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• Strong coupling between water and sedi-
ment chemistry at early stage of recession

• Early deglaciation facilitates sulphide oxi-
dation and carbonate dissolution.

• Glacier-derived physical weathering of
iron sulphides enhances their oxidation.

• Sulphide oxidation enhanced formation of
bioavailable iron oxides.
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 Most glaciersworldwide are undergoing climate-forced recession, but the impact of glacier changes onbiogeochemical
cycles is unclear. This study examines the influence of proglacial sediment weathering on meltwater chemistry at the
early stages of glacier recession in the High Arctic of Svalbard. Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS) in combination with a wide range of geochemical analyses were used in this study. The SEM-
EDS analyses of sediments collected in front of Werenskioldbreen show general degradation of pyrite and carbonate
grains with age. The outer parts of pyrite grains have a gradual decrease in sulphur and gradual increase in iron oxides
due to pyrite oxidation. This process was less advanced in the proglacial zone younger than 100 years compared to
older sites such as the terminal moraine from the Little Ice Age. In both the proglacial zone and the terminal moraine,
physical weathering ofmineral grains, including formation ofmicrocracks andmicrofractures, clearly enhanced pyrite
oxidation. A consequence of proglacial sediment weathering is that the river chemistry is strongly affected by carbon-
ate dissolution driven by sulphuric acid from sulphide oxidation. Also, reactive iron oxides, a product of sulphide ox-
idation, are mobilized in the proglacial zone. The results of this study show that proglacial weathering in the High
Arctic of Svalbard is strongly coupled to river geochemistry, especially during the early stages of proglacial exposure
after glacier recession.
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1. Introduction

Glacierised basins influence global biogeochemical cycles as they are
among themost dynamic environments in the hydrosphere and lithosphere
(Arrigo et al., 2017; Bhatia et al., 2013; Hawkings et al., 2014, 2017;
Hopwood et al., 2020; Hodson and Yde, 2022). Rapid glacier retreat and
enhanced melt often lead to higher annual runoff resulting in the release
of products originating from chemical and physical weathering such as
suspended sediments and solutes including nutrients (Hasholt et al.,
2018; Hawkings et al., 2014; Yde et al., 2014). However, rates of spatiotem-
poral changes in, and interactions between biogeochemical processes
associated, with land-based glacier retreat, climate change and paraglacial
biogeochemical ecosystem responses remain poorly understood (Anderson
et al., 2017; Deuerling et al., 2019; Saros et al., 2019).

In the early stages of recession, glaciers affect biogeochemical cycles,
particularly the carbon cycle, through a variety of pathways. For instance,
consumption of atmospheric CO2 increases via intensification of the carbon
pump due to delivery of highly bioavailable micronutrients to aquatic envi-
ronment (Gerringa et al., 2012; Hawkings et al., 2018; Hodson et al., 2017;
Smetacek et al., 2012). Enhanced runoff and high glaciofluvial erosion in
subglacial and proglacial environments increase downstream transport of
vast amounts of micronutrients (Hawkings et al., 2014; Meire et al.,
2016). Silicate dissolution and ion exchange appears to dominate in subgla-
cial conditions beneath ice sheets (Andrews and Jacobson, 2018; Graly
et al., 2014; Moore et al., 2013). Also, glacierised basins act as CO2 and
CH4 sources to the atmosphere via processes such as dissolution of carbon-
ates by sulphuric acid (Scribner et al., 2015; Torres et al., 2014, 2017;
Torres et al., 2014; Zolkos et al., 2018) and respiration and organic carbon
transformation in subglacial and proglacial environments (Bernasconi
et al., 2011; Christiansen et al., 2021; Mavris et al., 2010).

During the early stages of glacier recession, the impact on the elemental
fluxes associated with riverine transport is also affected. The formation of
larger subglacial channels, as a consequence of increasing ablation rates
may either reduce geochemical weathering as a result of shorter water res-
idence time (Wadham et al., 2010b) or enhance solute-rich water release
from isolated sites at the subglacial environment (Stachnik et al., 2016). De-
spite lower chemical weathering rates, solute mass fluxes from glacierised
catchments tend to increase more than expected from runoff increase
alone (Eiriksdottir et al., 2015) because adsorbed elements are also
exported (Gíslason et al., 2006; Hawkings et al., 2014).

In the proglacial area, geochemical processes such as carbonate and sul-
phide dissolution and enhanced silicate weathering occur in the initial soils
and fine-grained sediments due to the exposure of fresh mineral surfaces
from glacial abrasion (Bernasconi et al., 2011; Kabala and Zapart, 2012;
Zhou et al., 2016; Zolkos et al., 2018). At the early recession stage, vegeta-
tion succession, soil formation, and organic matter transformation favour a
stronger binding of weathering products to organic compounds (Cooper
et al., 2002; Deuerling et al., 2018; Szymański, 2017, 2019, 2022;
Wietrzyk-Pełka et al., 2020). This process may moderate some of the addi-
tional solute flux associated with deposition of suspended sediments on
proglacial outwash plains and proglacial river terrace development associ-
ated with glacier retreat.

Despite their great potential, scanning electron microscopy (SEM) tech-
niques have rarely been applied to identify mineralogical transformations
in the proglacial zone. Available studies show that chemical weathering
of sulphide minerals leads to the formation of iron sulphate crusts (Rzepa
et al., 2019) and Fe oxide rims in the late stages of weathering (Auqué
et al., 2019; Kwaśniak-Kominek et al., 2016). Also, a connection between
sulphide oxidation in sediments and pore water quality in moraines has
been observed (Auqué et al., 2019; Kwaśniak-Kominek et al., 2016). For sil-
icates, mineralogical analyses have shown signs of pronounced physical
weathering such as the defragmentation of biotite and plagioclase crystals
(Mavris et al., 2010). However, there is little knowledge on the rates of
chemical weathering of minerals along chronosequences in glacier fore-
lands. Apart from glacierised basins, sulphide oxidation chronosequences
have been investigated using mineralogical techniques in laboratory
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analyses (Weber et al., 2004), and in natural and technogenic soils
(Uzarowicz and Skiba, 2011; Uzarowicz, 2013).

This study examines the hypothesis that proglacial chemical weathering
is associated with meltwater chemistry in the proglacial zone during the
early stage of glacier recession. We used SEM-EDS techniques in combina-
tion with a wide range of geochemical analyses to characterize the extent
of chemical and physical weathering. The relationship between geochemi-
cal properties of proglacial sediment and water chemistry is pivotal in fore-
casting of changes in biogeochemical processes associated with land-based
glacier shrinkage. The results provide a basis for discussing the long-term
effects of glacier recession on biogeochemical cycles.

2. Study area

The study area is located in the foreland ofWerenskioldbreen in the south-
western part of Svalbard (77.08 °N, 15.25 °E) (Fig. 1). The entire basin covers
an area of 44.1 km2 with a glacierised area of 27.4 km2 (Hagen et al., 1993).
Themean annual glacier surfacemass balance was−100mm inwater equiv-
alent for 1959–2002 (Grabiec et al., 2012; Table 1). Werenskioldbreen oc-
cupies a wide, flat-bottomed valley with a north-western aspect, surrounded
by mountain ridges with altitudes of ~600–700 m a.s.l. and a mean slope of
~6° (Table 1).

At the Polish Polar Station in Svalbard, about 12 km southeast of
Werenskioldbreen, the mean monthly air temperature was <5 °C during the
ablation season (July–September) and the mean annual precipitation was
~430 mm during the period 1979–2009 (Marsz and Styszyńska, 2013).
The mean monthly air temperature in the Werenskioldbreen basin tends to
be slightly higher by an average of ~0.6 °C (up to ~1.0 °C for April and
August) than at the Polish Polar Station (Pereyma et al., 2013) (Table 1).

The bedrock consists of the Hecla Hoek succession in a contact zone of
three Proterozoic blocks (Eimfjellet group, Deillega group, Jens Erikfjellet for-
mation). The Eimfjellet group comprises amphibolite, quartzite, and chlorite
schists. Phyllites with quartzite and calcareous and chlorite schists are ob-
served in the Deillega group, while the Jens Erikfjellet formation consists of
muscovite‑carbonate-quartz and carbonate-chlorite-quartz schists (Czerny
et al., 1992, 1993). Sediments and bedrock of the Werenskioldbreen basin
consist ofminerals such as quartzmicas (muscovite and paragonite), chlorite,
feldspars (plagioclases and K-feldspar), and epidote (Czerny et al., 1992,
1993; Stachnik et al., 2019).

3. Methods

3.1. Field methods

3.1.1. Sediment and soil sampling
Soil and sediment samples (N = 23) were collected along the

chronosequence in front of Werenskioldbreen in three different areas
(Fig. 1): The early exposed proglacial zone (profiles 023, 020, 022, 016,
014, 006; hereafter “proglacial zone I"), the advanced exposed proglacial
zone (profiles 021, 011, 008, 002, 001; hereafter “proglacial zone II"),
and at the terminal moraine (profiles 017, 012). The sampling sites in
proglacial zone I were deglaciated after 1973 (27–44 years exposure age),
while proglacial zone II was deglaciated before 1957 (>60 years exposure)
(Ciężkowski et al., 2018) and the terminal morainewas likely formed at the
end of the Little Ice Age (LIA) during the late-19th or early-20th century
(>100 years ago).

At each sampling site, a profile was excavated to a depth between 0.2
and 1.0 m depending on what was possible due to boulder content. Two
or three sediment samples were usually collected from different layers in
the vertical profiles (Fig. 2). For sampling at the vicinity of the glacier
(e.g., profiles 022, 023, 024), only surface samples (0–0.1 m) were col-
lected.

3.1.2. Water sampling
The fieldworkwas conducted during the entire ablation season in 2011,

which was divided into three parts based on hydrograph characteristics:



Fig. 1. Study area (image taken on 24.08.2013, scene ID: LC82110052013236LGN01, Landsat 8 true colour). The yellow dots, red dots, and yellow triangles represent water
sampling sites, sediment sampling sites, and hydrometric station, respectively. Kvisla is a channelized outflow, and the Dusan and Black spring are subglacial artesian
outflows. The early stage of recession (proglacial zone I), the advanced stage of recession (proglacial zone II), and the final stage (terminal moraine) are shown.
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The early ablation season (May 12–June 18, 2011), the peak flow period
(June 19–September 10, 2011) and the late ablation season (September
11–25, 2011) (Stachnik et al., 2016). Meltwater samples were collected at
a channelized glacier portal (Kvisla N = 28), at subartesian outflows
Table 1
Local conditions in theWerenskioldbreen. 1 VI, VII, VIII, IX denotemean air temper-
ature for June, July, August, September, respectively. 2 w.e. denotes water
equivalent.

Characteristics Werenskioldbreen

Catchment area 44 km2 (61.3% glacier cover)
Geographical position 77.08°N, 15.25°E
Elevation drop (min-max altitude) 944 m (5-949 m a.s.l.)
Mean slope of basin 5.9°
Bedrock Phyllites, quartzites, metamorphic schists,

amphibolites
Ore minerals Pyrite, chalcopyrite, galena
Silicates Albite, chlorite, micas, hornblenda, amphibole,

biotite,
Carbonates Siderite, ankerite, dolomite, calcite
Tair VI, VII, VIII, IX1 1.9; 4.4; 4.1; 1.4 °C
Mean annual precipitation 434.4 mm (1979-2009)
Mean annual mass balance −100 mm in w.e.2 (1959–2002)
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(Dusan N=24, Black spring N=22) and at the downstream hydrometric
station (HSW) (N = 183). Details regarding sample treatment and storage
are described by Stachnik et al. (2016).

3.1.3. Discharge measurements
The area-velocity method was used to determine discharge in glacial

outflows draining Werenskioldbreen (Majchrowska et al., 2015; Stachnik
et al., 2016). In short, discharge was calculated based upon rating curves
and water level measurements during the fieldwork period. Discharge
was determined using the cross-sectional area and water velocity with dif-
ferent techniques depending on the prevailing conditions. The current-
meter method was mainly used during the peak flow period and late abla-
tion season. Only in May 2011, the float method was applied owing to dif-
ficulties with other types of discharge measurements in snow-bank
channels.

3.2. Sediment analyses

3.2.1. XRD analyses
Mineral composition of the sediment samples was determined using

powder X-ray diffraction method (XRD). The fine material (<2 mm) from
the samples were ground and powders were analysed with the use of a
Bruker AXS D5005 diffractometer equipped with a KRISTALLOFLEX®



Fig. 2. Mineral composition of selected sediments from the proglacial zone and
terminal moraine in the Werenskioldbreen catchment based on XRD analyses.
Mineral symbols: A – albite, Am – amphibole, Ap – apatite, C – calcite, Ch –
chlorite, Do – dolomite, Fs – feldspars (generally), M – muscovite, Ma – marcasite,
Or – orthoclase, P – paragonite, Py – pyrite, Ma – marcasite, Q – quartz, Ha –
halite. The d values (in italics) are in nm.
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760 X-ray generator, a vertical goniometer, a 1 mm divergence slit, a 2 mm
anti scatter slit, a 0.6 detector slit, and a graphite diffracted-beam mono-
chromator. CoKα radiation was used with the applied voltage of 40 kV
and 35 mA current. Randommounts of the ground materials were scanned
from 3 to 70°2θ at a counting time of 2 s per 0.01° step on a rotating stage.
XRD analyseswere performed at the Department of Soil Science, Institute of
4

Agriculture, Warsaw University of Life Sciences – SGGW, Poland. The min-
eral composition of each sample determined by XRD is listed in the supple-
mentary materials (Table A.1).
3.2.2. SEM-EDS and QEMSCAN® analyses
Scanning electron microscopy – energy dispersive X-ray spectroscopy

(SEM-EDS) studies were conducted to investigate themicrochemical effects
of mineral weathering. Samples of glacial sediments and soils were exam-
ined (1) as blocks embedded in resin, which enabled SEM-EDS analysis of
cross-sections of minerals and (2) as powder poured onto carbon tape,
which enabled analysis of the morphology of mineral grains. The samples
were carbon coated prior to the analyses. Samples were imaged using a
Quanta 650 FEG scanning electronmicroscope (SEM) Thermo Fisher Scien-
tific (formerly the FEI Company) equipped with two EDS detectors (Bruker
Inc.). The EDS detectors permitted examination of the elemental composi-
tion of the samples at the microscopic scale. Imaging was performed in
high vacuummode using an accelerating voltage of 20 kV. Images were re-
corded in back-scattered electron (BSE) mode, which yielded information
on the variability of the chemical composition, and in secondary electron
(SE) mode, which provided details of the mineral surface topography.

Special QEMSCAN® software was used to quantitatively estimate the
mineral composition in the samples. Tens of thousands of grains were mea-
sured in each sample at 2 μm spacing with accelerating voltage of 25 kV.
The scanned particles were classified into the appropriate mineral groups.
The methodology of sample preparation and measurements has been de-
scribed in detail by Kenis et al. (2020).
3.3. Water analyses and hydrochemical calculations

Raw water chemistry data were obtained from earlier work (Stachnik
et al., 2016) and used in a new approach by focusing on the influence of
sediment geochemistry on meltwater chemistry at the early stage of glacier
retreat. The analytical procedures for determination of major ions were de-
scribed by Stachnik et al. (2016). Briefly, the concentrations of major ions
were determined by the ion chromatography method (Methrom Compact
IC 761). The analytical detection limits were as follows: Ca2+ (0.5 μeq/l),
Mg2+ (0.8 μeq/l), Na+ (0.4 μeq/l), K+ (0.3 μeq/l), SO4

2−(0.2 μeq/l), Cl−
(0.3 μeq/l) and NO3

− (0.2 μeq/l) (Stachnik et al., 2016). The respective pre-
cisions for the ion concentration analyses were less than 1%, while the pre-
cisions of certified reference materials (Analytical ReferenceMaterial Rain-
97 and Reference Material No. 49 (BCR-409) were < 10%, except for Na+

(12%), K+ (18%), and Cl− (22%) (Stachnik et al., 2016). The charge bal-
ance errors were on average less than 3% (Stachnik et al., 2016).

The alkalinity was determined using a Methrom 702 SM Titrino instru-
ment. Given the pH value of the meltwater, it is assumed that alkalinity is
equal to the concentration of bicarbonate. The ion concentrations (SO4

2−,
Ca2+, Mg2+, Na+, K+) were corrected for atmospheric inputs using the
ion to Cl ratio in seawater (eq. 1; (Holland, 1978) as described in previous
literature on hydrochemistry in glacierised basins (Hodson et al., 2000;
Stachnik et al., 2016). The corrected ions are marked with an asterisk (*).

∗X ¼ totalX � totalCl � X : Cl �ð Þseawater (1)

where*X – concentration of ion X corrected for sea-salts,totalX – total con-
centration of ion X in a sample,totalCl – total concentration of Cl− ion in a
sample,(X:Cl−)seawater – ratio of ion X:Cl− in seawater (Holland, 1978)

The sulphatemass fraction (SMF) is an indicator of chemical weathering
used to distinguish sulphide oxidation, carbonation (dissolution of carbon-
ate or silicate minerals by carbonic acid), and efflorescent salt dissolution
(Eq. 2). The SMF equal to 0.5 corresponds to predominating sulphide oxida-
tion coupled to carbonate dissolution; SMF lower or higher than 0.5 indi-
cates carbonation of carbonates and silicates or a variety of processes
(sulphide oxidation coupled to silicate weathering, carbonate precipitation
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and Ca, Mg efflorescent salt dissolution), respectively (Cooper et al., 2002;
Tranter et al., 2002).

SMF ¼ ∗SO4
2 � = ∗SO4

2 � þ HCO3
�� �

(2)

whereSMF – sulphate mass fraction,*SO4
2 – the concentration in μeq L−1 of

sulphate, corrected for atmospheric input,HCO3
− – the concentration in μeq

L−1 of bicarbonate.

3.4. Runoff and mass flux calculations

The mean total dissolved solids (TDS) corrected for atmospheric input
(Eq. 1) weighted by discharge was used to calculate solute mass fluxes.
The TDS is the sum of *Ca2+, *Mg2+, *Na+, *K+, HCO3

−, *SO4
2−, and

*Cl−. Discharge-weighted mean TDSwas multiplied by runoff from the ab-
lation season to estimate the total solute mass flux corrected for atmo-
spheric input. Runoff is the sum of daily runoff measured at the
hydrometric station. Details about the runoff and mass flux calculation for
May–September 2011 at Werenskioldbreen are described by (Stachnik
et al., 2016).

3.5. Statistical analyses

Relationships between hydrochemical variables were analysed by
fitting the linear regression and calculation correlation coefficients. To
check assumptions of linear regression and Pearson's correlation coeffi-
cient, we performed residual analyses including normality (Kołmogorow-
Smirnov and Shapiro-Wilk tests) and lack of autocorrelation (Durbin-Wat-
son test) of residuals, and checked the linearity of relationships. If residual
distribution was non-normal, log transformation was performed to param-
eters. Also, we checked the relationships between hydrochemical parame-
ters using a non-parametric test (Spearman rank's correlation) for those
linear regression models, which did not have normal distribution.
Fig. 3. Selectedmineral phases occurring in sediments in the vicinity ofWerenskioldbree
H – ilmenite. All images are shown in back-scattered electron (BSE) mode.
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4. Results

4.1. XRD analysis

The major mineral phases of sediments in the proglacial area of
Werenskioldbreen were silicates/aluminosilicates (e.g., quartz, mica, chlo-
rite, feldspar – plagioclase and orthoclase) followed by a minor content of
carbonate (dolomite and calcite) (Fig. 2, Table A.1). In some samples, Fe
sulphides (e.g., marcasite, pyrite), halite and apatite were detected. Se-
lected grains with partly weathered mineral surfaces are shown in
Fig. A.1 as examples for grain morphology. Carbonates are more abundant
in samples from the proglacial zone than in samples from the terminal mo-
raine. This is shown by lower intensity of carbonate peaks in XRD patterns
in samples from the terminal moraine in comparison to samples from the
proglacial zone (Fig. 2) suggesting lower quantities of carbonates in the for-
mer site. In general, the mineral composition of the proglacial samples is
consistent with the mineral composition of subglacial sediments from
Werenskioldbreen (Stachnik et al., 2019).

4.2. SEM-EDS analysis

SEM-EDS analysis provided insights into the morphology of minerals in
the sediments occurring in the proglacial areas of Werenskioldbreen
(Fig. 3), as well as into the progression of chemical weathering and the di-
rection of mineral transformations (Figs. 4, 5, 6). In the High Arctic
proglacial environment of Werenskioldbreen, less weathering-resistant
minerals (calcite [Fig. 3C], dolomite [Fig. 3D], and biotite [Fig. 3E]) and
more weathering-resistant minerals (albite [Fig. 3F], quartz [Fig. 3G], and
ilmenite [Fig. 3H]) were all exposed to intense physical weathering.
Microcracks were common in calcite, quartz, and dolomite mineral grains,
whereas muscovite and biotite mineral grains showed exfoliation patterns
(Fig. 3).

The SEM-EDS analyses revealed that Fe sulphides were subjected to in-
tense weathering resulting in the formation of Fe oxides on the surfaces of
sulphide grains (Figs. 4, A.2). Grains of massive sulphides (Fig. 4E, F, G, H,
n: A – albite, B –muscovite, C – calcite, D – dolomite, E – biotite, F – albite, G – quartz,



Fig. 4. Fatemodel of iron sulphides and iron oxides in the chronosequence ofWerenskioldbreen: A-D) proglacial zone I (profile 023), E-H) proglacial zone II (profile 011), I-L)
terminal moraine (profile 012).
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A.3, A.4) were dominant and occurred togetherwith the framboidal form of
Fe sulphides (Fig. 4I, L, A.2). Along the proglacial chronosequence,
weathering of Fe sulphides changed from being poorly weathered in
proglacial zone I (Figs. 4A-D), through advanced oxidation in the proglacial
zone II (Fig. 4 E-H) to being intensely weathered in the terminal moraine
(Fig. 4 I-L). The sulphur content clearly decreased along the
chronosequence with increase of oxygen in the oxidation rim as seen by
comparing Fig. 4B with Fig. 4K. Also, physical features such as microcracks
facilitated grain oxidation (Fig. 4D, H). The products of Fe sulphide
weathering consisted of (1) pseudomorphs of Fe oxides after Fe sulphides
(Fig. A.5), (2) aggregates cemented by Fe oxides (Fig. A.6), (3) secondary
Fe oxide coatings around mineral grains (e.g., carbonates) (Fig. A.7), and
(4) Fe oxides, likely goethite (Fig. A.8). The aggregates and coatings were
frequently observed in proglacial zone II.
6

4.3. Chemical composition of sulphides and their weathering products

The chemical composition of Fe sulphides in the proglacial sediments
from Werenskioldbreen is very similar along the chronosequence (Fig. 5).
The relative contents of Fe, S and O in Fe sulphides based on semiquantita-
tive EDS analyses were 54.1–60.0 wt% Fe (av. 58.7 wt%, n = 10);
25.7–39.4 wt% S (av. 35.5 wt%, n = 10); 1.1–17.2 wt% O (av. 5.1 wt%,
n = 10) (Table 2). The highest concentrations of O were detected in
framboidal Fe sulphides (Fig. 5E). EDS analysis of Fe sulphides also re-
vealed trace concentrations of Si, Al, and Ca (up to 1.2, 0.8 and 0.7 wt% re-
spectively).

Fe oxides, products of Fe sulphideweathering, were characterized by di-
verse chemical compositions. They contained, on average, 58.80 wt% Fe
(range 44.3–63.8 wt%, n = 15), 33.4 wt% O (range 22.8–39.1%, n =



Fig. 5. BSE images of selected mineral grains with the points of EDS analyses shown in Table 2. A – poorly weathered massive Fe sulphide surrounded by a thin, sulphur-rich
Fe oxide rim (Profile 023), B – poorly weathered massive Fe sulphide surrounded by a laminated Fe oxide rim (Profile 023), C – partly weathered massive Fe sulphide
surrounded by a Fe oxide rim (Profile 011), D – partly weathered massive Fe sulphide surrounded by an Fe oxide rim (Profile 011), E – framboidal Fe sulphide
surrounded by an Fe oxide rim; the Fe sulphide crystals are poorly weathered (Profile 012), F – partly weathered massive Fe sulphide surrounded by an Fe oxide rim
(Profile 012), G – strongly weathered massive Fe sulphide surrounded by an Fe oxide rim (Profile 012).
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15), and 1.9 wt% S (range 0.3–11.9 wt%, n = 15). The highest concentra-
tions of S were detected in Fe oxide rims of poorly weathered Fe sulphides
(Fig. 5A), as well as in Fe oxides occurring within weathered framboids
(Fig. 5E). Fe oxides in sediments from Werenskioldbreen also contained,
on average, 2.5 wt% Si (range 0.6–11.7%, n = 15), 0.8 wt% Al (range
0.01–5.1%, n = 14), 1.9 wt% Ca (range 0.4–3.4 wt%, n = 15), 0.30 wt%
Mg (range 0.04–1.1 wt%, n = 12), and 0.6 wt% K (range 0.02–1.8%, n
= 5) (Table 2). The highest concentrations of Si, Al, Mg and K were de-
tected in Fe oxides withinweathered framboids (Fig. 5E). The EDS analyses
also showed that Fe oxides contain low concentrations of Na, Cl, P, Ti and
Co (Table 2).
7

Line SEM-EDS profiles showed a clear pattern in changes of elemental
content in the Fe sulphide grains in the proglacial area of
Werenskioldbreen. Massive Fe sulphides from proglacial zone I (profile
012) had high S content in the entire grain, but the S content decreased to-
wards the rim and in microcracks and microfractures (Figs. 6A-B, A.9).
Along with peripheral S decrease, Fe and O concentrations increased show-
ing higher content of Fe oxides. This pattern is also common for proglacial
zone II and the terminal moraine (profiles 011 and 012, respectively), but
the S content changes more abruptly and is replaced by Fe and O
(Figs. 6C-E). Despite high S content in the terminal moraine, grain size is
much smaller as compared with both proglacial zones (Figs. 4I, 6E, F). In



Fig. 6. BSE images of selected iron sulphide grains in chronosequence of the proglacial zone of Werenskioldbreen with the lines (elements Fe, S, O) of EDS analyses. A-B)
proglacial zone I CD) proglacial zone II, E-F) terminal moraine.
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addition, the weathering pattern is clearly visible in the decrease of sul-
phide content starting from the proglacial zone I through the proglacial
zone II to the terminal moraine as shown by the results of the QEMSCAN®
analyses (Fig. 7).

4.4. Water chemistry, runoff, and mass fluxes

The ion chemistry of subglacial and proglacial water was dominated by
bicarbonate and calcium ions supplemented by sulphates and magnesium
ions (Table A.2; (Stachnik et al., 2016). For the hydrometric station, most
of the ions had higher concentration (734 ueq/L, 148 ueq/L, 190 ueq/L,
214 ueq/L, 666 ueq/L for Ca2+, Mg2+, Na+, Cl−, HCO3

−, SO4
2−, respec-

tively; Table A.2) than samples from subglacial outflows. Water pH was
higher by~0.5 at the subglacial outflow (pH=8.93) than at the hydromet-
ric station. The SMF index showed generally higher values than 0.35 during
the early and late parts of ablation season, whereas the (*Na++*K+):(*Ca2
++*Mg2+) ratio was on average lower than 0.02 (Table 3).

Linear regressionmodels (*Na++*K+ vs. HCO3
−, *Na++*K+ vs. *SO4

2

−, *Ca2++*Mg2+ and SMF) had normal distribution of residuals accord-
ing to Kołmogorow-Smirnov test. After log transformation, the residuals
of regression in one regression model (*Na++*K+ vs. HCO3

− from the
Table 2
Chemical composition (wt. % of each element) of mineral phases shown in Fig. 5 based

Element 1 2 3 4 5 6 7 8 9 10 11 12

Fe 59.2 63.0 58.7 62.9 61.4 59.2 63.4 58.8 63.8 59.5 59.8 62.2
O 33.5 31.4 1.7 32.2 34.9 1.7 34.6 1.9 30.6 10.9 1.1 34.1
S 2.2 3.0 39.4 1.6 1.1 38.9 0.3 39.1 0.9 28.3 38.9 0.3
Si 1.8 0.8 0.1 1.2 1.3 0.1 0.6 0.1 1.7 0.4 0.1 1.2
Al 0.8 0.1 – 0.2 0.1 0.1 0.0 0.2 0.7 0.2 0.1 0.2
Ca 2.1 1.7 – 1.7 0.7 0.4 2.3 0.7 0.0 2.1
Mg 0.2 0.0 – 0.2 0.3 0.5 – – – –
K – – – – - – – – – – – –
Na – – – 0.2 – – – – – –
Ti – – – – - – – – – – – –
Co – – – – - – – – – – – –
P – – – – - – – – – – – –
Cl – – – – - – – – 0.1
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peak flow season) showed a normal distribution (Table A.3). Residuals
from regression models for low numbers of samples (N < 30) including
the relationship between *Ca2++*Mg2+ and SMF for Black Spring and
Kvisla, and relationships from the hydrometric station at the late part of ab-
lation season (*Na++*K+ vs. HCO3

−, *Na++*K+ vs. *SO4
2−, *Ca2+

+*Mg2+) showed a normal distribution according to the Shapiro-Wilk
test. Most of the residuals from regression models indicated a lack of auto-
correlation excluding two regressionmodels (*Na++*K+ vs. HCO3

−, *Na+

+*K+ vs. *SO4
2− at the hydrometric station during the peak flow). All lin-

ear regression models were statistically significant (p < 0.05). In addition,
parametric (Pearson's, hereafter r) and non-parametric (Spearman's rank
order, hereafter rho) correlation coefficients showed similar range of values
(Table A.3).

The slopes of the ion associations *Na++*K+ vs. *SO4
2− and *Na+

+*K+ vs. HCO3
− and their seasonal changes were similar at the hydromet-

ric station. Both slopes increased from the early part of the ablation season
(~0.025) to the late part of the ablation season (>0.100), and the highest
Pearson's correlation coefficients (r > 0.7, rho >0.7) were noted for the lat-
ter part (Table 4, Figs. 8A-B). Also, the Pearson's and Spearman's rank order
correlation coefficients between *Ca2++*Mg2+ and SMF were positive
and strong for the hydrometric station (r = 0.83, rho = 0.82) compared
on semiquantitative EDS analyses. Numbers from 1 to 25 indicate points in Fig. 5.

13 14 15 16 17 18 19 20 21 22 23 24 25

61.5 63.3 60.0 58.8 44.3 59.5 54.1 57.4 58.0 58.3 56.7 59.1 46.3
34.7 32.5 1.3 37.4 22.8 9.1 17.2 34.7 34.0 3.8 34.3 2.0 39.1
0.4 0.4 38.5 0.7 11.9 30.3 25.7 2.0 2.1 37.5 0.5 38.5 0.5
1.7 1.2 0.1 1.3 11.7 0.3 1.2 2.4 2.3 0.2 3.0 0.2 5.8
0.2 0.1 0.1 5.1 0.8 0.2 0.1 0.7 0.2 2.9
1.4 2.5 1.9 0.4 0.2 0.2 3.2 3.4 0.3 3.4 2.1
0.1 0.1 1.1 0.5 0.2 0.2 0.2 0.6
0.1 0.0 1.8 0.1 0.1 1.0

0.3 0.2 0.5
0.6 0.9

0.2 0.1
0.1 0.0 0.7 1.2



Fig. 7. Content of sulphides and iron oxides and hydrooxides in chronosequence of Werenskioldbreen proglacial zone based on QEMSCAN®.

Table 3
Geochemical indices of meltwater at the hydrometric stations at Werenskioldbreen
(HSW).

Index Werenskioldbreen

HSW early HSW peak HSW late

Sulphate mass fraction (mean, min-max) 0.36 0.23 0.37
0.27–0.45 0.14–0.35 0.3–0.44

*Na++*K+/*Ca2++*Mg2+ 0.01 0.01 0.02
(mean, min-max) 0.001–0.014 0.001–0.02 0.011–0.045
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to the subglacial outflows (r = ~0.5–0.6, rho = ~0.5–0.7) (Fig. 8C,
Table A.3).

The annual specific runoff from Werenskioldbreen in 2011 was 1.8 m,
whereas the total solute mass flux corrected for atmospheric input was
121.9 t km−2 year−1 (Stachnik et al., 2016) (Fig. A.10). The discharge
characteristics at the hydrometric station showed clear seasonal changes
from snowmelt at the beginning of season through peak flow in mid-
summer and elevated discharge during summer/autumn transition
(Fig. A.10).

5. Discussion

Our study provides insights into environmental conditions affecting the
biogeochemical processes associated with sediment and proglacial water
interactions as a consequence of glacier recession. We collected a wide
range of SEM-EDS and XRD data supplemented with water chemistry in
the proglacial area of Werenskioldbreen, an intensively glacierised basin
Table 4
Slopes and Pearson's correlation coefficients of ion associations (see Fig. 3A,B) in glacial
assumption of linear regression models are shown in Table A.3. Italic depicts regre
autocorrelation).

Ion association HSW early (N = 57)

*Na+ + *K+ vs. HCO3
− y = −2.9 + 0 .024*x;

(r = 0.32, p < 0.05)
*Na+ + *K+ vs. *SO4

2− y = 4.3 + 0 .025*x
(r = 0.41, p < 0.005)
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in the HighArctic of Svalbard. Catchment lithologywith easily weatherable
minerals (e.g., carbonates, sulphides), very sparse vegetation cover and
harsh climatic conditions make theWerenskioldbreen basin an endmember
representative of the early stage of glacier retreat. Future climatic changes
occurring on Svalbard, as well as in the Arctic, will likely result inmore pre-
cipitation and higher air temperature (Førland et al., 2011; Hanssen-Bauer
et al., 2019; Isaksen et al., 2016; Nordli et al., 2014; Przybylak and
Wyszyński, 2019; Wawrzyniak and Osuch, 2019) and will further enhance
biogeochemical cycles in glacierised basins.

5.1. Chemical weathering from proglacial sediments to meltwater

Physical weathering at sub-microscopic scale, which is an important
process enhancing mineral dissolution and further subaerial solute transfer
to proglacial streams, is clearly visible in the proglacial sediments of
Werenskioldbreen. Our SEM-EDS analysis provides evidence of abrasion
and fracturing that affected not only minerals vulnerable to weathering
such as biotite and calcite, but also more resistant minerals such as albite
and quartz (Figs. 3E-H). These processes likely caused fragmentation of
thematerial intomicron-sized particles (Hart, 2017) and alterations related
to frost shattering (Figs. 3D-H). This latter is seen as intense weathering of
porous, cracked rocks with foliation, layered shale/schist, or mineral veins
(Lubera and Krzaklewski, 2020; Price and Velbel, 2014; Ruedrich et al.,
2011). The varied thermal expansion of the minerals comprising the rock
mass and their hardness, elasticity, and cleavage (e.g., micas) could also
be important controls on weathering intensity. Production of fresh mineral
surfaces and the larger specific surface area of minerals result from the
physical weathering.
meltwater at the hydrometric stations at Werenskioldbreen (HSW). Analyses of pre-
ssion model with residuals violating an assumption of the model (lack of serial

HSW peak (N = 100) HSW late (N = 26)

y = 8.848 ∗ 100.000597⁎X y = -22.6 + 0.103*x
(r = 0.22, p < 0.05) (r = 0.77, p < 0.001)
y = 15.1 + 0 .048*x y = 3.1 + 0.113*x;
(r = 0.24, p < 0.05) (r = 0.75, p < 0.001)



Fig. 8. Relationships between major ions and hydrochemical indices for the study
area in Werenskioldbreen: (A) *Na++*K+ vs. *SO4

2−, (B) *Na++*K+ vs. HCO3
−

(C) sulphate mass fraction (SMF) vs. *Ca2++*Mg2. HSW denotes the hydrometric
stations at Werenskioldbreen. Analyses of linear regression models and
correlation coefficients are shown in Table A.3.
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Physical weathering and water saturation enhance sulphide oxidation
and carbonate dissolution. Sulphide minerals in the terminal moraine
with an advanced degree of oxidation represent the long-term chemical al-
terations (Figs. 4I-J, 5E-F, A.8). This is consistent with previous observa-
tions of slow rates of chemical weathering due to a low level of physical
weathering in diamictons (Brown et al., 1996). In contrast, chemical
weathering in the proglacial area leads to intensive leaching of peripheral
sulphur from sulphide minerals, which causes partial (e.g., Figs. 4E-F, 4H,
10
5C-D; Fig. A.4) and complete transformation of sulphides leading to the for-
mation of Fe oxides (Figs. A.5, A.6, A.8). Our results show that weathering
rims around weathered Fe sulphide grains are depleted in sulphur (Figs. 4,
5 and 6; Table 2). This indicates that sulphur is released as a sulphate to sed-
iment pore waters and then to proglacial meltwater (Fig. 8C) (Szynkiewicz
et al., 2013). Microfractures and microcracks forming as result of physical
weathering in the subglacial environment and in the proglacial area favour
leaching of sulphur and advancing sulphide oxidation (Fig. 4D, H). Despite
the shorter exposure age, sulphide oxidation and carbonate dissolution are
more advanced in the proglacial zones I and II as compared to the terminal
moraine (Figs. 3C-D, A.1). This is likely relatedwith a smaller grain fraction
in the sediments (higher specific surface area), physical weathering, and
relatively higher water saturation of sediments in glacier foreland. In addi-
tion, carbonate dissolution results in lowering the abundance of these min-
erals along the chronosequence (i.e., younger deposits in the proglacial
zone and older deposits at the terminal moraine). The XRD analyses
showed that carbonates are less abundant in samples from the terminal mo-
raine than in samples from the proglacial zone (Fig. 2 and Table A.1.). This
indicates that the advancement of weathering processes leads to the disso-
lution of carbonates facilitated by sulphuric acid originating from sulphide
oxidation.

Sulphide oxidation enhances dissolution of carbonates in freshly ex-
posed glaciofluvial sediments in the proglacial areas of receding glaciers.
The SEM-EDS images of sediments collected in front of Werenskioldbreen
show clear signs of sulphide oxidation at young sites situated in the vicinity
of the glacier margin and large pyrite grains (Figs. 4A-B) to partially or to-
tally dissolved pyrite in older profiles located farther away from the glacier
margin (Figs. 4J-K, 5C-D, A.2, A.8). Sulphur is readily leached via sulphide
oxidation, while Fe oxides form weathering rims around former sulphide
grains (Auqué et al., 2019; Kwaśniak-Kominek et al., 2016; Rzepa et al.,
2019; Uzarowicz, 2013) and the mobilised Fe recrystallises around other
mineral grains. Furthermore, meltwater chemistry mimics sediment alter-
ation because of a stronger coupling between carbonate derived ions
(*Ca2++*Mg2+) and SMF at the hydrometric station (Fig. 8C), and enrich-
ment in bicarbonate and sulphate ions in the proglacial zone (Stachnik
et al., 2016). The final step of sulphide dissolution is the formation of Fe
oxide pseudomorphs characterised by total depletion of sulphur
(Fig. A.5), which is in line with water saturation with respect to Fe hydrox-
ide (Stachnik et al., 2019).Moreover, evident Fe oxide rims develop around
Fe sulphide framboids as weathering proceeds in the terminal moraine
(Fig. 6E-F). When compared to the proglacial area, the terminal moraine
environment is more stable with less physical (e.g., glacier abrasion) and
chemical (e.g., lower content of water) weathering (Fig. 4I-K).

Water chemistry links well with the chemical weathering of proglacial
sediments at the early stage of glacier recession. The significant positive
correlation between *Ca2++*Mg2+ and SMF (Fig. 8C) shows that carbon-
ate minerals are actively dissolved via sulphuric acid from sulphide oxida-
tion (Figs. 4, 7, A.3, A.4), and leaching of carbonate minerals (Fig. A.7)
was widely observed in the proglacial area of Werenskioldbreen. This is
also in accordance to the slope of relationship between *Ca2++*Mg2+

and SO4
2− in meltwater from Werenskioldbreen (Stachnik et al., 2016)

and other studies in alpine regions (Tranter et al., 2002; Wadham et al.,
2010a; Yu et al., 2021). Carbonate dissolution and some dissolution of
Mg–Ca-sulphate salts formed by freeze concentration and evaporative con-
centration are additionally responsible for a seasonal evolution of the chem-
ical composition in pore water in the proglacial area (Cooper et al., 2011;
Deuerling et al., 2018; Harmon et al., 2021; Szynkiewicz et al., 2013). Ris-
ing groundwater table in the proglacial area intensifies sulphide and car-
bonate dissolution, thereby causing elevated Ca2+, Mg2+, and SO4

2− in
meltwater (Stachnik et al., 2016). Weathering of Fe sulphide grains in the
proglacial area is associated with a decrease in sulphide content in
proglacial sediments (Fig. 7) and observations of a higher proportion of
SO4

2− ions in glacial meltwater (Fig. 8A). This observation is consistent
with reports from previous proglacial geochemistry studies confirming
that time of aerial exposure (age) is positively correlated with rates of min-
eral dissolution (Anderson et al., 2000; Scribner et al., 2015). Silicate
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weathering is coupled with sulphide oxidation (Fig. 8A, Table 4) but this
process is less pronounced compared to carbonate dissolution. SEM
analyses show that Fe sulphide oxidation producing sulphuric acid oc-
curs near aluminosilicates grains (Figs. 4E-H) (Wadham et al., 2010b).
However, there is a lack of dissolution of aluminosilicate observed by
the SEM-EDS and the ratio of silicate to carbonate-derived ions (*Na+

+*K+):(*Ca2++*Mg2+) in meltwater is an order of magnitude lower
than other glacierised basins underlain by metasedimentary rocks
(Stachnik et al., 2014; Wadham et al., 2010b). This suggests that al-
though silicate weathering occurs, carbonate weathering appears to be
more significant. To sum up, the observations from the hydrochemistry
are in line with our SEM-EDS results of sediments from the proglacial
zone, where oxidation of sulphides, although these minerals are minor
mineral constituent of the sediments in the study area, supplies water
with sulphuric acid that is mainly used as a proton donor for carbonate
dissolution.

5.2. Biogeochemistry in the early stages of glacier recession

Our study shows that meltwater chemistry exhibits a clear signal of sul-
phide oxidation in proglacial sediments during the early stages of land-
based glacier recession. This is consistent with previous studies from the
Alps and the Himalayas, which showed geochemical alteration of sedi-
ments such as carbonate and sulphide weathering and the formation of
clay minerals during the early stages of deglaciation (Deuerling et al.,
2019; Mavris et al., 2010; Mavris et al., 2012; Vilmundardóttir et al.,
2014; Zhou et al., 2016), although a link to meltwater chemistry has rarely
been addressed (Anderson et al., 2000). At Werenskioldbreen, we found
that dissolution of carbonates and sulphide oxidation in the proglacial
area have a significant impact on enrichment of solute derived from
both processes, although carbonates and sulphides are not abundant
constituents of deposits in the study area. Studies focussing on glacier
meltwater hydrochemistry have demonstrated the importance of sul-
phide oxidation from basins with diverse bedrock geology in the
Himalayas (Li et al., 2019; Shukla et al., 2018; Yu et al., 2021), whereas
chemical weathering under subglacial conditions beneath the Green-
land Ice Sheet showed a strong impact of silicate weathering in spite
of presence of low quantities of carbonates and sulphides (Graly et al.,
2014; Moore et al., 2013). Iron sulphide oxidation, which is often
microbially mediated (Borin et al., 2010; Skidmore et al., 2000), likely
enhances formation of Fe oxide rims on mineral grains (Figs. A.3–4,
A.8). As time progresses, Fe sulphide oxidation may be followed by
grain entrainment or precipitation of Fe oxyhydroxides on suspended
sediments (Stachnik et al., 2019) and further glaciofluvial erosion
leading to export of reactive bio-available Fe species to downstream
ecosystems.

Our study finds that leaching of Fe-bearing minerals and formation of
iron hydroxide is strongest at the early stages of glacier recession (up to
~100 years) suggesting enhanced release of iron species to meltwater.
The content of Fe-bearing minerals, such as sulphides and iron oxides hy-
droxides, are highest in the part of the proglacial area exposed from ice
less than ~60 years ago, and substantially decreased at the terminal mo-
raine from LIA (Fig. 7). Also, the grain size of sulphides diminishes as oxida-
tion progresses along micro-cracks in minerals (Fig. 6). This links well with
the transfer of solutes from sulphide oxidation and carbonate dissolution to
meltwater (Fig. 8). This shows that longer exposure and leaching diminish
the Fe oxides and hydroxides (e.g., at the terminal moraine) and likely lead
to decrease in Fe supply to downstream ecosystem (Fig. 8). Themicronutri-
ent (e.g., iron including high share of Fe2+ (Hawkings et al., 2018; van
Genuchten et al., 2021)) release via glaciofluvial erosion (sediment-
bound fraction) and, to lesser extent, leaching (dissolved fraction) to melt-
water appear to be important during the early stages of glacier recession.
Similarly to iron release, during the early stages of glacier recession high
bioavailability of organic matter species have been suggested (Holt et al.,
2021). This mass flux at the early stages of glacier recession intensifies at-
mospheric CO2 consumption via the carbon pump related to enhanced
11
primary production in downstream iron-deficient aquatic ecosystems. Dis-
solution of carbonates via sulphuric acid in the proglacial zone causes a di-
rect release to the atmosphere (Koelling et al., 2019; Torres et al., 2014,
2017). Despite of a minor importance of this process in small glaciers, it
should be taken into account when dealing with biogeochemical processes
at the early stage of recession (Graly et al., 2017). In conclusion, intense
chemical weathering of Fe-bearing mineral enhances leaching and entrain-
ment of highly bioavailable Fe in solution and as sediment-bond species.

Our study emphasizes the usefulness of applying XRD and SEM-EDS
analyses of mineral surfaces in combination with water chemistry to con-
duct biogeochemical studies in front of receding glaciers. While observa-
tions of chemical weathering of sediments support glacier meltwater
chemistry composition in the proglacial area, this relationship may be
more complex in other glacial environments such as at the terminal mo-
raine. In future studies on biogeochemical cycles in glacial environments,
proglacial sediment-water chemistry interactions should be considered in
more detail by analysing processes controlling chemical weathering in
nanoscale using, for example, geochemical modelling of pore water and
electron microprobe analyses of thin sections from undisturbed sediment
samples.

6. Conclusions

This study provides combined hydrochemical, mineralogical (XRD),
and scanning electron microscopy (SEM-EDS) evidence for a strong biogeo-
chemical coupling between proglacial sediments and meltwater chemistry
during the early stages of glacier recession (<100 years).

During the early stages of glacier recession biogeochemical processes
are intensified in the proglacial area as sulphide oxidation and carbonate
dissolution of proglacial sediments have a strong impact on meltwater
chemistry in glacial streams. Water saturation and intense physical
weathering enhance oxidation and furtherweathering of Fe sulphide grains
resulting in the formation of secondary Fe oxide. The results infer that phys-
ical processes (e.g., cracking, fracturing, and frost shattering) associated
with chemical weathering of mineral grains increase the dissolution rate.
The weathering is particularly intense immediately after deglaciation be-
cause of intensive mineral and chemical transformations related with the
adjustment of the sediment mineral assemblages to the environmental con-
ditions. The leached solutes are transferred to glacial meltwater and affect-
ing the biogeochemical composition via delivery of chemically reactive Fe
species to aquatic ecosystems. The early stages of glacial recession play an
important role in biogeochemical cycles of bioavailable elements enhanced
by the coupling between proglacial sediment weathering and solute trans-
port in meltwater.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.155383.
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