antarctica regions
(Hugonnet et al., 2021). For quite some time, polar regions were
considered too remote for direct, noticeable effects of anthropo-
genic activities, but activities such as tourism, mining, shipping,
and long-range atmospheric transport are increasingly having an
impact (Vargo et al., 2020). Therefore, the polar regions are suf-
fering from not only a warming climate, but also from environ-
mental and ecological issues. The feedbacks to these environ-
mental and anthropogenic driving forces therefore draw lots of
attention to the polar regions.

Hydrochemical parameters, such as major ions and alkalinity,
are usually studied to understand aqueous weathering and envir-

onmental conditions (Nowak and Hodson, 2014; Yde et al., 2014).
They help researchers comprehend the weathering and environ-
mental processes in glacierized catchments that respond to
changing climate (Graly et al., 2014; Ingri et al., 2005). As melting
accelerates, glacial meltwater carries large freshwater and mater-
ial fluxes into the adjacent ocean (Nowak and Hodson, 2013),
making it urgent to study their environmental and ecological
consequences. Among these fluxes, trace metals have attracted
attention due to their distinctive roles in tracing geochemical and
environmental processes, as well as fertilizing or poisoning mar-
ine biota (Morel and Price, 2003). For example, Al and Mn are
usually applied as tracers to reveal the lithogenic sources or
redox processes (Ren et al., 2006), while Fe, Co, Zn and Mn are
essential elements for marine phytoplankton that regulate
primary production in some ocean regions (Gerringa et al., 2020;
Tagliabue et al., 2017; Vance et al., 2017; Huertas et al., 2014). Cd
and Cu act as either stimulating or toxic elements to marine life,
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depending on their concentration levels (Miao et al., 2005), while
Cr and Pb are harmful elements for health that create environ-
mental issues (Pratush et al., 2018).

Ny-Alesund is located on Svalbard, where the Arctic Ocean
and Atlantic Ocean connect. The Ny-Alesund area is character-
ized as subarctic with respect to climate, and has a landscape
consisting of fjords, glaciers, meltwater, and tundra (Willis et al.,
2006). Fresh water in Ny-Alesund mainly comes from glacier
melting, snow and ice melting, and summer precipitation, and
the melting season is typically from late April to September
(Nowak and Hodson, 2014; Svendsen et al., 2002). The bedrocks
are mainly Carboniferous-Permian limestone and dolomite to
the west, and older metamorphic phyllite and schists to the east,
especially beneath the glaciers’ accumulation areas (Dallmann,
2015). Ny-Alesund is also subjected to a warming climate, such
that data from the environmental monitoring of Svalbard and Jan
Mayen (MOS]J) shows the mass balance in Austre Broggerbreen
glacier and Midtre Lovénbreen glacier was almost always negat-
ive from 1968 to 2018 (http://www.mosj.no/en/climate/). Dur-
ing the past 50 years, the thickness of the two glaciers has de-
creased by 23.4 m and 18.2 m, respectively. Previous studies have
suggested that the hydrochemistry in Bayelva River is controlled
both by snowpack solute elution and chemical weathering
(Nowak and Hodson, 2015; Hodson et al., 2002, 2000). At Austre
Broggerbreen, chemical weathering in Bayelva River is domin-
ated by calcite at high elevations, while downstream weathering
in the proglacial environment is dominated by a combination of
calcite and dolomite dissolution weathering which doubled the
Mg?+, Ca?* and HCO; concentrations along the flow path (Hod-
son et al., 2002). The same work shows that concentrations of
SO3~ also increase downstream because sulfide oxidation is an
important source of acidity for weathering reactions in the glaci-
er forefield and moraines. A 20-year period of observations from
the Bayelva River suggested that chemical weathering was en-
hanced by the increased exposure of the proglacial area follow-
ing the retreat of Austre Broggerbreen. No delayed subglacial
drainage pathways exist beneath this glacier on account of its
switch to a cold-based thermal regime following sustained mass
balance losses (Nowak and Hodson, 2014, 2013). This transition
greatly restricts the penetration of surface meltwaters to the glaci-
er bed, and so the expanding glacier forefield became increas-
ingly important for promoting extended rock-water contact as
the cold-based glacier retreated. By contrast, at Midtre Lovénbreen,
the chemical weathering processes are less affected by carbonate
lithologies, and subglacial weathering processes are more im-
portant, especially with respect to sulfide oxidation and its effect
upon carbonate weathering (Irvine-Fynn and Hodson, 2010;
Hodson et al., 2000).

Trace metals in meltwater originate predominantly from both
natural and anthropogenic processes, such as weathering, dissol-
ution of local geological substratum, and atmospheric depos-
itions. A few studies have addressed the soils in Ny-Alesund (Ra-
jaram et al., 2023; Halbach et al., 2017), the metals composition of
aerosols from long-distance anthropogenic-derived transporta-
tion (Platt et al., 2022; Moroni et al., 2016) or summertime cruise
ship emissions (Zhan et al., 2014). Zhang et al. (2015) applied
iron isotopes to reveal that the aggregation and adsorption of
nanoparticulate and colloidal Fe to particles were responsible for
Fe loss in the proglacial environment within the Bayelva catch-
ment. However, since most meltwater hydrology studies focus on
Bayelva, there is a lack of studies on the processes that determ-
ine trace metals in meltwaters elsewhere in the region. A compre-
hensive study of major ions and trace metals in meltwaters from

different meltwater systems near Ny-Alesund is therefore neces-
sary to understand natural and anthropogenic biogeochemical
conditions in this important research environment.

In August 2015, five types of water samples including supra-
glacial meltwater, englacial meltwater, ice marginal meltwater,
proglacial meltwater and groundwater, were sampled from four
glacier systems near Ny-Alesund. Major ions (Ca2+, Mg+, Na*, K+,
Cl-, SO27), alkalinity, nutrients (NOj, Si), and trace metals (Al,
Cr, Mn, Fe, Co, Cu, Zn, Cd, and Pb) were measured. The aim of
this study is to compare and complement the existing hydrology
data for a better understanding of biogeochemical cycling in gla-
cier systems, and to investigate baseline for trace metals and the
potential anthropogenic fingerprint in Ny-Alesund.

2 Method and study area

2.1 Sampling and handling

The area of sampling and sampled sites is shown in Fig. 1. The
Svalbard archipelago (74°-81°N, 10°-35°E) consist of many is-
lands, including Spitsbergen, Nordaustlandet, Barents Island,
and others. It is located between the Barents Sea and the Green-
land Sea, which are the channels of water exchange between the
Arctic Ocean and the Atlantic Ocean (Hop et al., 2006; Svendsen
etal., 2002). About 60% of the land in the Svalbard Archipelago is
covered by glaciers, with estimated fluxes of meltwater and ice-
berg calving of (25 + 5) km3 and (4 + 1) km3 annually, respect-
ively (Hagen et al., 2003). Ny-Alesund is located in south of
Kongsfjorden. There are five main glaciers around Ny-Alesund
on the south shore side of Kongsfjorden, including Vestre
Broggerbreen, Austre Broggerbreen, Midtre Lovénbreen, Austre
Lovénbreen, and Pedersenbreen. The main channel of Bayelva
River derives from Austre Broggerbreen, and it mixes with melt-
water from Vestre Broggerbreen in the middle-reach. Both Aus-
tre and Vestre Broggerbreen are almost entirely cold-based. By
contrast, Midtre Lovénbreen and Pedersenbreen offer extended
opportunities for rock-water contact at the glacier bed due to the
presence of temperate, subglacial ice (Irvine-Fynn et al., 2010).
Lastly, little or nothing is known of the drainage system of Vestre
Lovénbreen, although it has been suggested that it has also be-
come cold-based according to research into a historic groundwa-
ter system thought to have been recharged by temperate ice in
the accumulation area when the glacier was substantially thicker
(Haldorsen et al., 2011).

Glacial meltwater sampling from four glaciers was carried out
in August 2015, shown as in Fig. 1. Meltwater from Vestre
Broggerbreen as VB, Austre Broggerbreen as AB;,, AB,,,, and
ABp,, were taken twice for observing daily variation. Meltwater
from Austre Lovénbreen as AL1-AL5, and Pedersenbreen as P1
and P2, were taken once. The sampling site for AB;, was located
at the Norwegian Water Resources and Energy Directorate (NVE)
station, which is situated 2 km northwest of Ny-Alesund and
300 m from the outlet of the Bayelva River into Kongsfjorden. A
third sampling survey was also conducted at the AB,,, site. Addi-
tionally, one groundwater sample, namely GW, was collected
from moss land in the Bayelva River basin. A total of 17 water
samples were taken from five types of water sources: supraglacial
meltwater flowing on the surface of Austre Lovénbreen (AL1, n =
1), englacial meltwater which is clear outflow water from an
opening from Austre Lovénbreen (AL3, n = 1), groundwater near
the Bayelva River (GW, n = 1), ice marginal meltwater (AB;, AL2,
P1, n = 4), and proglacial meltwaters with high turbidity, derived
from meltwater contacting the bedrock of each glacier (VByqy,,
AByp,, ABpy, AL4, AL5, and P2, 1= 10).
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Fig. 1. Sample sites. a. Location of Ny-Alesund on Svalbard Archipelago; b. map of Ny-Alesund and Kongsfjorden; c. sampling sites in

Ny-Alesund in 2015.

At a riverbed approximately 200 m from ABDW station, a well
with dimension of 1.5 m x 1.5 m x 1 m (width x length x depth)
was dug, and the active-layer groundwater sample (GW) was
taken after removing the overflow water three times. The GW sta-
tion is characterized as a tundra ecosystem with permafrost. The
continuous permafrost underlies the unglaciated area is around
100 m thick, and at the end of summer, the active layer ranges
from 1 m to 2 m in thickness (Boike et al., 2018). Meltwater
samples were collected using a custom-made “pole sampler”, as
described previously in Zhang et al. (2015). Briefly, a pre-cleaned
1 L high density polyethene (HDPE) bottle was attached to the
top of the pole sampler, rinsed several times with meltwater from
the middle of the main stream, then bottled with meltwater,
sealed in double plastic bags, and kept in a cool box after
sampling. Samples were taken on foot from upper stream to
downstream, and then transported back to the marine lab on-
shore by rubber boat. Samples were filtered in class 100 clean
flow bench in the marine lab immediately upon arrival using
acid-cleaned 0.4 pm polycarbonate membrane (Whatman).
Filtered samples for trace metal analysis were acidified to pH =2
using ultrapure HCI, and kept in triple bags at room temperature
until analysis. All plastic labware were pre-cleaned according to
the protocol described in Zhang et al. (2015). Specificly, the
plastic labwares were cleaned using the following procedures:
soaking in 2% Citranox detergent overnight, followed by cleaning
with ultra-pure water (Milli-Q) seven times. Next, they were
soaked in 10% HCIl for a week, then cleaned again with ultra-pure
water seven times. Finally, they were packed in triple plastic bags.
Auxiliary parameters, including temperature (7), pH, dissolved
oxygen (DO), and electronic conductivity (EC), were collected
on-site using a multi-parameter probe (WTW Multi 350i).

2.2 Sample analysis

2.2.1 Hydrochemical parameters
Major ions (including: Na*, K+, Mg2+, Ca2+, Cl-, SO~ ) were

measured using an Ion Chromatograph (Dionex, ICS-2000) at
East China Normal University. The relative standard deviations
for measuring the quality control standards of ions were less than
3%. Specifically, the total cationic equivalents (TC) were calcu-
lated as [Na*] + [K*] + 2[Mg?*] + 2[Ca?*], while the total anion
equivalents (TA) were calculated as [Cl-] + 2[SO3~ ] + [HCO; ] +
2[CO3™] + [NOj ]. For all analyzed samples, the difference
between TC and TA (|TC - TA|) was less than 0.02 meq/L (milli-
gram equivalent), and the percentage difference (|TC - TA|/|TC +
TA| x 100%) was less than 2%, verifying the quality of the meas-
urement.

Alkalinity (Alk) was determined and calculated from the pH
probe measurements, as described by Ye et al. (2018). The relat-
ive standard deviation (RSD) of measurements was less than
1.3%. Based on the total amount of HCl standard added and the
remaining amount, we calculated alkalinity using following
equation:

Alk = [Cyya x Vi — 10CPH 5 (Vy + Vs)] /Vs, M

where Cy;, Vi, and Vg represent the concentration of standards
HC]J, total volume of HCI added, and the sample volume, respect-
ively. We determined 3 measurements for each sample, and the
difference between parallel samples was less than 0.02 pH unit.

[HCO3 | was calculated using Egs (2) and (3), which take into
account the water temperature during measurement, as well as
the water temperature and pH measured on-site by the WITW
Multi 350i multi-parameter probe:

pH < 8: [HCO; | =Alk — [OH™ | + [H*] =
Alk — ky, x 10°1 4 107PH, @

pH > 8 : [HCO; | = Alk— [OH | + [HT] /(1+2x Kp/[H']), (3)

where, k,, refers to the ionic product constant of water, and the



Shen Zhan et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 86-99 89

constant values under different temperatures were obtained from
Perlt et al. (2017). k, refers to the dissociation constants of car-
bonic acid, which is calculated according to the method de-
scribed by Millero et al. (2006) and Woosley and Moon (2023).

The concentrations of nutrients (NO; and Si) were determ-
ined by colorimetry method using a continuous flow analyzer
(SAN SKALAR Plus) at East China Normal University. The detec-
tion limits of NO; and Si were 0.002 mg/L and 0.005 mg/L, re-
spectively, and the relative standard deviations were 3% and 1%,
respectively.

2.2.2 Trace metals

Trace metals (Al, Cr, Mn, Fe, Co, Cu, Zn, Cd, and Pb) were
measured using a high resolution inductively coupled plasma
mass spectrometer (Element 2, Thermo Fisher) at the University
of Southern California. All samples were matched into a 0.1 mol/L
HNO, matrix and determined by an external standard curve with
1 mg/L In as an internal standard. The detection limits for Al, Cr,
Mn, Fe, Co, Cu, Zn, Cd, and Pb were 0.27 ng/L, 0.03 ng/L,
0.02 ng/L, 0.10 ng/L, 0.01 ng/L, 0.02 ng/L, 0.06 ng/L, 0.06 ng/L
and 0.01 ng/L, respectively, with analytical precision <3%.

2.3 Data process

2.3.1 Sea-salt correction

Sea-salts can significantly influence some of the chemical
components in Bayelva (Hodson et al., 2002), especially major
ions. Thus, it is necessary to eliminate the contribution of sea-salt
using Cl as a reference element (Grosbois et al., 2000), following
equation:

[M] sea

) [M] = [M} - [Cl_}

measure

X [Cli] measure’ (4)

sea

where, *[M] represents the concentration of major ions after sea-
salt correction; [M],,,..cure a0d [C17 ] .. cure TEPTEsent the meas-
ured values of major ion and Cl™~ in samples, respectively; [M],,,/
[Cl],., represents the ratio of major ion to Cl” in seawater. The
ratios for Na*, K*, Mg?+, Ca?+, and SOi* to ClI™ are 0.86, 0.02,
0.097, 0.02, and 0.052, respectively.

2.3.2 Statistical analysis

Significance test (¢-test), Principal Component Analysis (PCA)
and Cluster Analysis (CA) were all completed using Statistical
Package of the Social Sciences (SPSS, version 20.0). In the t-test, a
result with ¢ less than 0.05 is considered to indicate a significant
difference. PCA analysis was employed to identify the primary
controlling factors of trace metals among ice marginal and
proglacial meltwater samples, while CA analysis was applied to
identify the similarity of trace metal in ice marginal and progla-
cial meltwater. For PCA, the Kaiser-Meyer-Olkin (KMO) test and
Bartlett’s test of sphericity were used, and the maximum vari-
ance method was selected. A result of less than 0.001 for the

sphericity test indicates correlation among the data and suggests
further analysis can be done. Ward’s method was chosen for
cluster analysis, and Squared Euclidean distance was used as the
measurement distance.

3 Results

3.1 Major ions

The average and range of major ions in all ice marginal and
proglacial meltwater samples are shown in Table 1. Hydrochem-
istry parameter for all meltwater samples are shown in Table 2.
The range of electronic conductivity (EC) was between 12 pS/cm
and 110 pS/cm, with an average of (64 + 39) uS/cm (n = 16). EC in
the Bayelva River increased downstream, from an average of
34.5 uS/cm at Station ABy;, to an average value of 65.7 pS/cm at
Station ABp,,, before entering the sea. Temperature ranged from
0.5°C to 5.9°C and averaged (2.0 + 1.5)C (n = 16). pH ranged from
7.59 t0 9.10, averaging 8.43 + 0.36 (n = 16); dissolved oxygen
(DO) ranged from 10.2 mg/L to 14.4 mg/L with an average value
of (12.6 + 1.4) mg/L (n = 16). The main components of major ions
in meltwater were Ca2* for cations, and HCO; and SO3~ for an-
ions, respectively. Major ions concentration (umol/L) followed
the order of [HCO; ] > [Ca?*] > [SO;~ ] > [Mg?*] > [Cl-] > [Na*] >
[K*]. The range of total cations (TC) was from 0.09 meq/L to
1.05 meq/L, while total anions (TA) was from 0.08 meq/L to
1.06 meq/L.

The groundwater at Site GW had the highest EC value and
highest major ion concentrations among all water samples, while
the lowest dissolved oxygen concentration was observed at this
site with the value of 9.0 mg/L. Compared to the visible redness
color in Bayelva River, meltwater from Vestre Broggerbreen
showed a greyish color and higher EC value. The highest HCO;
concentration with an average value of 46.70 mg/L, accompany-
ing the highest alkalinity and pH values, were observed in melt-
water from Vestre Broggerbreen among the investigated
meltwater samples. Samples from Sites AL1 and AL3 were
supraglacial and englacial meltwater, respectively. Major ion and
EC values at these two sites were lowest among the all types of
waters. Among the ice marginal and proglacial meltwater, EC
values ranked in the order of Austre Lovénbreen > Vestre
Broggerbreen > Pedersenbreen > Austre Broggerbreen. The low-
est Ca* value was observed in Austre Broggerbreen, while
highest SO%~ value was observed in Austre Lovénbreen.

3.2 Trace metals

Trace metal concentrations are shown in Table 3. In glacial
meltwaters, the average concentrations of trace metals followed
the order of Al > Mn > Fe > Cu > Co >Zn > Cr > Pb > Cd. The
concentrations of Al and Mn in glacial meltwater near the ice
margin ranged from 5.78 ug/L to 112.7 ug/L and from 0.99 pg/L to
40.42 pg/L, respectively. Fe in turbid glacial meltwater ranged
from 0.22 pg/L to 8.39 pg/L, with the exception of a single maxim-
um value of 116.8 pg/L at sampling site AL2. The detectable con-
centrations of Zn, Cu, Co, Cr, Pb, and Cd in ice marginal and
proglacial meltwater ranged from 0 to 0.23 pg/L, 30.09 ng/L to

Table 1. Concentration range of major ions in ice marginal and proglacial meltwater in Ny-Alesund (umol/L, n = 14)

Na+* K* Mg?+ Ca? cl- SO3~ HCO; Si NO;

Average value 46.4 15.0 70.0 267 43.9 90.8 501 5.44 1.29
Standard deviation 15.4 7.9 24.9 72.5 18.5 77.1 147 2.56 0.67
Max value 76.1 29.4 119 358 84.6 245 773 9.86 2.58
Min value 27.8 7.2 23.4 126 20.3 21.9 305 2.23 0.32
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Table 3. Summary table for trace metal concentrations in Ny-Alesund
. . Al/ Cr/ Mn/ Co/ Cu/ Fe/ Zn/ Cd/ Pb/
Water types Source glacier Swion (g L1) (ngL) (L") (ngL”) (ngL™) (ugL") (ugL™) (ngL™) (ngL™)
Ice marginal and Austre AByp(n=2) 1295 2515 1685 3920 1649  8.39 0.09 LDL  14.66
proglacial meltwater  Broggerbreen 1210 859 1077 1386 6347 061 011 LDL 125
AByp(n=2) 578 1833 13.02 2981 61.64 141 0.02 1.66  0.53
13.00 921 1048 1464 64.09  0.69 0.00 0.53 0.94
ABpy(n=3) 686 2864 758 13.13 7659  0.78 0.01 0.07 LDL
1252 1312 1015 1720 6824 027 LDL LDL  1.08
795 2884 676 1126 69.43  0.87  0.02 132 0.26
Vestre ABpoy (n=2) 1473 54.02 147 1140 103.7  7.70 0.04 0.92 7.64
Broggerbreen 946  39.40 099 494 9885 022 LDL LDL LDL
Austre Lovénbreen AL2 112.7 1189 1266 108.6 166.8 164.9  0.23 LDL  102.2
AL4 19.28  9.98 4042 1286 4627  3.43 012 13.02 341
Pedersenbreen P1 2411 1361 1019 2381 5325 086 LDL LDL 146
p2 1441 747 2294 7959 3009 1.87 001 LDL  3.87
Average of above value 2045 2887 1264 3816 8210 1477  0.07 292 1249
Supraglacial meltwater Austre Lovénbreen ALl 0.91 LDL 5.35 53.92  30.47 1.65 0.16 LDL 10.09
Englacial meltwater AL3 355 399 645 2590 17.38 417  0.05 037 347
Groundwater Moss Land GW 6.75 39.17 32.78 64.54 278.0 3.04 0.14 12.31 4.37

Note: LDL refers to the trace metal concentration is lower than the method determination limit.

166.8 ng/L, 4.96 ng/L to 128.6 ng/L, 7.47 ng/L to 118.9 ng/L,
0.26 ng/L to 102.2 ng/L, and 0.07 ng/L to 13.02 ng/L, respectively.
Trace metal concentrations such as Al, Mn, Fe, Co, Zn, and Pb
decreased from Site AB;, to Site AByy,, in the Bayelva River. At the
same station, larger temporal variations on different days were
observed for trace metals than for major ions. For example, the
coeffiecient of temporal variation (RSD) for trace metals was up
to 131%, while that for major ions was no more than 40%. Except
for Al and Cr, trace metal concentrations in the supraglacial and
englacial meltwaters were comparable to those in the ice margin-
al and proglacial meltwater. For Zn, Cu, Pb and Co, higher con-
centrations were observed in supraglacial meltwater at AL1 than
in the englacial meltwater at AL3. All metal concentrations at Site
AL2 exceeded values elsewhere, with the exception of Mn. The
highest Mn concentration was sampled at AL4 in Austre
Lovénbreen. The lowest Mn and Co concentrations were ob-
served in the ice marginal and proglacial meltwater from Vestre
Broggerbreen. The highest Cu concentration was found in the
groundwater sample. Trace metal concentrations, except for Al,
in groundwater at GW were also higher than in the nearby stream
water at AByy;y station.

4 Discussion

4.1 Historical hydrochemistry variations in Bayelva River
Observations over a 20-year duration from 1990 to 2010 re-
vealed that the retreat of the cold-based glaciers most likely led to
increasing chemical weathering by longer residence time waters
in the recently exposed forefield in the proglacial environment
(Nowak and Hodson, 2014). Indeed, major ion concentrations,
including Ca2+, HCO; , Mg2+, SO3~, Na* and K* nearly doubled
between 2000 and 2010, caused by increased carbonate and silic-
ate weathering (Nowak and Hodson, 2014). As shown in Fig. 2,
observed carbonate weathering ion concentrations in 2015 were
comparable to those in 2000 but lower than in 2010 compared to
the previous study. This may reveal the annual variation of hy-
drochemisty in the Bayelva River during the past climate
changes. However, we could not rule out that the short sampling
interval during the late melt season in 2015 prevented meaning-
ful comparisons. Alternatively, an inconsistent pattern in major

ions was observed in this study compared to the historical data.
For example, Na* and K* in 2015 were comparable to those in
2010, while Ca%*, HCO; , Mg+, SO;~, and Si were lower. Concen-
trations of Na* and K* are derived from silicate weathering and
are believed to have a higher Na* and K* to silicon ratio com-
pared with the world average (Nowak and Hodson, 2014). Na*
may be released from ion exchange by H* and Ca?* in clay sur-
face, while K* may be leached from biotite, mica and K-feldspar
without the same increase of Si (Nowak and Hodson, 2014). Al-
ternatively, similar Na* and K+ concentrations compared to those
in 2009 could be attributed to similar silicate weathering intens-
ity between different expeditions, while removal of Ca?+ and oth-
er ions occurred. For example, a large portion of Ca* removal by
absorption in high suspended sediment was observed in the out-
let river of Leverett Glacier, West Greenland (Hindshaw et al.,
2014). The observed inconsistent patterns reflected the variation
of weathering conditions due to environmental changes in the
same investigated region in different sampling period. The pro-
gressively exposed proglacial environments caused by glacial re-
treat would add to the variability of chemical weathering and the
solute concentrations under the future climate changes, thus re-
quired continued observation.

4.2 Weathering features revealed by meltwater hydrochemistry in

Ny-Alesund

Solute acquisitions in meltwater come from multiple sources
in the glacier basin. Following the calculation criterion defined
by Hodson et al. (2000), solute provenances of sea, aerosol,
crustal and atmospheric sources could be calculated by concen-
trations of major ions and nutrients. This provenace model ig-
nores respired CO, as a contributing factor to the alkalinity
budget of the water because it seems that respired CO, dose not
significantly contribute to the water budget (Graly et al., 2017). In
brief, marine provenance includes all the CI~ and part of Ca?+,
Mg?+, SOLZ[, Nat+ and K* calculated from standard marine ratios
to CI™; aerosol provenance includes all the NO; and part of
SOi*; the crustal carbonate weathering and atmospheric CO,
dominate the HCO; provenance and the residual components
are assumed to be derived from the crustal source. The calcu-
lated solute provenances in all ice marginal and proglacial melt-



92
-10
£ -14
3
£
B -18
3
g
22
=
B
g
= —26 .
&) —e—cumulative mass balance
——air temperature
30 | | | | | _
1990 1995 2000 2005 2010 2015 2020
Year
C 2 _
—o—"Ca* HCO;
800 ‘Mg *SO2
2
S 600
£
=
2
=3
= 400 |
=
=
S
g
O 200
0 I A ] .
1990 1995 2000 2005 2010 2015 2020
Year

Air temperature/'C

Shen Zhan et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 86-99

b 340
<)
1300 5
>
3
z
=}
{260 2
k)
=
2
=
220 E
! ! ! ! ! 180
1990 1995 2000 2005 2010 2015 2020
Year
d 15
"Na* —e—"K* Si
o
1 1108
e
g
g
g
1s §
=]
o
&)
! ! ! ! ! 0
1990 1995 2000 2005 2010 2015 2020
Year

Fig. 2. Historical data of mass balance in Austre Broggerbreen, air temperature in Ny-Alesund, snow covered duration recorded in
Svalbard Airport, and major ions in Bayelva River, during 1990-2020. Mass balance, air temperature and duration of snow cover are
shown in the top panels [data source: the environmental monitoring of Svalbard and Jan Mayen Norsk (MOS]J), http://www.mos;j.
no/en/climate/]. Ablation seasons averaged hydrochemistry data of the Bayelva River before 2015 are obtained from Nowak and Hod-
son (2014), and data in 2015 are investigated in this study (the bottom panels).

water in Ny-Alesund from atmospheric, aerosol, marine and
crustal sources were 21% + 8%, 0%, 9% + 4%, and 70% * 7%, re-
spectively. For englacial and supraglacial meltwater, the crustal
provenance contributed relatively lower (~40%) to the solutes,
while the solutes originated from the crustal source dominated
hydrochemistry in ice marginal and proglacial water of Ny-Ale-
sund. Besides, the Gibbs plots were used to identify the sources
of major ions, including evaporative concentration, rock weath-
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ering, and atmospheric precipitation (Tranter and Wadham,
2014). Cation and anion weathering products from glacial basins
confirm the dominance of rock weathering as the major source
for major ions in ice marginal and proglacial meltwater in Ny-
Alesund (Fig. 3). Major ions in glacial meltwater after sea salt cor-
rection, can thus be applied to reveal the weathering features.

As shown in Fig. 4, both cation and anion ternary plots sug-
gested a dominance of carbonate weathering in Ny-Alesund, fol-
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Fig. 3. Gibbs plots of total dissolved solids (TDS) versus molar ratio [Na+]/([Na+*] + [Ca2*]) (a), and TDS versus molar ratio

[CI™]/([C1” ] + [HCO; ]) (b).
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Fig. 4. Ternary plot of ions molar ratios for meltwater in Ny-Alesund with comparison to other regions. * represents the data after sea-
salt correction. Data from previous study are used for comparison (Ye et al., 2018; Jacobson et al., 2015; Yde et al., 2014; Stumpf et al.,

2012; Green et al., 2005).

lowing the definition of Gaillardet et al. (1999). Ratios of [*Mg?+]/
[*Nat] and [*Ca?*]/[*Na*] shown in Fig. 5a also indicated that car-
bonate weathering dominated the hydrology in meltwater of Ny-
Alesund, with only a small fraction of solutes coming from silic-
ates weathering. This is consistent with previous studies based on
hydrochemistry features (Nowak and Hodson, 2014; Hodson
et al., 2002, 2000) and observations that bedrock types in Ny-Ale-
sund are mainly composed of carbonate rocks such as calcite and
dolomite from Late Palaeozoic (Svendsen et al., 2002). Com-
pared with other polar regions, such as the hydrology of Fildes
Peninsula in Antarctica, Iceland and Greenland in the Arctic
showed characteristics of both carbonate weathering and evap-
orate weathering with cations compositions. As for anion com-
positions, Iceland and Greenland mainly showed characteristics

of silicate weathering (Figs 4 and 5a). In contrast to the weather-
ing character in meltwaters, in groundwater sample, the ratios of
[*Mg?*]/[*Na*] and [*Ca?*]/[*Na*] indicated the predominance of
silicate weathering or Mg-Ca-sulphate salts dissolution (Fig. 5a).
For the chemical composition of GW, the cation contained Ca?*
(36%), Mg2* (49%), and (Na*+ K*) (14%) ions in peq/L, while the
anion included HCO; (31%), SO3~ (66%), and Cl- (3%) ions in
peq/L. This anions and cations composition in GW were similar
to the groundwater in Finsterwalderbreen (Cooper et al., 2002),
which also indicated the main weathering involved with Mg-Ca-
sulphate salts dissolution and sulfide oxidation.

Though carbonate weathering dominated the hydrology in
Ny-Alesund, carbonate wearthering and silicate weathering are
often coupled with other reactions, such as carbonation and sulf-
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Fig. 5. Molar ratios of [*Mg?2+]/[*Na*| versus [*Ca2*]/*[Na*] (a), [*Ca2*] + [*Mg2*] versus [*SO>~

[*Ca2] +

[HCO;]/(peq L)

] (b), [HCO; ] versus [*$0>~] (c) and

[*Mg?*] versus [HCO; | (d) display the compositions of glacial meltwater of Ny-Alesund. In a, data from previous study are

used for comparison (Ye et al., 2018; Jacobson et al., 2015; Nowak and Hodson, 2014; Yde et al., 2014, 2008; Feng et al., 2012; Stumpf
etal., 2012; Zeng et al., 2012; Rutter et al., 2011; Green et al., 2005; Mark et al., 2005). In b—d, SOCD indicates sulfide oxidation coupled
to carbonate dissolution. The dashed line represents the ion association of the corresponding weathering reaction.
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ide oxidation (Stachnik et al., 2016; Nowak and Hodson, 2014). As
shown in Figs 5b-d, ion ratios, slopes, and intercepts in linear re-
gression equations from the ion association were plotted to in-
dentify other reactions coupled with these two major weathering
types, according to the definitions by Stachnik et al. (2016) and
Tranter et al. (2002). Sulfate mass fraction (SMF), calculated as
the ratio of [*SO3~1/([*SO3~] + [HCO; ]) in peq/L, is used to help
roughly quantify the participation of processes in weathering re-
actions (Stachnik et al., 2016). For example, in carbonate weath-
ering dominated glaciers, an SMF value that equals 0.5 corres-
ponds to the predominance of sulfide oxidation coupled with
carbonate dissolution (SOCD), and an SMF below 0.5 corres-
ponds to carbonation of carbonates dissolution (COCD), and an
SMF above 0.5 is due to processes such as sulfide oxidation
coupled with silicate dissolution (SOSD), carbonate precipita-
tion, and evaporites dissolution (Cooper et al., 2002; Tranter
et al,, 2002). In Bayelva river and VB, station at Vestre
Broggerbreen, ion associations were lied between the theoretical
slopes of COCD and SOCD, indicating that both reactions con-
tributed to carbonate weathering. Additionally, a small SMF
value of 0.13 + 0.04 (n = 9) revealed that the COCD was the major
process. In contrast, the ion associations characrasitcs and the
higher SMF value (0.45 + 0.06, n = 5) suggested that SOCD was
the dominant process in glaciers of Austre Lovénbreen and Ped-
ersenbreen. A doubled concentration of silicate-derived solutes
(Nat, K+ and Si) but similar total ion concentrations in meltwater
of Austre Lovénbreen and Pedersenbreen were observed com-
pared to that of AB,, station in Bayelva River, suggesting a more
intensive silicate weathering contribution. It is also possible that
variation of SMF values could be caused by discharge; however, a
long-term study in Austre Broggerbreen showed a consistent low
SMF value (<0.3) during the whole ablation season regardless of
discharges (Nowak and Hodson, 2014). Therefore, the difference
of SMF values between Austre Lovénbreen, Pedersenbreen, and
Broggerbreen revealed the difference of bedrock characteristics
in Ny-Alesund. Indeed, the bedrock of Breggerbreen mainly con-
sists of carbonate rocks of calcite and dolomite from the Late Pa-
laeozoic (Svendsen et al., 2002). Phyllite and quartzite from Pre-
cambrian and Silurian dominate in Austre Lovénbreen and Ped-
ersenbreen basins, with carbonate rocks from the Late Palaeozo-
ic as minor components (Dallmann, 2015). Phyllite and quartzite
arerich in silicates, corresponding to doubled silicate weather-
ing in stream water of Austre Lovénbreen and Pedersenbreen
compared to that of Bayelva River (ABy,, station) under the simil-
ar chemical weathering intensities. More intensed silicate weath-
ering was firstly reported in the stream water of Austre
Lovénbreen and Pedersenbreen compared to that of Bayelva
River, which replenished the individual weathering difference in
glaciers in Ny-Alesund.

Finally, chemical weathering intensities (CWI) can be indic-
ated by the sum of total crustal-derived cations (TCC) concentra-
tions (Krawczyk et al., 2003). For all studied meltwaters, the
highest CWI was observed in Austre Lovénbreen [TCC = (930 +
39) peq/L, n = 3], followed by Vestre Broggerbreen [VBy,y
station, TCC = (853 + 12) peq/L, n = 2], Pedersenbreen [TCC =
(674 + 9) peq/L, n = 2], and Austre Broggerbreen [TCC = (554 +
144) peq/L, n = 7]. Solutes in meltwater runoffs may experience
changes in the proglacial environment due to proglacial weather-
ing processes and groundwater inputs. The relatively short
stream length of approximately 4 km and a flowing time of about
1 h (Hodson et al., 2002) might restrict the contribution of
groundwater to Bayelva River. Altnatively, chemical weathering
intensity in the midstream [AB,,, station, (560 + 58) peq/L, n = 2]

increased by 60% compared to the upstream [ABy; station, (351 +
48) peq/L, n = 2] in Bayelva River, indicating solute accumula-
tion from the active layer along the stream flow and the import-
ance of proglacial weathering processes (Hodson et al., 2002).
The CWI further increased from the midstream to the down-
stream [AByy,, station, (696 + 10) peq/L, n = 2] in Bayelva River
may be due to the mixing with a meltwater tributary from Vestre
Broggerbreen. The high CWI [(853 + 12) peq/L, n = 2] in melt-
water was observed at the VB, station. If mixing caused the
CWI increase at station AB,,, equivalent discharge would be cal-
culated from runoffs derived from both Austre Broggerbreen and
Vestre Broggerbreen, which is consistant with the previous
judgement by Hodson et al. (2002). For other proglacial runoffs,
similar CWI along the stream flow was observed in runoffs de-
rived from Austre Lovénbreen and Pedersenbreen, both with a
short stream length of approximately 1.5 km. This implies the
lack of an active layer in the bed of both short courses. However,
similar SMF values and ion associations between upstream and
downstream in meltwater from all investigated glaciers indicated
similar weathering conditions along their meltwater flow paths.
Because the groundwater sample was featured with different hy-
drology charateristics from silicate weathering and Mg-Ca-sulph-
ate salts dissolution, the sample we took for groundwater may not
represent a significant ion source to the proglacial runoffs in this
study. Observed CWI, described by TCC concentration of (695 +
190) peq/L (n = 14) in Ny-Alesund, fell at the higher end in com-
parison to other glacier-covered basins on Svalbard. For ex-
ample, Krawczyk et al. (2003) reported that the CWI in Erikbreen,
Finsterwalderbreen, Hannabreen, Midre Lovénbreen, and Scott
Turnerbreen were 627 peq/L, 600 peq/L, 400 peq/L, 431 peq/L,
and 308 peq/L, respectively. Comparable CWI in cold-based
glaciers, such as Vestre Broggerbreen [VBy,, station, (853 +
12) peq/L] and Austre Broggerbreen upstream (ABp,,, station, n =
2) to those found in polythermial glaciers like Erikbreen and Fin-
sterwalderbreen demonstrate the intensive chemical weathering
occuring in the recently exposed forefield by glacier retreat
(Nowak and Hodson, 2014).

4.3 Influencing factors on trace metals in meltwater from glaciers
in Ny-Alesund

4.3.1 Trace metals in supraglacial meltwater are mainly derived
Jfrom anthropogenic deposition

Enrichment factor (EF) value is defined as the concentration
ratio of dissolved trace metals to dissolved Al in different types of
meltwater, normalized to the same element ratio in the mineral
soils from Bayelva area (Halbach et al., 2017). In this case, EF val-
ues of the element in meltwater are able to reveal the natural
weathering or anthropogenic sources for these elements or the
mobility of trace metals relative to Al in Ny-Alesund (Dong et al.,
2017; Huang et al., 2013). Overall, as shown in Fig. 6, EF values of
metals in ice marginal and proglacial meltwaters were generally
within range of one order of magnitude, which suggested the
lithogenic sources. This is consistant with the previous know-
ledge that bedrock weathering is an important source for trace
metals (Lehmann-Konera et al., 2021; Li et al., 2016; Aciego et al.,
2015; Fortner et al., 2009; Mitchell et al., 2005). Physicochemical
processes, such as absorption, desorption and precipitation, also
attribute to the variations of trace metals in meltwater and have
been found to affect trace metals in meltwater (Singh et al., 2017;
Li et al., 2013; Fortner et al., 2009; Mitchell et al., 2006, 2005).
However, in supraglacial meltwater, we found EF values of all
trace metals were higher than that ranges in englacial/ice mar-
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Fig. 6. Boxplot data of ratios of water concentration to soil con-
centration in Ny-Alesund. All the heavy metals are normalized by
Aluminum. The boxes represent the ratios of ice marginal and
proglacial samples to soil, while circles and triangles represent
the ratios of supraglacial and englacial water samples to soil, re-
spectively. No supraglacial data of Cr and Cd, because they are
lower than detection limit.

ginal/proglacial meltwaters, except for Cd and Cr, whose concen-
trations were lower than the detection limit. EF values of metals,
such as Zn, Pb and Co, in supraglacial meltwater were more than
10 times higher than those in ice marginal and proglacial melt-
waters, indicating an addition source. The possible source for the
enrichment of metals in supraglacial meltwater is likely due to at-
mospheric deposition from melting snow or directly deposition,
especially anthropogenic sources. Aerosols deposited in Ny-Ale-
sund were found from both natural and anthropogenic sources,
including long-range sources mainly from Siberian local soils
and reginal wildfires, and local sources mainly by fly ash emitted
by cruise ships (Moroni et al., 2016). Polluted aerosols from ship
emissions have been reported enriched in metals in summer, for
example, Ni increased by 7 folds in aerosols emitted by cruise
ships (Zhan et al., 2014). A general decreasing annual trend was
reported for most observed heavy metals, except for Mn, at Zep-
pelin Observatory station in Ny-Alesund over a 30-year period

(Platt et al., 2022). Pb is one of the heavy metals mainly from an-
thropogenic sources to Ny-Alesund (Bazzano et al., 2021), and
the increasing trend of Zn was observed during the last decade
(Platt et al., 2022). This is consistent with observed high EF val-
ues for Zn and Pb in supraglacial meltwaters. Thus, we conclude
that trace metals in ice marginal and proglacial meltwaters are
from bedrock weathering while trace metals in the supraglacial
meltwater are effected by atmospheric input.

4.3.2 Correlated trace metals in glacial meltwaters with weather-
ing conditions

Principal component analysis (PCA) and cluster analysis were
applied to reveal metals acquisition from different processes in
glacial meltwater near the ice margin. Two main components
were identified from the PCA results: Principal Component 1
(PC1) and Principal Component 2 (PC2), which accounted for
32% and 25% of the total variance, respectively. As shown in
Fig. 7a, based on the PCA results and the weathering properties
discussed above, we identified two main groups that explain the
processes controlling metal concentrations in glacial meltwater.
First, we refer to Cluster 1, which is governed by carbonate
weathering, resulting in significant correlation among conductiv-
ity, HCO; , TDS, *Mg?*, and *Ca2* (0.72 <7 < 0.97, p < 0.02). Next,
Cluster 2 is considered to be derived from silicate weathering,
with a strong correlation among *SO2~, *K*, Si, and Al (0.6 < r <
0.8, p < 0.01), indicating sulfide oxidation coupled to silicate dis-
solution (SOSD) as an important mechanism. PCA results agreed
with the obove ion association analysis. Sample sites AB;;, and
VByou were located in proximity to cluster 1, which is mainly
characterized by carbonate weathering, while sample sites P1,
P2, and AL4 were located in proximity to cluster 2, which exhib-
ited silicate weathering signatures.

Cr was located close to cluster 1 in PCA loading plot, and was
well correlated with HCO3 and Mg?* (0.53 < < 0.82, p < 0.02).
This implied that carbonate weathering may be mainly respons-
ible for the presence of Cr in meltwater of Ny-Alesund. This is in-
consistent with previous studies that suggested that Cr primarily
originates from silicate weathering on the Tibetan Plateau (Li
et al., 2016; Rudnick and Gao, 2014). Because Ny—Alesund area
was dominated by carbonate weathering with minimal silicate
weathering. Also, Cr is naturally present in all rock types (Klaebe
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Fig. 7. a. Results of Principal Component Analysis (PCA) for chemical composition of glacial meltwater of Ny-Alesund. Individual
species are major ions, nutrients and trace elements concentrations, C (conductivity), T (temperature), pH, DO (dissolved oxygen),
TDS (total dissolved solids). b. Results of cluster analysis for trace metals of glacial meltwater of Ny-Alesund.



96 Shen Zhan et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 10, P. 86-99

etal., 2021). The water-rock interaction experiments of rocks in
Haut Glacier d’Arolla suggested there are no identical differ-
ences in Cr release between carbonate and silicate rocks
(Mitchell et al., 2006, 2005). Cr concentration in glacial melt-
water observed in Ny-Alesund in this study is similar to Cr con-
centration observed in Scott River on Svalbard (Lehmann-Kon-
era et al., 2021). Low Cr concentrations in meltwater on Svalbard
compared to other region, as seen in Table 4, suggested a low
baseline of Cr in local rocks on Svalbard. In this study, higher car-
bonate weathering was observed in Vestre Broggerbreen and
Austre Lovénbreen, as indicated by the sum of “Ca?* and "Mg?* of
(837 +9.8) peq/L and (896 + 38.9) peq/L, respectively, compared
to Austre Broggerbreen [(538 + 140) peq/L] and Pedersenbreen
[(637 + 12.9) peq/L]. This resulted in elevated concentrations of
Cr in Vestre Broggerbreen and Austre Lovénbreen compared to
Austre Broggerbreen and Pedersenbreen.

Al, Co, Mn and Cd, were located close to cluster 2, which in-
dicated silicate weathering origins. The presence of silicate
weathering via SOSD has been identified from the major ion
data, as well as previous studies in Ny-Alesund (Nowak and Hod-
son, 2014). Al showed significant correlation with Si, *SOE*, *K+
(0.60 < r< 0.66, p < 0.01), which indicated that silicate weathering
and SOSD may be responsible for Al in meltwaters. Aluminosilic-
ate weathering is recognized as the main source of Al (Stachnik
et al., 2019; Mitchell et al., 2006). Indeed, silicates in Ny-Alesund
include siliceous limestones under Broggerbreen, and phyllite,
mica-schists under Austre Lovénbreen and Pedersenbreen
(Svendsen et al., 2002). Similarly, Al was found to be mainly de-
rived from aluminosilicate weathering coupled to sulfide oxida-
tion in Werenskidldbreen on Svalbard (Stachnik et al., 2019). Co,
Mn and Cd were found to be well correlated with *SO;~ (0.75<r
<0.86, p < 0.01) and among themselves (0.77 < r < 0.90, p < 0.01)
in this study (Fig. 7b). Co, Mn and Cd are usually derived from
silicate weathering, e.g., quartzite, granites, gabbro, and plagio-
clase (Reimann and Caritat, 1998). The study supported the ori-
gin of Co, Mn, Cd from sulfide oxidation associated weathering in
Ny-Alesund. In other glacial systems, silicate weathering was also
found to play an important role in the presence of Al, Co, Mn in
meltwaters (Li et al., 2019). New snow is also an anthropogenic
source of metals, and a positive correlation between Cl- and Co,
Mn were observed, implying the potential input from new snow,
while correlation between Cd and Cl- was not found in this study.
Higher silicate weathering in Austre Lovénbreen and Pedersen-
breen, as evidenced by the sum of "Na+ and "K* of (34.4 +
3.92) peq/L and (36.9 + 4.18) peq/L, respectively, resulted in a de-
clining trend of Al, Co, Mn, and Cd concentrations from Austre
Lovénbreen and Pedersenbreen towards Austre Broggerbreen

and Vestre Broggerbreen.

For rest of the investigated metals, Fe, Pb, Zn, and Cu, were
not associated with either cluster 1 or cluster 2, and they were not
correlated with major ions and other hydrochemical parameters.
This implies the complexity of controlling factors in regulating
these metals in Ny-Alesund, including their various natural
and anthropogenic sources (Li et al., 2019, 2016), as well as
physicochemical processes in the glacier basin (Nowak and
Hodson, 2015; Yde et al., 2014; Raiswell and Canfield, 2012;
Wadham et al., 2010). This is also reflected by the highly spatio-
temporal variations for these metals in meltwater. For example,
despite similar chemical weathering intensities observed in up-
stream stations in Vestre Broggerbreen and Austre Broggerbreen,
the concentrations of Fe, Zn, and Pb varied up to 35 times
between two sampling expeditions. Previous studies have been
found a large portion of dissolved Fe was removed along flow
path in the proglacial environment in Bayelva River due to ag-
gregation and adsorption of nanoparticulate and colloidal Fe to
particles with the lack of organic complexation (Zhang et al.,
2015). Intensive Fe, Zn, and Pb removal were also found in this
study from the glacier output to the downstream before it entered
the Kongsfjorden. Understanding of the controlling factors for
trace metals in meltwater is limited in this study due to a small
number of samples. We suggest a comprehensive and sustained
study in this field for a better understanding of the trace metal
glacial flux to the ocean under the global warming circumstances.

Concentrations of trace metals of Cr, Al, Co, Mn, and Cd
exhibited regional disparities among the glaciers nearby Ny-
Alesund. There was not a clear trend of these trace metals trans-
formation along the proglacial flow pathway. The averaged con-
centrations of trace metals (Al, Cr, Mn, Co, Cu, Fe, Zn, Cd, and
Pb) in the ice marginal and proglacial meltwater nearby Ny-Ale-
sund were (20.45 + 27.04) pg/L, (28.87 + 29.18) ng/L, (12.64 +
9.75) pg/L, (38.16 + 39.11) ng/L, (82.10 + 40.25) ng/L, (14.77 +
43.43) pg/L, (0.07 £ 0.07) pg/L, (2.92 + 3.41) ng/L, and (12.49 +
28.62) ng/L, respectively. Utilizing these average trace metal con-
centrations and considering the glacial meltwater discharge of
0.8 km3/a (Svendsen et al., 2002) into Kongsfjorden, we estim-
ated the annual fluxes of Al, Cr, Mn, Co, Cu, Fe, Zn, Cd, and Pb
from glacial meltwater into Kongsfjorden at approximately (16 +
22) Mg/a, (0.02 + 0.02) Mg/a, (10 + 8) Mg/a, (0.03 + 0.03) Mg/a,
(0.07 +0.03) Mg/a, (12 + 35) Mg/a, (0.06 + 0.06) Mg/a, (0.002 +
0.003) Mg/a, and (0.01 + 0.02) Mg/a, respectively. However, the
samples in this study were collected in 2015, during a period of
rapid environmental changes in the Arctic. These changes are
likely to alter weathering characteristics and thus the glacial
meltwater flux for trace metals. Nonetheless, the data reported

Table 4. Comparison of trace metal concentration in Ny-Alesund with other regions

Region Al/(pg'L1) Cr/(ng-L') Mn/(pg-L1) Co/(ng-L!) Cu/(ng-L!) Fe/(ug-L')Zn/(pg-L!) Cd/(ng-L!) Pb/(ng-L!) Literature
Svalbard  ScottRiver n=9 1.62+1.47 10+11 258+3.74 33%11 54 +81 n.a. 0.36+£0.33 29+22 13+3 Lehmann-
Konera et al.
(2021)
Ny—Alesund n=13 20.5+27.0 28.9+£29.2 12.6+9.75 38.2+39.1 82.1+40.3 14.8+43.4 0.07+0.07 2.92+4.55 12.5+28.7 this study
Greenland  Leverett n=_82 445 311 3.99 90.2 667 133 0.46 0.67 37.7 Hawkings et al.
Glacier (2020)
Southern n=16 67.5+98.9 79.3+96.5 6.08+3.74 n.a. 541+377 71.1+108 1.78+1.58 n.a. n.a. Aciego et al.
Greenland (2015)
Canadian Arctic n=28 5.63+5.61 n.a. 1.08 +2.33 n.a 308+247 7.42+16.1 0.11+0.13 1.13+0.54 2.76+4.14 Colombo et al.
Archipelago (2019)
Switzerland Haut Glacier n =132 35 930 9.4 100 670 390 6.7 210 200 Mitchell et al.
d’Arolla (2006)
Antarctica OnyxRiver n=11 n.a. n.a. 1.26 £ 0.65 n.a 190.6 £27.9 18.7+16.8 0.24+0.15 25.9+21.5 n.a. Green et al.
(2005)

Note: n.a., data not available.
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provide valuable insights for process research.

5 Conclusions

In this study, major ions and trace metals in meltwater were
studied to reveal weathering and biogeochemical features in
meltwaters from four glacier systems around Ny-Alesund. The
study attempts to establish a relationship between weathering
and trace metals in glacial meltwaters, as well as provides a
baseline study for trace metals in glacier systems in the area of
Ny-Alesund.

Major ions suggested that carbonate weathering played a
dominate role in Ny-Alesund, associated with silicate weathering
and sulfide oxidation. SOCD and silicate weathering were more
important in glaciers Austre Lovénbreen and Pedersenbreen.
Solutes transformations reflected similar weathering conditions,
and the mixing was found that corresponded to the solutes load
changes.

Trace metals in supraglacial meltwater exhibited the finger-
print of anthropogenic aerosol deposition.

Principal component analysis demonstrated that Cr was cor-
related with carbonate weathering, while Al, Co, Mn, and Cd
were correlated with silicate weathering in glacial meltwaters.
Higher silicate weathering in Austre Lovénbreen and Pedersen-
breen corresponded a higher content of Al, Co, Mn and Cd in gla-
cial meltwaters. Removal of Fe, Zn, and Pb was observed from the
glacier output to the downstream area before it entered Kongsf-
jorden, while Cr, Al, Co, Mn, and Cd exhibited regional disparit-
ies patterns. As the accelerated glacier retreat due to global
warming continues, chemical components such as trace metals,
which serve as trace nutrients to marine phytoplankton, derived
from glaciers are subject to future changes in weathering types
and intensity.
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