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A B S T R A C T

Rapid warming in polar and alpine areas is causing significant glacier mass loss and resulting in increasing 
freshwater delivery to the oceans. Recent research indicates that higher meltwater water runoff is likely to in
crease solute and sediment transport, which will include nutrients, to downstream environments. This enhanced 
delivery may drive a negative feedback effect on atmospheric CO2 concentrations by stimulating primary pro
duction in fjords and near-coastal regions. Labile sediment-bound nutrient species constitute a high proportion of 
the total nutrient yield from glacierised catchments, but studies that investigate their source and behaviour are 
sparse. Here we determine sediment-bound and dissolved nutrient (Si, Fe, P) delivery from a polythermal glacier 
in SW Spitsbergen. Suspended sediment and dissolved samples were collected from subglacial outflows and a 
downstream site. Our results show high spatial variability in chemical weathering processes resulting in dif
ferences in sediment-bound nutrient concentration. Sulphide oxidation and carbonate dissolution appear more 
important in a channelised system underlain by rocks metamorphosed in green schist facies, and silicate mineral 
weathering appears more important in smaller subglacial outflows underlain by rocks undergone intense 
metamorphism in amphibolite facies. Sediments from the channelised outlet have two times higher content of 
sediment-bound highly reactive iron (~0.29 % dry weight, hereafter d.w.) than the minor subglacial outflows. In 
contrast, sediment-bound amorphous silica (ASi) is almost double in the minor subglacial outflows compared to 
the channelised outlet (~0.17 % d.w. vs ~0.10 % d.w.). The yield of sediment-bound Fe and Si (2.3 and 1.3 103 

kg km− 2 yr− 1, respectively) was several times higher than the dissolved flux of those elements. Sediment-bound 
Fe yields were in the range of values noted previously for the Greenland Ice Sheet. Our data reinforces the critical 
role of sediment-bound nutrients on elemental cycling in glacierised basins of the high Arctic.
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1. Introduction

Glacier melt and physical erosion deliver large quantities of fresh
water and nutrients to aquatic environments, impacting the downstream 
biogeochemical cycling of carbon and other elements (Milner et al., 
2017; Robison et al., 2023; St. Pierre, K.A., et al., 2019). The delivery of 
nutrients can enhance biological activity, which can lead to atmospheric 
CO2 consumption through photosynthesis in downstream freshwater 
and marine ecosystems. However, the impact of glacier recession on 
downstream biogeochemical cycling is still poorly understood due to a 
dearth of data, particularly in regions outside of the Greenland Ice Sheet.

Nutrient speciation, principally the distinction between dissolved 
and sediment-bound species, remains poorly studied in glacial melt
water. The majority of geochemical studies dealing with glacier melt
water have focused on chemical weathering using dissolved inorganic 
ions (Liu, 2023; Tranter and Wadham, 2013; Wadham et al., 2010b), or 
dissolved organic matter (Bhatia et al., 2013; Holt et al., 2021; Hood 
et al., 2015). These studies have found rates of chemical weathering 
strongly linked to glacier physical erosion rates (Anderson, 2005) and 
biological activity (Mitchell et al., 2013; Vinšová et al., 2022).

There have been suggestions of a strong pH/redox gradient from and 
among subglacial drainage systems and proglacial environments leads 
to rapid changes in weathering environments, in extremes from anoxic 
and low pH to oxic and high pH conditions (Deuerling et al., 2018; Graly 
et al., 2016). These environmental shifts change solubility levels and 
lead to precipitation of secondary weathering products (Crompton et al., 
2015) that are often poorly crystalline phases (e.g., iron oxyhydroxides 
or amorphous silica). This, in turn, can lead to a decrease in solute 
concentration in the meltwaters (Hatton et al., 2019a; Hawkings et al., 
2017; Hawkings et al., 2014). As a consequence, the overall rate of 
chemical weathering and export of nutrients from glacierised basins 
may be underestimated if only dissolved solid mass flux is taken into 
account (Crompton et al., 2015).

Studies dealing with sediment-bound nutrient cycling outside of the 
Greenland Ice Sheet have focused mostly on phosphorous (P). Phos
phorous speciation was investigated in supraglacial streams and cryo
conites (Mueller et al., 2001; Stibal et al., 2008), and in meltwaters from 
the Alps and the Arctic (Föllmi et al., 2009; Hodson et al., 2004). These 
studies suggest a close link between phosphorous mass flux and glacier 
cover (Eiriksdottir et al., 2015; Hood and Berner, 2009). Unlike 
sediment-bound phosphorous, sediment-bound iron and silicon have 
received much less attention outside of Greenland despite their potential 
impacts on primary production in polar regions (Hawkings et al., 2017; 
Koffman et al., 2021; Shoenfelt et al., 2017).

Most studies that assessed sediment-bound iron have focused on iron 
with low lability (Hodson et al., 2017; Mitchell and Brown, 2007) or iron 
present in more crystalline minerals (Poulton and Raiswell, 2002; 
Poulton and Raiswell, 2005; Raiswell et al., 2006). The ascorbate re
agent targets only the most reactive iron phases, preferentially extracts 
surface-bound Fe2+ and freshly precipitated 2-line ferrihydrite 
(Hawkings et al., 2018a; Raiswell et al., 2010). These reactive iron 
phases have been shown to enhance growth of phytoplankton and limit 
primary production in part of global ocean (Shoenfelt et al., 2017; Wyatt 
et al., 2023).

Only recently have studies started to reveal the presence and reac
tivity of amorphous silica coatings and nanoaggregates on glacial flour 
(Hatton et al., 2019a; Hatton et al., 2019b; Hawkings et al., 2017). Most 
of these studies have been based on ice sheet meltwaters, however, some 
ASi concentration data also exist for Arctic and subarctic valley glaciers. 
These data include glaciers in Svalbard, Iceland and Alaska (Hatton 
et al., 2019b), and display a large range in concentrations (0.09–2.1 dry 
weight % ASi, hereafter % d.w.). Glaciers sampled in Svalbard displayed 
rather low ASi (~0.1 % d.w.) concentrations, but consist of only three 
data points at present (Hatton et al., 2019b).

The spatial distribution of chemical weathering processes in glaci
erised catchments, the causes for these differences, and the impacts of 

elemental export are also poorly understood. Most research has focused 
on the rate and temporal variations of chemical weathering under sub
glacial (Hodson et al., 2000; Tranter and Wadham, 2013; Wadham et al., 
2010b; Sundriyal et al., 2024) and proglacial conditions (Cooper et al., 
2002; Deuerling et al., 2018; Kristiansen et al., 2013). A limited number 
of studies have tried to determine how spatial variations in geology and 
glacier catchment cover impact chemical weathering reactions and 
nutrient availability (Pryer et al., 2020). Other studies dealing with 
sediment-bound nutrients have focused on plutonic, volcanic or high 
grade metamorphic bedrock geology (Hawkings et al., 2014; Pryer et al., 
2020). For Svalbard, this is a big knowledge gap because no studies 
address the effect of metasedimentary rocks, which are common to large 
parts of Svalbard (Dallmann and Elvevold, 2015).

Future changes in glacierised basins outside of the Greenland or 
Antarctic ice sheets (e.g., Scandinavia, Svalbard, High Mountain Asia) 
are predicted to lead to glacier mass losses of up to 75 % (IPCC, 2019) in 
turn exposing over half of currently ice covered areas to areal weath
ering (Bosson et al., 2023). Thus, there is a pressing need to understand 
the role of glaciers on the biogeochemical cycling of crucial elements as 
they also impact CO2 cycling (Shukla et al., 2023).

In this study we hypothesise that intense chemical weathering and 
glacier erosion in the subglacial drainage systems of small polythermal 
glaciers can enhance nutrient delivery to downstream environments. We 
present mass fluxes of sediment-bound and dissolved nutrients (Fe, Si, P) 
from a high Arctic glacier underlain by metasedimentary bedrocks, an 
environment that is underrepresented in present biogeochemical 
research. We also evaluate the spatial distribution of chemical weath
ering and impacts on nutrient concentrations in glacial meltwater 
streams.

2. Study area

Werenskioldbreen is a polythermal, land-terminating valley glacier 
in South Spitsbergen (Hagen et al., 1993; Jania, 1988). It covers 25.7 
km2 (2017) of a 44.1 km2 drainage basin (Ignatiuk et al., 2022), with 
boundaries clearly delineated by the mountain ranges and the ice-cored 
terminal and lateral moraines. The glacier is, on average, 119 ± 13 m 
thick with a maximum thickness of 275 ± 7 m (Navarro et al., 2014). It 
consists of a cold ice surface layer that is 50–100 m thick with temperate 
ice below (Pälli et al., 2003). The glacier terminus is frozen to the bed 
and forms a fully cold-based zone that extends approximately 0.7–1.0 
km up-glacier (Pälli et al., 2003). The glacier is currently retreating 
approximately 25 m per year (Ciężkowski et al., 2018). Based on surface 
mass balance studies, the glacier mass balance has been − 0.23 m w.e. for 
the past decade (Ignatiuk et al., 2022). Werenskioldbreen drainage 
system has been modelled several times (Decaux et al., 2019; Grabiec, 
2017; Pälli et al., 2003; Piechota et al., 2012). Subglacial outflows 
include a channelised outflow (S2 Kvisla) and minor outflows (S4 Black 
spring subartesian outflow, and S1 Angell). All streams intersect at 
Breelva River, which drains the whole basin toward a gauging station 
(S3 hydrometric station) situated at a gorge in the terminal moraine 
(Majchrowska et al., 2015) (Fig. 1).

2.1. Geological settings

The Werenskioldbreen glacier is located above a complex succession 
of Precambrian and Early Paleozoic metamorphic rocks (Hecla Hoek 
Formation). The deformation and metamorphism of this formation has 
been traditionally ascribed to the Caledonian orogeny, that consolidated 
the crystalline basement of Svalbard during the Devonian (Harland, 
1997). The study area can be divided into two major tectonic units with 
different geological units located to the north and to the south of the 
Werenskioldbreen glacier. In the southern area there is an older complex 
amphibolite facies metamorphic volcano-sedimentary succession. These 
are the Isbjørnhamna (metasedimentary) and Eimfjellet (metavolcanic) 
groups (Czerny et al., 1992a; Majka et al., 2008). The Isbjørnhamna 
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group consists mostly of micaschists and marbles, while the Eimfjellet 
Formation is dominated by quartzites, phyllites and amphibolites. These 
units underwent two metamorphic events spanning the amphibolite and 
greenschist facies. In the latter metamorphic episode there was exten
sive transformation of several of the metamorphic minerals into chlorite, 
as well as a destruction of numerous primary minerals such as plagio
clase and dystene (Majka et al., 2008). These two formations are sepa
rated from the Deilegga and Sofiebogen units, to the north and more 
recent, by a tectonic contact with evidence of millonitisation. These two 
upper units underwent lighter metamorphism, in greenschist facies, and 
are dominated by conglomerates, carbonates and phyllites. The high 
content of metasedimentary carbonates in the upper units results in high 
carbonate content in the subglacial and proglacial sediments 
(Bukowska-Jania, 2003; Kwaśniak-Kominek et al., 2016). Sulphides 
(including chalcopyrite, pyrite, marcasite) were present in outcrop of 
the Hecla Hoek formation surrounding Werenskioldbreen (Czerny et al., 
1992a; Kieres and Piestrzyński, 1992), and in the proglacial zone (Rzepa 
et al., 2019; Stachnik et al., 2019; Stachnik et al., 2022; Szynkiewicz 
et al., 2013). Gypsum has not been observed in the bedrock of Were
nskioldbreen and is therefore not thought to contribute to the dissolved 

load of meltwaters in this catchment. The Werenskioldbreen glacier 
crosses the four major geological units of the Hecla Hoek Formation, 
including the tectonic contact between the two tectonic blocks. This 
results in an extremely complex geology capable of providing the system 
with varied rock-forming minerals.

3. Methods

3.1. Discharge measurements

The velocity-area method was used to determine discharge of the 
Breelva River (Fig. 1) as previously described (Majchrowska et al., 
2015). Briefly, a rating curve was constructed based on ten represen
tative discharge measurements ranging from 3.34 m3 s− 1 to 14.8 m3 s− 1 

(R = 0.83) from June 14th to August 7th 2017. The measurements of 
water flow velocity were performed by an EM Flowmeter - Valeport 
model 801 equipped with flat sensor (accuracy of ±0.5 % of reading, 
range of velocity from - 5 to 5 m s− 1, minimal depth of measurement 5 
cm). The average velocity was computed as the average of the one 
second real time values over the averaging period which has been set at 

Fig. 1. Study area. A) location of Werenskioldbreen catchment, B) bedrock geology and sampling locations.
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50 s. At the beginning of the ablation season (from June 14th to July 3rd 
2017), discharge was reconstructed from direct measurements by 
flowmeter and SWAT model calibrated with SWAT-CUP software 
(version 5.1.6.2) (Gassman et al., 2007; Neitsch et al., 2011) due to the 
icing and snow in the river channel making installation of water level 
logger impossible. From July 4rd to September 27th 2017, water level 
was measured at 10 min intervals by a HOBO water level logger (model 
U20–001-04, with range 0–4 m and water level accuracy ±0.3 cm). An 
additional HOBO logger was installed in the Automatic Weather Station 
next to the Stanisław Baranowski Polar Station (SBPS) of the University 
of Wroclaw to compensate for atmospheric pressure. Runoff for entire 
season was calculated from sum of hourly runoffs based on average 
hourly discharge based on 10 min discharge values (calculated from 
rating curve).

3.2. Sampling campaign and physiochemical measurements

Water samples were collected from the hydrometric station (S3, N =
45), the major subglacial channelised outflow (S2 Kvisla outflow, N =
7), and two minor subglacial outflows (S1 Angell N = 6, and S4 Black 
Spring N = 5, hereafter minor outflows) (Fig. 1). Water at each site was 
sampled into two acid-washed 0.5 L HDPE (Nalgene™) bottles, which 
were pre-rinsed three times. Water was regularly sampled from the 
hydrometric station (usually two times per day), and less frequently 
from the subglacial outflows. The physiochemical properties of the 
sampled water were measured using a Hanna Instruments™ 9828 
(resolution and accuracy in brackets, respectively): specific electric 
conductivity (1 μS cm− 1 and ± 1 μS cm− 1, respectively), pH (0.01 pH 
and ± 0.02 pH, respectively), and water temperature (0.01 ◦C and ±
0.15 ◦C, respectively) were recorded, according to USGS protocols (Gibs 
et al., 2007).

Once returned to the field station, the water samples were immedi
ately filtered via a glass vacuum filtration tower (Millipore™) with: 1) 
0.7 μm pore size glass filters (Whatman™ GF/F) to evaluate the sus
pended sediment concentration (SSC), and 2) cellulose nitrate filters 
(Whatman™, 0.45 μm pore size) for water chemistry and to retain 
suspended sediments for chemical extractions. SSC samples were gently 
air-dried and, together with the filtered waters, kept in darkness at 
~4 ◦C. Sediments for sequential extraction were gently removed from 
the filter and transferred to microcentrifuge tubes for storage.

3.3. Major ions chemistry

Major ion concentrations were determined by ion chromatography 
(Metrohm™ 850 Professional IC). Cations concentrations were 
measured using a Metrosep C4–150 column and using 0.7 mM dipico
linic acid /1.7 mM nitric acid as the eluent. Anions concentrations were 
measured using a Metrosep A-Supp 7–250/4.0 column and using 3.6 mM 
sodium bicarbonate as the eluent. Detection limits for analyses of Ca2+, 
Mg2+, Na+, K+, SO4

2− , Cl− and NO3
− were 5.0 μeq L− 1, 8.0 μeq L− 1, 4.0 

μeq L− 1, 3.0 μeq L− 1, 20.0 μeq L− 1, 30.0 μeq L− 1 and 2.0 μeq L− 1, 
respectively. The certified reference materials NWRAIN-12 (lot 618) and 
NWCRANBERRY-05 (lot 618) were used to determine the accuracy and 
precision of analyses (Environmental and Climate Change Canada® LGC 
Standards®). Accuracy (as recovery) of analyses were between 98 and 
113 % for most ions. Alkalinity was determined by titration using a 
Metrohm 702 SM Titrino with a glass pH electrode (Unitrode). Both the 
detection limit and the precision error of the alkalinity measurement 
were 10 μmol L− 1. Further error analyses are detailed in Appendix A (Eq. 
A.1).

3.4. Sediment-bound and dissolved nutrients analyses

Analyses of extracted sediment-bound and dissolved nutrient ana
lyses (Si, Fe, P) were performed on suspended sediment samples from all 
stations spanning the range of discharges (n = 25 for Fe, and n = 24 for Si 

and P). Nutrients analyses were supplemented with mineralogical 
characterization determined by powder X-ray diffractometry (pXRD) 
and electron microscopic imaging (see details in section A.4. Mineral
ogical characterization of suspended sediments in Appendix A).

3.4.1. Highly reactive iron (Fe)
Highly reactive iron (assumed to be ferrihydrite nanoparticles and 

surface bound Fe(II)) as well as more crystalline iron (oxy)hydroxides 
(aged ferrihydrite, lepidocrocite, hematite and goethite) were extracted 
in ascorbic acid (FeA) and dithionite reagents (FeD; (Raiswell et al., 
2018; Raiswell et al., 2010). Ascorbic acid, to a final concentration of 
0.057 M, was added to a deoxygenated solution of 0.17 M sodium citrate 
and 0.6 M sodium bicarbonate, to create a buffered pH 7.5 ascorbic acid 
solution. The dithionite solution consisted of 50 g L− 1 sodium dithionite 
in 0.35 M acetic acid and 0.2 M sodium citrate, buffered at pH 4.8. All 
reagents used were ACS grade or better. Approximately 30 mg of gently 
air-dried solid sample were accurately weighed into clean 15 mL PP 
centrifuge tubes (Falcon®). 10 mL of ascorbic acid solution was added 
and the mixtures placed onto a rotary shaker (150 rpm) at room tem
perature in the dark for 24 h. Subsequently, the samples were centri
fuged at 10,000 rpm for 10 min and the supernatant filtered through a 
0.22 μm PES syringe filter (Millex®) into clean 15 mL PP centrifuge 
tubes. The remaining solids were washed with 10 mL of ultra-pure water 
(UPW; Milli-Q, 18.2 MΩ cm− 1) for 10 min, before centrifuging and 
filtering the supernatant as above. In the second extraction step, the 
solids were mixed with 10 mL of the dithionite and again shaken at 150 
rpm in the dark at room temperature for 2 h. The supernatants were 
filtered through a 0.2 μm syringe filter into clean 15 mL PP centrifuge 
tubes. Three blanks were treated the same as the samples. Ascorbic acid 
extracts were diluted 1:5 in UPW and dithionite extractions were diluted 
1:25 in UPW. Total aqueous Fe was analysed via the ferrozine method 
after reduction with hydroxylamine (Viollier et al., 2000). Analyses 
were carried out on a Thermo Scientific™ Gallery™ discrete analyser 
with matrix-matched standards. The methodological limit of detection 
was below 250 nM. Precision was ±0.4 % and accuracy was - 2.5 %, 
calculated using a 50 μg L− 1 (895 nM) gravimetrically made standard 
from a Fe(III) (using FeCl3) standard stock.

3.4.2. Silica (Si)
Amorphous silica (ASi) concentrations were determined using a 

weak alkaline digestion (DeMaster, 1981), following methods previ
ously employed for glacial suspended sediments (Hatton et al., 2019b; 
Hawkings et al., 2018b; Hawkings et al., 2017). This method is 
commonly used to determine biogenic opal in marine environments and 
amorphous silica in soils and fluvial sediments (Conley, 1998; Frings 
et al., 2014). Briefly, ~30 mg of air-dried suspended sediments were 
accurately weighed into clean 60 mL HDPE bottles (Nalgene™) and 50 
mL of preheated 0.096 M sodium carbonate (ACS reagent grade) solu
tion was added. Bottles were placed in a hot water bath set to 85 ◦C, and 
1 mL aliquots were removed after 2, 3 and 5 h into clean 2 mL PP 
microcentrifuge tubes, using a calibrated 1 mL pipette. Aliquots were 
stored refrigerated for a maximum of 24 h before analysis. Before 
analysis, 0.5 mL of each aliquot was neutralised with 4.5 mL of 0.021 M 
HCl (ACS reagent grade). Samples were analysed for dissolved silicon on 
a LaChat QuikChem 8500 series 2 flow injection analyser (QuickChem 
method 31–114–27-1-D). The methodological limit of detection was 0.3 
mM, precision ±0.7 % and accuracy +1.6 %. ASi concentration per unit 
mass of sediment was determined by using the intercept of a linear 
regression line through dissolved silica concentrations of 2, 3 and 5 h 
aliquots, assuming ASi dissolves rapidly within the first hour, and less 
reactive material (e.g., clays) dissolve at a slower, constant rate 
(DeMaster, 1981; Follett et al., 1965). The precision of the extractions 
was ±15.4 %, determined from two triplicate ASi measurements.

Dissolved silica (as silicic acid) was determined using the same 
method as extracts for amorphous silica (QuickChem method 
31–114–27-1-D). Measurements were based on the molybdenum blue 
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method with addition of oxalic acid to minimise interference from 
phosphate. The methodological limit of detection was 0.3 μM, precision 
was ±1.3 % and accuracy was +2.1 %, as determined from five repli
cates of a 250 μg L− 1 (8.9 μM) standard prepared by gravimetric dilution 
from a 1000 mg L− 1 Si stock (CertiPur®).

3.4.3. Phosphorous (P)
Four operationally defined sediment bound phosphorus fractions 

were determined using a micro sediment extraction method developed 
and tested by Hawkings et al. (2016), a method that itself is a modified 
extraction after Hedley et al. (Hedley et al., 1982). Approximately 50 mg 
of air-dried suspended sediment samples were accurately weighed into 
clean 2 mL PP microcentrifuge tubes. Extraction were performed in four 
steps. Extraction step 1 removes highly labile, “loosely adsorbed” P with 
a 1 M magnesium chloride solution (MgCl2-P). For extraction step 2, 1.5 
mL of a 0.1 M sodium hydroxide (NaOH) solution was added to the 
previously extracted sediment to remove Fe- and Al- bound P (NaOH-P), 
which is moderately labile and sometimes referred to as “algal avail
able” (Dorich et al., 1985). Extraction step 3 removes apatite bound 
(commonly referred to as Ca- and Mg- bound) P using 1.5 mL of a 1 M 
hydrochloric acid (HCl) solution (HCl-P). The final extraction (Extrac
tion 4; Res–P) removes all remaining P, including organic bound-P 
fractions using a sulphuric acid (1 M)/potassium persulphate (0.22 M) 
solution. All extracts were kept refrigerated (<4 ◦C) until analysis, 
which was generally within 24 h. Solutions were analysed on a Thermo 
Scientific™ Gallery™ discrete analyser, using the molybdate-blue 
colorimetric method for soluble reactive phosphorus (EPA method 
365.1). All reagents used were ACS grade or better. Samples were 
diluted in UPW before analysis at a ratio 1:3 (MgCl2-P), 1:10 (NaOH-P), 
1:100 (HCl-P), and 1:15 (Res–P). Precision for all extractions was < ±

2 % and accuracy was +10.3 %, + 1.3 %, + 6.4 % and − 3.1 % for 
extractions 1–4 respectively. This was based on replicate measurements 
of a gravimetrically weighed 50 μg L− 1 matrix matched, diluted NIST- 
certified PO4-P standard (TraceCERT®).

Soluble reactive phosphorus (SRP, also often referred to as dissolved 
inorganic phosphate) was determined on a LaChat QuickChem® 8500 
series 2 flow injection analyser (FIA; QuickChem® Method 31–115–01- 
1-I). Measurements were based on the molybdenum blue method. Pre
cision was ±3.2 % and accuracy was +1.5 %, as determined from five 
replicates of a 10 μg L− 1 standard prepared by gravimetric dilution from 
a 1000 mg L− 1 PO4-P certified stock standard (Sigma TraceCERT®).

3.5. Nutrient fluxes and geochemical indices and statistical calculations

At the hydrometric station, mass fluxes of both sediment-bound 
nutrients and dissolved solids were calculated using discharge- 
weighted mean concentrations with suspended sediment flux and 
runoff from 2017. Suspended sediment mass flux was calculated based 
on discharge-weighted mean suspended sediment concentration and 
runoff. For dissolved Fe, mean values from an earlier study were used 
(Stachnik et al., 2019) as we did not make these measurements in our 
laboratory. To estimate the possible range of values, sediment-bound 
nutrient values include minimum and maximum measured concentra
tions in % d.w. (Hawkings et al., 2014). In addition, to further encap
sulate a possible range for sediment-bound nutrient fluxes, suspended 
mass fluxes and runoff data from five ablation seasons (2007–2012) 
from earlier studies (Łepkowska and Stachnik, 2018; Majchrowska 
et al., 2015) were used.

Major ion concentrations (Ca2+, Mg2+, Na+, K+, SO4
2− ) were cor

rected for marine aerosol inputs (denoted as asterisk before a name of 
ion for *Ca2+, *Mg2+, *SO4

2− and ions for silicate weathering derived: 
Nasil, Ksil) using the ratio between these ions and chloride in seawater 
(Eq. A.2; following (Hodson et al., 2000)) and sulphate mass fraction 
(SMF) coefficient was calculated. The sulfate mass fraction (SMF) is an 
indicator of chemical weathering used to distinguish sulfide oxidation, 
carbonation (dissolution of carbonate or silicate minerals by carbonic 

acid), and efflorescent salt dissolution (Eq. 1). A SMF equal to 0.5 cor
responds to sulfide oxidation coupled to carbonate dissolution; SMF 
lower or higher than 0.5 indicates carbonation of carbonates and sili
cates or other processes are more dominant (sulfide oxidation coupled to 
silicate weathering, carbonate precipitation and Ca, Mg efflorescent salt 
dissolution), respectively (Cooper et al., 2002; Tranter et al., 2002). 

SMF =
*SO2−

4

*SO2−
4 + HCO−

3
(1) 

where
SMF – sulfate mass fraction,
*SO4

2− – the concentration in μeq L− 1 of sulfate, corrected for at
mospheric input,

HCO3
− – the concentration in μeq L− 1 of bicarbonate.

Additional indices were calculated to determine the following pro
cesses: sea salt input (Cl:Na), sulphide oxidation (*SO4:Nasil), and ratio 
of silicate to carbonate weathering (Ksil:Nasil, Cacarb:Nasil, Mgcarb:Nasil, 
(Cacarb + Mgcarb):(Casil + Mgsil + Nasil + Ksil). The contribution of *Ca2+

and *Mg2+ originating from silicate (Casil, Mgsil, respectively) and car
bonate (Cacarb, Mgcarb, respectively) weathering was calculated ac
cording to Gaillardet et al. (1999). Further details are provided in 
Appendix 1 (Eqs. A.3-A.6).

To determine the strength of correlation between all parameters, 
non-parametric tests (Spearman’s rank correlation, hereafter rho) were 
used. This correlation is resistant for non-normal distribution of variable 
and for outliers. Further, for selected relationship in the dissolved ion 
concentrations, linear regression fitting, Pearson correlation and deter
mination coefficients (r, and r2, respectively) were employed. Residual 
analysis (e.g., normal distribution and lack of autocorrelation) for these 
relationships was performed. For non-normally distributed residuals in 
the regression models, a logarithmic transformation of the variables was 
performed and regression model parameters (slope and constant term) 
were recalculated. All calculations were conducted using the Tibco Inc. 
® Statistica software (ver. 13.3).

4. Results

4.1. Physiochemical water properties and suspended sediments

Water discharge was strongly linked to the physiochemical water 
properties at the hydrometric station (Fig. 2). Water discharge increased 
from ~4 m3 s− 1 in mid-June/early July to 16 m3 s− 1 at the peak flow in 
second part of July and then decreased to 4 m3 s− 1 by early August. 
Suspended sediment concentration (SSC) was on average ~ 770 mg L− 1, 
with the highest values at the water flow peak (1500 mg L− 1) and 
concentrations below 200 mg L− 1 by early August. The diurnal pattern 
of suspended sediment mass flux was similar to that observed during 
earlier ablation seasons (2007–2008, 2010–2012, Fig. A.1). Water pH 
showed a similar trend to SSC, with slightly alkaline values up to mid- 
July and in the July/August (pH 7.8–8.4) but water with a pH ~9 
during the peak flow. SSC was also strongly correlated with pH (r > 0.7, 
Fig. A.2).

Major ion concentrations decreased at all sites from early to peak 
flow, but the correlation between major ions remained strong. Mean 
concentrations for most major ions, including Ca2+, Mg2+, and SO4

2− , 
decreased by a factor two or more from early season to the rising limb of 
hydrograph (14th – 19th July) (Fig. 3, Table A.1). HCO3

− concentrations 
showed lower variability (640–976 μeq L− 1) with increasing concen
trations up to the end of June and high variation during peak flow fol
lowed by a drop in concentration on the falling limb of the hydrograph. 
A strong correlation was observed between *SO4

2− (rho>0.85) and most 
major ions (*Ca2+, *Mg2+), while HCO3

− was more poorly correlated 
(Table A.2). The relationship (*Ca2++*Mg2+ vs. *SO4

2− ) had a slope 
close to ~1, a relatively high intercept value (700 μeq L− 1) and high 
correlation coefficient (Fig. 4A).
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4.1.1. Spatial distribution of indices and physiochemical properties in the 
catchment

There was clear spatial variability in the physiochemical properties 
of water in the proglacial zone and between subglacial outflows 
(Table 1, Table A.1). Clear differences in indices such as SMF and the 
(Cacarb + Mgcarb):(Casil + Mgsil + Nasil + Ksil) ratio existed, the latter of 
which we use as a proxy for silicate vs carbonate mineral weathering 
(Table 1). Water from Kvisla (S2 channelised outflow) and the hydro
metric station (S3) had a two-fold or higher SMF (0.44–0.46) than the 
smaller subglacial outflows (0.19, Fig. 4B S1 and S4), with similar pat
terns were observed for other indices (Table 1). The pH and specific 
electric conductivity of the minor subglacial outflows (S1 and S4) had 
high variability (pH 7.19–10.21, 21–65 μS cm− 1, respectively) and pH 
was generally lower than the Kvisla (Table A.1). Most major ions (HCO3

− , 
SO4

2− , Ca2+, Mg2+, Cl− , F− etc.) were higher in concentration in the 
Kvisla compared to the minor outflows (S1 and S4), apart from con
centrations of Na+ and K+ which were higher in the minor outflows.

4.2. Nutrient patterns and spatial distribution

At the hydrometric station (S3), FeA and ASi con (% d.w.) were 
relatively stable throughout the ablation season (Tables 2 and 3). There 
was no correlation between discharge, FeA [% d.w.] and ASi [% d.w.] 
(Fig. 5, Table A.3), but SSC showed a negative correlation with ascorbate 
iron (rho = − 0.88, Table A.3). All sediment-bound phosphorous con
centrations were considerably lower (Table 4) than ASi and FeA. Despite 

a small decrease in ASi and FeA concentration (as % d. w.) (18th – 22nd 
July), the ASi and FeA water concentrations (μM) were highest at peak 
flow, up to ~50 μM for both ASi and FeA (Fig. A.3). Dissolved iron (0.57 
μM based on earlier studies (Stachnik et al., 2019)), dissolved silicon 
(9.0 μM Table 3) and soluble reactive phosphorus (below detection limit 
of 0.04 μM) were on average ~ two orders of magnitude lower in con
centration than their respective sediment-bound nutrients.

Sediment-bound nutrient concentrations exhibited large spatial dif
ferences (Fig. 6). The Kvisla, main subglacial outflow, had a higher FeA 
than both minor outflows (S1 and S4) (mean 0.29 % d.w., N = 6 vs. 0.12 
% d.w., N = 6, respectively) (Table 2). Except the S1outflow, FeD 
(0.83–1.34 % d.w.) was similar between all sites with a large range of 
values for S4 and Kvisla (S2; Fig. A.4). ASi and sediment-bound phos
phorous were significantly higher in % d.w. at the minor subglacial 
outflows than at Kvisla (channelised outflow, S2) and hydrometric sta
tion (S3; Tables 3–4). Suspended sediment concentration was highest in 
the Kvisla outflow (S3; average 934 mg L− 1) exceeding values from 
minor outflows (S1 and S4) by nearly an order of magnitude (Table A.1).

FeA and ASi showed strong correlations with the geochemical 
indices and physiochemical properties of the associated water samples 
(Fig. 7). While FeA was usually positively correlated with most major 
ions, ASi was mostly negatively correlated with them (Table A.3 A). 
Furthermore, FeA showed positive correlations with SMF (rho = 0.72 
and rho = 0.49, respectively) and with the major ion ratio (Cacarb +

Mgcarb):(Casil + Mgsil + Nasil + Ksil) (rho ~0.6). A linear regression 
model of FeA and SMF showed an exponential fit with a high coefficient 
of determination exceeding an r2 = 0.56 (Fig. 7A). ASi (in % d.w.) was 
negatively correlated with SMF and (Cacarb + Mgcarb):(Casil + Mgsil +

Nasil + Ksil) index (rho = − 0.58 and rho = − 0.52, respectively, 

Fig. 2. Time resolved data for discharge (Q) and physiochemical water prop
erties (pH, specific electric conductivity, water temperature, and suspended 
sediment concentration, SSC) acquired at the hydrometric station in the 
Werenskioldbreen during the summer melt season in 2017.

Fig. 3. Time resolved ion concentrations (points, right axis) and fluxes (lines, 
left axis) in the samples collected at the hydrometric station in Were
nskioldbreen basin in the summer of 2017. Asterisks denote concentration 
corrected for atmospheric inputs (further details see Appendix A, Eq. A.2).
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Table A.3). A linear regression model indicated a negative linear rela
tionship between ASi and SMF with a slightly lower coefficient of 
determination than FeA (r2 = 0.48) (Fig. 7B). Both relationships fitted 
well with the spatial distribution of geochemical indices showing much 
higher SMF and (Cacarb + Mgcarb):(Casil + Mgsil + Nasil + Ksil) for Kvisla 
(S2) and the hydrometric station (S3) compared to minor outflows 
(Table 1).

4.3. Mineralogical analysis of the suspended sediments

There were variations in the mineral composition and abundance in 
sediments from the different study sites (Fig. 8). All samples contained 
four main phases: quartz, chlorite, micas and feldspars (~85 wt%). Site 
S1, located in the south of the Werenskioldbreen glacier (Fig. 1), is 
closest to the lower tectonic units (Isbjørnhamna and Eimfjellet groups), 
which underwent a higher degree of metamorphism. This explained why 
S1 samples had a high proportion of amphiboles, a mineral virtually 
absent in the sample obtained in S4. In contrast, suspended sediments of 
the S2 Kvisla site were high in goethite and contained minor amounts of 
siderite (~10 wt%). The sediments collected at hydrometric station (S3) 
also contain calcite and dolomite. SEM-EDS data showed good correla
tion with XRD data. The SEM data confirmed the presence of sulphides 
and traces of P were visible on iron oxides in sediments from Kvisla (S2; 
Fig. A.5) and possibly amorphous Si in sediments from Angell outflow 
(S1; Fig. A.5).

4.4. Mass fluxes of sediment-bound and dissolved nutrients and major 
ions

In 2017, specific runoff and suspended sediment mass flux were 1.72 
m and 1280.65 103 kg km− 2 yr− 1, respectively (Table A.4). Sediment- 
bound FeA 2.3 (1.9–3.7) 103 kg km− 2 yr− 1 and ASi 1.3 (1.0–1.8) 103 

kg km− 2 yr− 1 mass fluxes were higher by factor of 42 and 3 compared to 
the dissolved Fe (0.05 103 kg km− 2 yr− 1) and dissolved Si (0.41 103 kg 
km− 2 yr− 1) fluxes respectively (Tables 2–3, Fig. 9). NaOH-P and total P 
values were from below detection limit and up to 0.708 103 kg km− 2 

yr− 1, respectively (Table 4).

5. Discussion

5.1. Major geochemical processes in the proglacial zone and subglacial 
outflows

Geochemical processes in the catchment displayed a clear switch 
during the transition from an inefficient distributed subglacial drainage 
system in late spring to a well-developed channelised efficient system in 
summer. A slope of *Ca2+ and *Mg2+ vs. *SO4

2− close ~1 (Cooper et al., 
2002; Szynkiewicz et al., 2013) shows that multiple geochemical pro
cesses are controlling water chemistry composition, including sulphide 
oxidation and carbonate hydrolysis (Fig. 4, Figs. A.5 B and D). Sulphide 
oxidation has been shown to be occurring within subglacial system as 
evidenced by isotopic measurements of sulfur (d34S) and oxygen (d18O) 
in dissolved riverine sulfate from the Werenskioldbreen and other gla
cierised basins (Kemeny et al., 2021; Liu, 2023; Szynkiewicz et al., 
2013). The switch in subglacial drainage pathways to more effective 
channelised drainage caused a sharp decrease in major ion concentra
tion but an increase in solute mass flux due to the increase in discharge, 
with the highest mass flux observed during peak flow events (e.g., 19–21 

Fig. 4. Relationship between major ion ratios and sulfate concentrations (A) or 
sulfate mass fraction (SMF) (B) for S3 hydrometric station, minor outflows (S1 
Angell outflow and S4 Black spring) and S2 Kvisla channelized outflow (see 
Fig. 1 for location of sites). Grey rectangle shows a range of concentrations 
observed for all subglacial outflow with evidence of sulphide oxidation (Szyn
kiewicz et al., 2020). SOCD is a theoretical line of sulphide oxidation coupled 
with carbonate dissolution.

Table 1 
Geochemical indices calculated from the analysed ion concentrations in meltwaters from the Werenskioldbreen catchment during the ablation season 2017.

Geochemical indices S1 Angell (N = 6) S4 Black spring (N = 4) S2 Kvisla channelized outflow (N =
7)

S3 hydrometric station (N = 42)

Mean Median Min Max Mean Median Min Max Mean Median Min Max Mean Median Min Max

Cl:Na 1.0 1.0 0.9 1.1 0.8 0.8 0.4 1.0 1.1 1.1 0.9 1.8 1.1 1.1 0.7 1.3
*SO4:Nasil 14.0 6.8 5.1 52.2 6.5 5.9 1.3 12.9 72.6 38.1 19.8 149.1 616.5 60.8 13.8 14,191.6
Cacarb:Nasil 106.0 40.3 30.2 443.2 19.8 23.4 0.3 32.2 124.8 61.8 40.6 254.4 844.7 95.3 25.9 19,347.6
Mgcarb:Nasil 8.0 8.1 7.2 8.7 4.4 4.3 1.8 7.2 34.9 17.8 12.8 68.8 274.7 29.5 7.3 6298.3

Ksil:Nasil 2.6 2.0 1.0 7.4 0.8 0.9 0.4 1.2 0.6 0.4 0.0 1.6 9.8 1.3 0.4 207.8
(Cacarb + Mgcarb): 

(Casil + Mgsil +

Nasil + Ksil)
17.6 11.8 11.0 45.9 7.5 9.0 0.8 11.4 118.9 75.2 21.8 385.9 47.5 36.4 12.7 122.5

Sulphate mass 
fraction (SMF)

0.15 0.16 0.11 0.19 0.24 0.25 0.20 0.28 0.46 0.45 0.35 0.59 0.44 0.44 0.29 0.60
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July) (Fig. 4). This seasonal patterns of water chemistry is typical for 
glacierised basins and provides geochemical evidence of changes in 
subglacial drainage configuration and proglacial processes.

There is clear spatial variability in the geochemical processes 
occurring. Kvisla (S2 channelised outflow) in the northern part of the 
glacier has similar or slightly lower ion concentrations (Cacarb + Mgcarb, 
Nasil + Ksil, HCO3

− ) than the proglacial hydrometric station, as it is the 
main contributor to discharge at the hydrometric station (compared 
with minor tributaries sourced from S1 and S4) (Piechota et al., 2012). 
In the northern part of the catchment, metasedimentary bedrock and 
proglacial sediments enriched with carbonates (e.g., dolostones, 
calcareous schists, calcite marbles, (Bukowska-Jania, 2007; Czerny 
et al., 1992a); Fig. 8) were likely an additional source Ca2+, Mg2+ and 
HCO3

− at Kvisla. A high SMF (~0.4–0.5) and *SO4
2− :Nasil (19.8–149.1) at 

this site suggests that sulphuric acid produced via sulphide oxidation 
supplies protons for the dissolution of carbonates (Fig. A.5 B). In 
contrast, both average values of these indices are lower for the minor 

outflows S1 and S4 (SMF 0.15–0.24, *SO4
2− :Nasil 6.5–14). Dissolution of 

other SO4 bearing minerals (e.g., gypsum, anhydrite) is unlikely a source 
as they are absent in bedrock (Czerny et al., 1992a; Czerny et al., 
1992b), proglacial sediments (Bukowska-Jania, 2007; Kabala and 
Zapart, 2012), and suspended sediments (Stachnik et al., 2019).

The dissolution of silicate minerals (e.g., amphibolite, chlorite, bio
tite (Czerny et al., 1992a) in the southern and central parts of the 
catchment controls the chemical composition of water in the minor 
outflows (S1 and S4). S1 and S4 had considerably lower concentrations 
of carbonate weathering derived ions (Cacarb, Mgcarb, and HCO3

− ) and 
higher concentration of ions and geochemical indices that typically 
indicate an increased prevalence of silicate weathering (e.g. high Nasil, 
Ksil; low (Cacarb + Mgcarb):(Casil + Mgsil + Nasil + Ksil), and low Cacarb: 
Nasil ratios). Sulphuric acid weathering of silicates is not likely to be 
important at these sites as the SMF (~0.15–0.24) and *SO4:Nasil is 511 
times lower than Kvisla (S2; Table 1, Fig. 4). Other reactions driving 
silicate weathering in this part of glacier bed are likely to be carbonic 

Table 2 
Ascorbate (FeA) and dithionite iron (FeD) contents (in mean ± SD) extracted from the suspended sediments and calculated FeA mass fluxes from the Werenskioldbreen 
sampling locations compared with literature data from other glacierised basins. R denotes annual specific runoff.

Glacier Geology N FeA [% 
d.w.]

FeA 
[μM]

FeD [% 
d.w.]

FeA 
[103 kg 

km− 2 yr− 1]

R 
[m]

Reference

Werenskioldbreen (all sites)

Metasedimentary rocks carbonate-chlorite-quartz 
schists and calcareaous schists, phyllites, amphibolites

25
0.20 ±
0.09

17.3 ±
12.2

1.14 ±
0.13

This study

S3 hydrometric station 13 0.19 ±
0.04

20.7 ±
11.2

1.14 ±
0.10

2.3 (1.9–3.7) 1.72 This study

S2 Kvisla channelized outflow 6 0.29 ±
0.12

23.5 ±
10.1

1.13 ±
0.19

This study

minor outflows: S1 Angell 
and S4 Black spring

6 0.12 ±
0.02

3.57 ±
2.44

1.15 ±
0.16

This study

Leverrett Glacier Orthogneisses/granite; Precambrian shield 33 0.15 ±
0.02

0.38 ±
0.06

5.8 (4.2–6.9) 3.67 Hawkings 
et al., 2014

Kiattuut Sermia Granitic, with diorite− /pyroxene–biotite and basaltic 
intrusions; Precambrian shield

27 0.07 ±
0.02

0.22 ±
0.05

Hawkings 
et al., 2018

Russel Glacier
amphibolite and granulite facies gneisses, intermediate 

dykes 1 0.05 0.20 Yde et al., 2010

Patagonia*
diorites, quartz-diorites, tonalites, granodiorites, and 

monzogranite 32
0.31 ±
0.09

0.34 ±
0.01

0.97 
(0.4–1.5) 5.63

Pryer et al., 
2020

Greenland icebergs Orthogneiss, possibly metasedimentary/ Metavolcanic; 
Precambrian shield

9 0.04 ±
0.01

0.34 ±
0.15

Hawkings 
et al., 2018

Svalbard icebergs Metamorphosed basement rock (marbles/mica-schists), 
sandstones, shales, carbonates

9 0.13 ±
0.10

0.42 ±
0.21

Hawkings 
et al., 2018

* FeD is provided for Steffen Glacier in Patagonia only.

Table 3 
Dissolved and amorphous silica content (DSi and ASi, in mean ± SD) in suspended sediments and yields from study area and other glacierised basins. Data from other 
regions are summarized in Pryer et al. (2020).

Site DSi [μM] ASi [% d.w.] ASi [μM] Yield DSi [103 kg km− 2 

yr− 1]
Yield ASi [103 kg km− 2 

yr− 1]
Source

Werenskioldbreen (all sites) 9.2 ± 2.3 (N 
= 58)

0.12 ± 0.03 (N 
= 24)

18.1 ± 13.5 (N 
= 24)

– – this study

S3 hydrometric station
9 ± 1.4 (N =

43)
0.10 ± 0.02 (N 

= 12)
22.1 ± 14.9 (N 

= 12) 0.41 (0.26–0.58) 1.3 (1.0–1.8) this study

S2 Kvisla channelized outflow
8.7 ± 2.3 (N 

= 6)
0.10 ± 0.01 (N 

= 6)
20.2 ± 12.8 (N 

= 6)
– – this study

minor outflows: S1 Angell and S4 
Black spring

10.7 ± 4.6 (N 
= 9)

0.17 ± 0.03 (N 
= 6)

8.1 ± 5.3 (N =
6)

– – this study

Other regions
Greenland 25.4 ± 11.8 0.62 ± 0.35 202 ± 191 1.21 (0–2.5) 22 (9.6–34.4)

Summarized by Pryer et al. 
(2020)

Patagonia 32 ± 8.6 0.57 ± 0.08 12.0 ± 4.3 4.57 (2.27–6.87) 1.67 (0.68–2.66)
Alaska 23.5 ± 8.5 0.39 ± 0.21 4.84 ± − –
Iceland 42.7 ± 32.8 1.04 ± 0.82 12.7 (10.4–15) –

Svalbard 3.8 ± 0.6 0.10 ± 0.02 0.23(0.12–0.34) –
Himalaya 44.5 ± 27.6 – 5.52 (1.11–9.93) –

Alps 27 ± 11 – 2 (1.49–2.51) –
Antarctica 29.2 ± 8.9 – – –
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acid weathering or/and hydrolysis as water pH is neutral-alkaline 
(7.70–10.21) and HCO3

− is approximately two times higher than SO4
2−

(Table A.1).

5.2. Processes affecting concentrations and transport of sediment-bound 
nutrients

Suspended sediment sampled from the channelised system (S2) and 
the hydrometric station (S3) has up to two times higher FeA (by % d.w.) 
compared to the minor outflows (S1 and S4). Major ion and geochemical 
indices indicate different geochemical conditions in the main 

channelised (S2) and the minor outflows (S1 and S4; see section 5.1 for 
further details), suggesting that geochemical processes occurring in the 
subglacial drainage system control the concentrations and therefore 
fluxes of sediment-bound Fe.

The channelised outflow (S2) drains a much larger area of the sub
glacial drainage system (~kilometre from the outflow) compared to 
minor outflows (<hundred meters from outflows)(Piechota et al., 2012). 
The larger catchment area could lead to a greater supply of water from 
more isolated up-catchment distributed systems. These more isolated 
systems will have higher solute content caused by long residence time, 
and high rock:water ratio. Iron sulphide (e.g. pyrite, marcasite) oxida
tion generating sulphuric acid (and consuming oxygen), would release 
dissolved Fe (both as Fe2+/Fe3+) to subglacial waters (Chillrud et al., 
1994; Waychunas et al., 2005). When water from hypoxic distributed 
system mixes with oxygenated waters in the channelised subglacial 
drainage systems, the formation of poorly ordered iron (oxy)hydroxides 
(extractable as FeA) likely occurs. The presence of goethite in suspended 
sediment from S2 and S3 provides further evidence of iron sulphide 
transformation into secondary phases (Fig. 8 C). Carbonate dissolution 
coupled to sulphide oxidation neutralises the acidic pH and supports the 
formation of Fe oxyhydroxides. Microbial activity may also help facili
tate the dissolution of Fe bearing mineral (and formation of Fe oxy
hydroxides), as indicated by the occurrence of sulfur and iron oxidizing 
microbes (e.g., Betaproteobacteria, Gammaproteobacteria) (Sułowicz 
et al., 2020), but the efficiency of this process has not been determined.

FeD (more crystalline iron oxyhydroxides) was present at similar 
concentrations (% d.w.) between all sites (except S1 which was ~20 % 
lower on average) suggesting its formation may be affected by multiple 
processes, or that one predominant formation process occurs at all the 
sites. For example, sulphide oxidation is occurring (or has occurred) 
across the subglacial drainage (see section 5.1 for details). Additionally, 
the physical erosion of bedrock with abundant iron minerals (e.g., 
goethite, hematite (Kieres and Piestrzyński, 1992)) be a further expla
nation of similar FeD across sites.

Higher concentrations of FeA (0.20 ± 0.09 % d.w., Table 2) were 
found here compared with previous studies data from ice sheets. For 
example, glacial meltwater in Werenskioldbreen catchment has up to 
two times higher FeA and FeD by % d.w. than samples taken from 
Greenland (Hawkings et al., 2018a; Hawkings et al., 2014; Yde et al., 
2010). When glaciers outside ice sheets underlain by more diverse 
bedrock (various igneous rocks) are considered, suspended particulate 
matter has a similar FeA to this study (up to 0.29 % d.w.) (Pryer et al., 
2020). The FeA content at our sample area glacial flour is up to ~5 times 
higher that of iceberg rafted sediments from Greenland (Raiswell et al., 

Fig. 5. Seasonal pattern of sediment-bound amorphous silica, ASi (bottom), 
ascorbate iron FeA (middle) and dithionite iron FeD (top) extracted form 
samples collected at the hydrometric station (S3, Fig. 1) in the Were
nskioldbreen catchment during the ablation season 2017. Samples for sediment- 
bound nutrients analyses were selected from all collected samples to represent 
temporal variability, so their number is lower than in Fig. 3.

Table 4 
Proportion of various phosphorous fractions that wer sequentially extracted from the suspended sediments (in mean ± SD) and calculated yields from study area and 
other glacierised basins. Phosphorous concentration in extract 1 (MgCl2) was below detection for all suspended sediment samples from Werenskioldbreen.

Study area N NaOH-P HCl-P Res-P/POP PT NaOH- 
P

PT Source

[% d.w.] Yield (103 kg 
km− 2 yr− 1)

Werenskioldbreen (all sites) 24 1.60 ± 3.52 
10− 4 5.85 ± 1.64 10− 2 4.08 ± 0.74 

10− 3 6.27 ± 1.72 10− 2 – –

S3 hydrometric station 13
0.33 ± 0.06 

10− 4 5.24 ± 0.49 10− 2 3.78 ± 0.31 
10− 3 5.63 ± 0.47 10− 2 <0.001 0.708

S2 Kvisla channelized outflow 6
0.99 ± 0.93 

10− 4 5.20 ± 0.23 10− 2 3.80 ± 0.74 
10− 3 5.59 ± 0.27 10− 2 – – this study

minor outflows: S1 Angell and S4 Black 
spring

5 5.60 ± 6.67 
10− 4 8.19 ± 2.46 10− 2 5.18 ± 0.49 

10− 3 8.77 ± 2.53 10− 2 – –

Other glacierised basins

Leverett Glacier 25 14.6 ± 7.5 10− 4 8 ± 0.9 10− 2 3.4 ± 0.75 10− 3 8.49 ± 0.97 10− 2 0.057 3.252
Hawkings et al. 

(2016)

Kiattut Sermiat 25 11.9 ± 3.2 10− 4 11.75 ± 0.11 
10− 2

2.19 ± 0.37 
10− 3

12.09 ± 1.11 
10− 2 0.008 0.859

Hawkings et al. 
(2016)

Austre Broggerbreen 11 3.5 ± 2.4 10− 4 – – 4.0 10− 2 <0.001 0.064 Hodson et al. (2004)
Midre Lovenbreen 34 2.5 ± 1.5 10− 4 – – 4.6 10− 2 0.008 2.000 Hodson et al. (2004)
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2016) and FeA in iceberg sediment sourced from glaciers underlain by 
metasedimentary rocks in Svalbard have a range of values similar to S1, 
S3 and S4, but lower than S2 (Hopwood et al., 2017; Raiswell et al., 
2016).

The spatial distribution of DSi, ASi and P appears to be more influ
enced by bedrock geology than meltwater/sediment residence times 
under the glacier. Higher concentrations of both DSi and ASi were 
observed in the minor subglacial outflows (S1 and S4), which are partly 
underlain by silicate-rich bedrock (Fig. 8). Similarly, the phosphorous 
content was higher in the sediments from these outflows, compared with 
channelised outflow (S2) and hydrometric station (S3; Table 4). These 
findings suggest that geological differences appear to be more important 
than meltwater residence time. Elevated concentration of sediment- 
bound P in S1 links well with occurrence of phosphorous-bearing min
erals (e.g., apatite) associated with biotite-rich rocks in the southern part 
of proglacial zone (Czerny et al., 1992b).

DSi (9.2 μM) and ASi (0.12 % d.w.) from all sites in Were
nskioldbreen were 240 % and 20 % higher compared to other sites in 
Svalbard (Hatton et al., 2019b; Hodson et al., 2000). For just the minor 
outflows (S1 and S4) draining silicate-rich bedrock, DSi and ASi (10.7 
uM and 0.17 % d.w., respectively) were even higher, by up to ~250 % 
and ~ 70 % respectively (Hatton et al., 2019b; Hodson et al., 2000). 
However, meltwaters from glacierised basins outside of Svalbard have 

been found to have higher silicon (and phosphorous) concentrations by 
the factor of ~2 or more (Hatton et al., 2019a; Hawkings et al., 2016; 
Hawkings et al., 2017; Hodson et al., 2004; Pryer et al., 2020). DSi, ASi, 
and P in Werenskioldbreen meltwaters therefore appear to be strongly 
controlled more by the silicate rich lithology (e.g., amphibolite) rather 
than meltwater residence time under subglacial drainage.

5.3. Sediment-bound mass fluxes in glaciers outside ice sheets

Yields of sediment-bound highly reactive iron (FeA + FeD; 2.3 103 

kg km− 2 yr− 1, Table 1) from Werenskioldbreen are similar to ice sheets. 
Specific yields of FeA (Fig. 9) are similar to glacierised basins from 
Chilean Patagonia (0.97 103 kg km− 2 yr− 1 (Pryer et al., 2020)) but lower 
than a large catchment of the Greenland Ice Sheet (5.8 103 kg km− 2 yr− 1 

(Hawkings et al., 2014)). For seasons with higher runoff (e.g., 2008, 
2012 (Łepkowska and Stachnik, 2018; Majchrowska et al., 2015)), FeA 
yields from Werenskioldbreen might exceed values observed in 
Greenland by 50 % if FeA concentrations are scalable (Table A.4). 
Notably, specific runoff for 2008 and 2012 (1.91 m and 2.24 m, 
respectively (Majchrowska et al., 2015) was ~50 % of that observed in 
the Greenland study. Similarly, for glacierised basins (>10 % glacier 
cover) in Patagonia, high specific runoff resulted in high sediment- 
bound iron mass fluxes. This shows that both higher specific glacier 
meltwater runoff and fluvioglacial erosion of susceptible bedrock (e.g., 
schist in Werenskioldbreen) can lead to high mass fluxes of FeA and FeD. 
High meltwater supply is likely to enhance glacial fluvial erosion (Hallet 
et al., 1996; Łepkowska and Stachnik, 2018), and elevate the mass flux 

Fig. 6. Spatial distribution of sediment-bound nutrients extracted form samples 
collected in the catchment of Werenskioldbreen (minor outflows: S1 Angell 
outflow and S4 Black spring, S2 Kvisla channelized outflow, S3 hydrometric 
station, Fig. 1). A) ascorbic iron (FeA), B) amorphous silicate (ASi). In boxes, 
Kruskal-Wallis test shows a significant difference between sites for both plots.

Fig. 7. Relationship between sediment-bound A) amorphous silica, ASi, B) 
ascorbate iron FeA and sulfate mass fraction (SMF) for all data points.
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of sediment-bound nutrients. Conversely, a transition of the hydrologi
cal regime from glacier melt to nival-dominated in the future could lead 
to a decrease in catchment-suspended sediment concentration and yield 

(Brahney et al., 2021), leading to lower FeA and FeD mass fluxes unless 
other biogeochemical processes increase the % d.w. concentration.

This study shows that yields of ASi (on average 1.3 103 kg km− 2 yr− 1) 
from high Arctic glaciers are three times higher than DSi. Earlier studies 
showed similarly low DSi yields in Svalbard (Hodgkins et al., 1997; 
Hodson et al., 2002), and ASi yields were in the range of values observed 
at glacierised catchments situated outside Greenland Ice Sheet (e.g. 1.67 
± 0.99 103 kg km− 2 yr− 1 for Patagonia) (Pryer et al., 2020). Mass fluxes 
of SSC, which are more than one order of magnitude higher than Pata
gonian catchments, are the key driver of ASi mass flux here. The low 
chemical weathering of silicates compared with other basins (Tables 1, 
3) (Torres et al., 2014; Wadham et al., 2010b), as evidenced by lower 
concentrations of DSi and ASi, and geochemical indices (e.g., (Cacarb +

Mgcarb):(Casil + Mgsil + Nasil + Ksil), Mgcarb:Nasil, Cacarb:Nasil), (Torres 
et al., 2014; Wadham et al., 2010b), limits the overall Si fluxes from 
Werenskioldbreen.

The early stages of glacier recession likely facilitate FeA transport via 
physical and chemical erosion of susceptible bedrock and high resultant 
sediment mass fluxes to downstream ecosystems. The rate of glacier 
erosion is higher for metasedimentary rocks, such as those that underlie 
Werenskioldbreen, than for igneous rock (e.g. acidic plutonic rock 
(Crompton and Flowers, 2016; Pryer et al., 2020). The weathering of 
sedimentary rocks in the Mackenzie River basin has already been found 
to be important in delivering riverine labile iron to the Arctic Ocean 
(Larkin et al., 2021). As most of studies dealing with FeA yields were 
obtained for catchments with igneous bedrock geology, FeA yields from 
glaciers may be higher than previously believed. The share of meta
morphic bedrock is ~13 % of land surface - higher than plutonic and 
volcanic bedrock (Hartmann and Moosdorf, 2012). This makes areas 
underlain by metamorphic rock an important missing component of FeA 
export to the coastal ocean.

5.4. Future changes affecting sediment-bound nutrient mass fluxes

Our study area displays relatively large spatial differences in chem
ical weathering and associated formation of sediment-bound FeA and 
ASi in subglacial drainage systems. Future export of nutrients from 
glacierised catchments will likely be the product of multiple variables, 
including bedrock lithology, specific runoff, drainage system changes, 
and water residence time. The strong spatial variation in chemical 
weathering at Werenskioldbreen indicates that bedrock lithology con
trols the geochemical processes supplying FeA and ASi, along with high 
specific runoff facilitating the transport of the weathering products (as 
per the discussion above). Sulphide oxidation producing FeA (and 
perhaps FeD over longer time periods) appears to be more important in 
drainage systems dominated by major subglacial channels, compared to 
ASi generated via silicate weathering. Sulphuric acid from sulphide 
oxidation is a potential driver of silicate weathering (Wadham et al., 
2010b), but this process appears to be of lower importance at minor 
outflows (see details in section 5.2).

In addition to lithology, the residence time of water, which is likely 
higher in the main channelised outflow (S2; (Piechota et al., 2012; 
Stachniak et al., 2024; Stachniak et al., 2022)), appears to enhance so
lute contribution from sulphide oxidation (Kemeny et al., 2021). The 
drainage system beneath polythermal glaciers is dynamic (Stachnik 
et al., 2016; Wadham et al., 2010a) leading to potential changes in so
lute and sediment sourcing area and, therefore, bedrock lithology prone 
to chemical weathering processes. Future changes in the intensity of 
glacier melt, including high-magnitude ablation events (rain or glacier 
melt-inducted (Roy et al., 2024), will likely increase the chances of 
drainage system reconfiguration. In turn, sediment-bound nutrient 
transport associated with the alteration of chemical weathering may also 
change.

Glaciers outside of ice sheets appear to mobilise large quantities of 
FeA and ASi, potentially making them important in the wider carbon 
cycle via increase in primary and/or secondary production and carbon 

Fig. 8. The X-ray diffraction patterns for samples collected from: A) S1 Angell 
minor outflow, B) S2 Kvisla channelized outflow, C) S3 hydrometric station, D) 
S4 Black spring minor outflow.

Fig. 9. Sediment-bound (FeA, ASi) and dissolved (DSi, DFe) nutrients mass 
fluxes at the hydrometric station (S3) in the catchment of Werenskioldbreen in 
summer 2017. Concentrations of dissolved Fe (DFe) are median values from 
Stachnik et al. (2019).

L. Stachnik et al.                                                                                                                                                                                                                                Chemical Geology 691 (2025) 122940 

11 



burial. Our study shows that Fe supply from glaciers to coastal regions of 
the High Arctic is likely to be high with potential consequences for 
marine elemental inventories and carbon burial (Cui et al., 2017; Faust 
et al., 2021; Larkin et al., 2021; Salvadõ et al., 2015) (Fig. A.6). The 
delivery of labile sediment-bound Fe had already been shown to 
enhance benthic nutrient cycling (e.g., Fe, Mn) with potential remobi
lisation of Fe into the water column (Henkel et al., 2018; Herbert et al., 
2021; Laufer-Meiser et al., 2020). FeA and FeD also facilitate deposition 
and burial of organic matter via mineral protection which could lead to 
more effective carbon burial in coastal (Salvadõ et al., 2015; Shields 
et al., 2016) and lacustrine sediments (Nitzsche et al., 2022). As long as 
the hydrological regime is dominated by glacier melt, rivers in polar 
regions will likely continue to supply FeA rich suspended sediments to 
downstream ecosystems.

6. Conclusions

Our study shows that glacierised catchments situated outside of ice 
sheets supply downstream ecosystems with reactive and bioavailable 
iron species. The yields of sediment-bound FeA and FeD were in the 
range of values observed for the Greenland Ice Sheet and are the result of 
high sediment erosion rates and subglacial geochemical weathering. 
Conversely, silicate weathering associated mass fluxes of ASi and DSi 
were in range of other valley glacier basins (e.g. Patagonia, Svalbard), 
but much lower than for Greenland. Yields of sediment-bound P was 
much lower than other glacierised basins where similar data is available.

High spatial variability of subglacial weathering processes within the 
catchment causes differences in sediment-bound and dissolved nutrient 
release into the proglacial zone of Werenskioldbreen. Within a single 
catchment, sediment-bound nutrient content can change due to a 
gradient of sulphide oxidation coupled with carbonate dissolution (high 
FeA, low ASi/DSi) dominated subglacial weathering to silicate-mineral 
dominated weathering (high DSi/ASi, low FeA), showing a close rela
tionship to bedrock lithology. In geologically diverse glacial catchments 
like those in Svalbard, the pattern of subglacial drainage will likely 
impact the delivery of sediment-bound nutrients.
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