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Abstract 

The transport of reactive iron (i.e. colloidal and dissolved) by a glacier-fed stream system 

draining a high relief periglacial landscape in the high Arctic archipelago of Svalbard is 

described. A negative, non-linear relationship between discharge and iron concentration is 

found, indicative of increased iron acquisition along baseflow pathways. Since the glaciers 

are cold-based and there are no intra- or sub-permafrost groundwater springs, baseflow is 

principally supplied by the active layer and the colluvial and alluvial sediments in the lower 

valley. Collectively, these environments increase the flux of iron in the stream by 40 % over a 

floodplain length of just 8 km, resulting in 6 kg Fe km-2a-1 of reactive iron export for a 20% 

glacierised watershed. We show that pyrite oxidation in shallow-groundwater flowpaths of 

the floodplain is the most important source of reactive iron, although it is far less influential 

in the upper parts of the catchment where other sources are significant (including ironstone 

and secondary oxide coatings). Microbial catalysis of the pyrite oxidation occurs in the 

floodplain, enabling rapid, hyporheic water exchange to enhance the iron fluxes at high 

discharge and cause the non-linear relationship between discharge and reactive iron 

concentrations. Furthermore, since the pyrite oxidation is tightly coupled to carbonate and 

silicate mineral weathering, other nutrients such as base cations and silica are also released to 

the stream system. Our work therefore shows that high Arctic floodplains should be regarded 

as critically important regulators of terrestrial nutrient fluxes to coastal ecosystems from 

glacial and periglacial sources. 
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Introduction  

Iron cycling in glacial environments is presently receiving much research attention on 

account of the potential for climate change to enhance iron fluxes into an often iron-limited 

ocean ecosystem. In the Gulf of Alaska, clear links between glacier-fed rivers and iron 

availability to marine ecosystems have been identified in spite of rapid rates of removal in 

estuarine mixing zones (e.g. Schroth et al, 2011, 2014). The Southern Ocean also represents a 

compelling example of how glacial sediment inputs help alleviate iron limitation of marine 

primary production (Gerringa et al, 2012; Korb et al, 2008). Finally, researchers in Greenland 

have been making a similar case for the fertilisation potential of the ice sheet in the North 

Atlantic area (Bhatia et al, 2013; Statham et al, 2008; Hawkings et al, 2014), although the 

potential impact of these inputs upon primary production in the North Atlantic has been 

questioned (Hopwood et al, 2015). In the latter case, and also with Gerringa et al’s (2012) 
work in the vicinity of Pine Island Glacier, Antarctica, great emphasis has been given to the 

importance of subglacial weathering environments on account of the high rock-water contact 

they offer, as well as the high rate of erosion that enables subglacial meltwaters to deliver the 

iron to downstream ecosystems. In this work, acquisition of labile iron from reactive micro-

particles (colloids and nano-particles) and fine suspended sediment have been found to be 

quantitatively more important than “aqueous” or dissolved iron (i.e. < 0.02 µm following 

Raiswell and Canfield (2012)), and the great abundance of these particles in bulk glacial 

meltwater means that global glacial runoff might produce fluxes equivalent to, or greater 

than, icebergs and dust (Hawkings et al, 2014; Raiswell et al, 2006). Glacial runoff is 

therefore a potentially important vector for reactive iron delivery into the world’s oceans and 

its sensitivity to climate change means it requires significant research consideration.  

During deglaciation, the importance of iron acquisition via in-situ subglacial weathering 

diminishes once ice extent has declined markedly. In Svalbard and other parts of the Arctic, 

this is exacerbated by the fact that smaller valley glaciers also respond to mass balance losses 

by becoming thinner and thus no longer capable of inducing pressure melting at their base. 

The glacier then freezes to its substrate and surface meltwaters predominantly follow surface 

channels which offer almost no opportunities for rock-water contact until they become deeply 

incised in the ablation area by fluvial and thermal erosion (Gulley et al, 2009). Even here, the 

high flushing rates and channelized (rather than distributed) nature of the flows greatly 

restrict the opportunities for solute acquisition from sediments (Tranter et al, 1996). The 

onset of basal freezing therefore has very important implications for the acquisition and 

transport of lithogenic nutrients by meltwaters (Hodson et al, 2004), making reactive fine 

sediments in proglacial and periglacial environments increasingly important regulators of 

biogeochemical processes on account of the significant rock/water contact opportunities they 

offer (Nowak and Hodson, 2014a; Rutter et al, 2011). So far, these processes are best 

understood in the contexts of ecological succession in the soils and lakes of mid-latitude 

glacier forefields (e.g. Engstrom et al, 2000; Bernasconi et al, 2011), although there is also a 

rapidly growing, significant interest in the in-stream ecology of glacier-fed rivers (Brown et 

al, 2012 and references therein). However, few studies have considered in-situ hyporheic and 

groundwater biogeochemistry in proglacial floodplains (e.g. Gooseff et al, 2013), especially 
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in the context of iron. This is an important oversight, because reactive, fine sediments 

delivered to floodplains by glacial and periglacial processes directly interact with the large 

fluxes of dilute runoff that are produced during deglaciation (Milner et al, 2009). Studies of 

floodplain biogeochemistry in glacier-fed river systems are also best known from alpine or 

boreal environments, such as the European Alps (e.g. Tockner et al, 2002; Freimann et al, 

2013), Alaska (Clilverd et al, 2008; Hood and Berner, 2009) and Iceland (Gislason et al, 

1996; Robinson et al, 2009). However, High Arctic proglacial floodplains deserve as much, if 

not more, attention on account of their proximity to coastal ecosystems that are also 

responding to rapid sea ice changes (Arrigo et al, 2008).  

In Arctic Svalbard, the location of the present study, important contributions to our 

understanding of biogeochemical cycling downstream of glacier margins are largely 

restricted to the immediate glacier forefield, and usually within recent end moraines from the 

Little Ice Age (or glacier surge activity) (e.g. Ansari et al, 2013; Cooper et al, 2002; Wadham 

et al, 2007). However, Nowak and Hodson (2014a,b) have argued that downstream microbial 

ecosystems within the proglacial floodplains are very productive and contribute significantly 

to watershed solute fluxes via reactions that are not unlike subglacial weathering processes. 

Similarly, Ansari et al (2013) and Nowak and Hodson (2014b) have shown here that 

periglacial processes can be just as important as glacial processes in the provision of reactive 

crushed rock surfaces for microbially-mediated weathering. Work conducted on the Svalbard 

archipelago has also emphasised the geomorphological and hydrological importance of 

floodplains and alluvial sediments, especially near the coast (Strzelecki et al, 2014). Since the 

Last Glacial maximum, vast sediment packages have been deposited here by glacio-marine 

sedimentation prior to isostatic uplift and permafrost aggradation, and resulting in major 

floodplains in all fjords no longer dominated by calving glacier margins (Etzelmüller and 

Hagen, 2005). Glacier retreat since the Little Ice Age maximum of the early 1900s has also 

occurred at a rate of ca. 0.3% per year (Nuth et al, 2007), which is having a profound effect 

upon the exposure of young glacial sediments and their mobilisation into the floodplains and 

coastal fans by contemporary runoff. For example, Strzelecki et al (2014) estimated an 

average net accumulation rate of ca. 5.5 cm a-1 across the outwash plains, deltas and tidal 

flats in Northern Petuniabukta, Central Spitsbergen.  

The objective of this paper, therefore, is to provide much-needed insights into the seasonal 

dynamics of reactive iron (hereafter *Fe, defined as all dissolved and colloidal iron that 

passed through 0.45um filter) and its transport through a High Arctic floodplain system. In so 

doing we examine a lowland glacier-fed river and compare ice-marginal *Fe dynamics to 

those downstream and within a near-coastal sediment fan.   

Field Site Description 

The fieldwork was conducted in the Endalen watershed adjacent to Longyearbyen in 

Svalbard (Figure 1). The catchment supplies runoff produced by glacial meltwater, active 

layer thaw, snowmelt and rain to Isdammen, the artificial lake providing winter water supply 

to the local town of Longyearbyen. During summer, the runoff is used to fill the lake and then 

overflows into Adventfjord. The catchment is ca. 28 km2, of which ca. 16% is covered by 
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permanent glacier ice, with one larger glacier, Bogerbreen (ca. 3.3 km2), occupying the upper 

part of the valley. The mountains that flank the valley are ca. 500m high plateaus, and so only 

small residual snowbanks and a couple of un-named cirque glaciers (Figure 1) sustain flows 

all summer, because the snowline often retreats to elevations in excess of 600 m. By the end 

of July, therefore, Bogerbreen in fact produces the vast majority of discharge. This is a 

typical small valley glacier for this region, and so while the presence of striae in the glacier‘s 
terminal moraines attest to the presence of warm basal ice during the Little Ice Age 

maximum (when the moraines were most likely deposited), a century or so of thinning means 

that the glacier is now almost certainly cold-based with no evidence of subglacial drainage or 

temperate ice at the pressure melting point (Macheret and Zhuravlev, 1982). This shift toward 

cold-based glaciation over recent decades is almost certainly commonplace in the region, as 

revealed by several detailed case studies linking the mass balance, climate and thermal 

regime change in local glaciers (Bælum and Benn, 2011; and Hodgkins, 1999). Furthermore, 

there is a canyon at the immediate margin of its Little Ice Age moraines. Water storage in the 

upper part of the catchment is therefore greatly reduced by both the cold-based glacier and 

the canyon, such that most surface waters are transferred rapidly to the lower valley 

floodplain. Here, snowmelt, ground ice melt, rain and cirque glacier melt percolate through 

colluvial and alluvial fans, talus deposits and solifluction sheets before mixing with runoff 

from Bogerbreen (Fig. 1). Collectively, they enter a large alluvial sediment fan that is 

accumulating in the mouth of the Endalen. 

The lithology of the catchment is dominated by sedimentary rocks (sandstones, shales and 

carbonates), that belong to the well-known van Mijenfjord and Adventdalen Groups and 

include some very reactive mineral phases such as carbonate and pyrite (Dallman et al, 

1999). Studies of runoff geochemistry in the area have so far neglected the geochemistry of 

iron, but otherwise describe well how these minerals contribute to the composition of runoff 

(see Yde et al, 2008; Rutter et al, 2011). The rock sequences are well-known on account of 

their coal content and belong to the Firkanten, Basilika and Grumantbyen Formations of the 

Paleocene, and the Frysjaodden, Hollenderdalen, Battfjellet and Aspelintoppen Formations of 

the Eocene (Dallmann et al, 1999). Iron is present as pyrite, siderite and glauconite in the 

sandstones (Svinth, 2013), and shales (especially in the Frysjaodden) (Riber, 2009).  Minor 

sources of iron also include biotite and chlorite (chamosite).  The Firkanten Formation holds 

the most commercially viable coal seam, which was the reason for the opening of a coal mine 

in Endalen. Although the mine is no longer operational, some of the waste rocks just 

upstream of the valley mouth are now subjected to chemical weathering by surface waters. 

Sediment inputs from here represent a small supplement to the overwhelming natural supply 

of crushed rock to the river by glacial, periglacial and fluvial processes. The relict mine is 

also dry, and no related groundwater discharges were observable during summer or winter. 

Therefore seasonal rock-water contact in the mine tailings within the active layer only occurs 

in valley side during snowmelt and rain in summer.  

The geology and the geomorphic processes in Endalen are conducive to high sediment yields 

(Bogen and Bønsnes, 2003) and so there has been a lot of sedimentation in the large alluvial 

fan of the lower valley. Following the Last Glacial Maximum, plateau glaciers also delivered 
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large volumes of sediment along the flanks of the main valley (Soltvedt, 2000) to produce 

numerous smaller fans. These are now stable with the exception of small-scale debris flows, 

which occur following the loading of the valley sides and plateaus by snow. The largest fan at 

the valley mouth enters Adventdalen, upstream of the artificial lake “Isdammen” (Figure 1).  

Early aerial photographs clearly show that the fan existed long before Isdammen was 

constructed, and that the waterflow was diverted towards the Isdammen area by a natural 

barrier existing to the north (Fig. 1). Further, raised beaches at 36, 50, 57 and 63 m altitude in 

the lower valley show that the lower part of Endalen lies within the former marine limit. 

Therefore marine sediment sequences exist just beneath the lower floodplain and fan 

sediments (Gilbert, 2014). These were formed rapidly following the retreat of the 

Weichselian Ice Sheet from the inner fjord about 10 000 years ago (Lønne and Nemec, 2004; 

Soltvedt, 2000). 

Methods 

River monitoring stations were installed at three locations shown in Figure 1. Here hourly 

records of river runoff, electrical conductance (“EC”) and water temperature were collected 

over the 2012 melt season with the use of Campbell data loggers and compatible sensors (see 

Table 1). Data records from the upper Endalen site (hereafter “EU”) were shorter than other 

locations due to access issues in the early summer. However, despite that, samples from here 

were still sufficient for characterising glacial water and solute inputs to the valley system. 

Further downstream, the Lower Endalen site (hereafter “EL”) and the Isdammen inflow site 

(hereafter “ISD”) were used to represent processes within the lower valley and the alluvial 

fan at the valley mouth. Measurements of water stage were calibrated to discharge using the 

salt dilution method (Moore, 2005), which was conducted every time samples were collected 

at the stations. Errors with this technique are typically 10% (e.g. Hodson et al, 2000). 

Discharge records from EL were also used to represent ISD, because there were no 

significant water inputs between these sites and an average transit time between them of just 

1 h according to cross correlation analysis.  

Suspended sediment transport monitoring was conducted using automatic pump samplers at 

Sites EL and ISD for the duration of the summer. In addition, suspended sediment 

concentration was also determined at all three sites from the filter papers used during the 

collection of each water quality hand sample. The Sigma Automatic Pump Samplers were 

programmed to collect 500 mL samples three times a day and these were then filtered at 

UNIS in the same manner as the other water quality samples (see below).  

Samples for the determination of major ions and trace metals were collected at frequent 

intervals (see Table 1 for details) using a pre-rinsed 250 mL HDPE bottle. During the 

sampling, the pH of the water was also recorded using a daily calibrated VWR handheld pH 

meter. Back at UNIS, samples were immediately filtered through a Whatman Cellulose 

Nitrate (WCN) 0.45 μm filter using a pre-rinsed 500ml Nalgene filtration unit. All samples 

for major ions and dissolved Si (a subset of which is presented in the present paper) were 

then stored at 4 oC with no air for up to three months until the analyses in the UK. 

Additionally, samples collected for trace metals analyses were acidified with high purity 



This article is protected by copyright. All rights reserved. 

HNO3 (AnalaR 65% Normapur, VWR, IL, USA) to pH ~ 2. These were stored at 4 oC in 15 

mL, acid-washed Eppendorf tubes after further rinsing four times with filtrate. 

Laboratory analysis  

Laboratory analyses involved the determination of dissolved Silica (Si) by colorimetric 

methods (using a Skalar SAN++ continuous flow analyser), major ions by ion 

chromatography (with the use of Dionex ion chromatograph (DX 90, operated through a 4400 

integrator and AS40 autosampler) and trace metals by Inductively Coupled Plasma Mass 

Spectrometry (PerkinElmer Elan DRC II, MA, USA). Precision errors for all the analyses 

were below 5% and the detection limit was 1.0 μg L-1. No contaminants above this limit were 

detected in the analyses of blank samples.  

Results  

Time Series Observations 

Hydrological time series, including discharge, EC and suspended sediment concentrations 

(SSC) are presented in Figure 2. Widespread snowmelt runoff in the catchment peaked at 

around Day of Year (hereafter DOY) 175 and was responsible for the beginning of the season 

maximum in river discharge at EL and ISD. Additionally, high river flows were also 

observed around DOYs 198, 205 and 223, with the first two being a consequence of 

relatively high rainfall. End of season low flows resulted from a flow recession that 

commenced on DOY 223 and persisted until the end of monitoring. During the part of the 

observation period when records were available at all river monitoring sites (i.e. the DOY 

196 onwards), the ratio of discharge at EU to that recorded at EL was 76% (defined using the 

slope of a linear regression model between the two series, with an r2 of 0.86 and a 

significance level < 0.02). The relationship between discharge at EU and EL was also 

characterised by a lag of 5 hours and a significant (p < 0.05) intercept of 0.095 m3 sec-1, 

indicating a downstream input of water that is equivalent to 20% of the average flow at EU. 

Figure 2 also shows that the high flow phases described above caused dilution in the ionic 

content of runoff at all three sites and thus an inverse relationship between discharge and EC. 

Further, during the low flow phases (around DOY 180 and after DOY 235), high values of 

EC were observed at all sites.  

Figure 3 shows that concentrations of *Fe varied significantly (10 – 520 µg L-1) through the 

summer. Before DOY 234, *Fe concentrations were typically greatest at ISD, although there 

were exceptions when samples coincided with the rising limb of discharge during periods of 

high flow when they were greatest at EU and EL (e.g. DOYs 196 and 202). After DOY 232, 

*Fe concentrations were marginally lower at ISD than EL, implying removal during low flow 

conditions. The *Fe fluctuations were therefore broadly similar to EC, with the exception of 

the seasonal maximum *Fe levels observed during early summer at EL and ISD prior to DOY 

168 (there are insufficient data to assess whether this was also the case at EU). Later on, the 

end of season increase in *Fe concentrations was a significant feature at all the sites and 

therefore demonstrated similar behaviour to the EC variations. The pH values for runoff are 

also presented in Figure 3 and can be seen to lie in the typical range for glacial catchments, 
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between 5.8 and 8.0. The pH generally increased throughout the summer at all sites, but there 

were some short term pH depressions around DOYs 176, 195 and 216. 

Suspended sediment concentrations are shown in Figure 2. There are several key features to 

the data: first the SSC generally increased at ISD (at least until DOY 223) and second, the 

SSC at ISD was less variable than at EL, and typically exceeded concentrations at EL after 

DOY 223. Otherwise, maximum SSCs were associated with rainfall-induced high flows 

between DOY 185 and 209.   

Water, *Fe and SSC Flux Estimates 

*Fe fluxes were estimated from the product of the discharge-weighted mean *Fe 

concentration and the estimated total annual runoff at each site (Table 2). The annual runoff 

volume was assumed to be 90 times the average daily discharge at each site, and therefore 

assumes a 90 day runoff season. This implies no significant flows occurred outside the period 

DOY 150 - 240. The likelihood is that rainfall events after DOY 240 triggered sporadic river 

flows (and thus reactive iron transfer) (e.g. Nowak and Hodson, 2013). However, we lack the 

data to quantify such events. Conservative estimates of the errors for the flux calculations, 

based upon Hodson et al’s (2000) study of Svalbard solute fluxes, were 24.5% and 19.4% at 

EL and ISD respectively, but as much as 48.3% at EU. The high error estimate at EU was due 

to the low number of observations (n = 8) and its effect upon the standard error of the mean.   

Since the SSC records covered almost the entire summer period without bias (e.g. to high 

flows), the total annual suspended sediment transfer was estimated from suspended sediment 

load estimates at EL and ISD that were calculated from the product of river discharge and 

SSC. The average load was then scaled to estimate total fluxes for the same periods of 

interest as the *Fe fluxes and with an uncertainty estimate of 16% at both sites (i.e EL and 

ISD). The values were then transformed to a suspended sediment yield (in t km-2) after 

dividing by catchment area (Table 2).  

Table 2 shows that specific runoff decreased downstream, as might be expected for a glacier-

fed system that is dominated by a larger glacier at high elevation. Overall the entire 

watershed’s specific runoff was 0.23 m during 2012. This is low compared to the range (0.35 

– 1.5 m a-1) presented for Svalbard watersheds by Hodson et al (2000), although it should be 

noted that the Endalen watershed has only 16% glacier cover and most of the studies in the 

literature are for basins with in excess of 50% glacier cover. Unsurprisingly, the suspended 

sediment yield in the present study (136 and 114 t km-2 at EL and ISD respectively) is also 

low for Svalbard studies and lies at the lower end of the range of values recorded at ISD by 

previous researchers (i.e. 134 – 568 t km-2 according to Bøgen and Bosnes, 2003). Table 2 

also shows how the second half of the summer period (DOY 195 to 240) was the most 

effective period for suspended sediment export from the entire watershed. Therefore the (45 

day) DOY 195 – 240 yield at ISD (79.6 tons km-2) was 67 % of the entire (90 day) DOY 150 

– 240 yield (114 t km-2). However, the corresponding *Fe yields did not show this bias, and 

were ca. 6 kg km-2 for the entire 90 day period at EL and ISD respectively. Just less than half 
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of this was supplied in the latter half of the summer (DOY 195 – 240), which was in broad 

agreement with the temporal distribution of runoff (see Table 2). 

Discussion 

*Fe concentrations and fluxes in the Endalen valley 

The discharge-weighted average *Fe concentrations at EU, EL and Isd were 27.3, 24.5 and 

23.6 µg L-1 respectively (Table 2). These values are more than 300 times higher than that 

which would be expected from the solubility of ferrihydrite under the conditions described in 

the Endalen river (Kraemer, 2004). They also exceed *Fe concentrations in meltwaters 

draining a small cold-based glacier upon metamorphic rocks in the maritime Antarctic (3.43 

µg L-1: Hodson et al, 2010) and a couple of minor outlet glaciers overlying crystalline 

bedrock and flowing from the Greenland Ice Sheet (1.12 – 9.88 µg L-1:  Statham et al, 2008). 

The differences here might therefore relate to the presence of reactive sedimentary rocks in 

the present study. The range of reactive iron concentrations in the present study (10 – 520 µg 

L-1: see Figure 4) also exceeds that of a subglacial river draining a different outlet glacier 

from the Greenland Ice Sheet (13 – 260 µg L-1: Hawkings et al, 2014), and both glacial 

meltwaters and shallow groundwaters draining Mittivakkat Glacier, Greenland (56 – 90 µg L-

1: Kristiansen et al, 2013).  It does however compare favourably with subglacial waters of an 

Alpine glacier where metamorphic rocks are present (15 – 1,200 µg L-1: Mitchell et al, 2001).  

Figure 4 presents the relationship between catchment outflow (discharge) and *Fe 

concentrations at EL, showing that discharge was most enriched in *Fe at low, baseflow-

dominant conditions. The result is a significant, negative correlation between *Fe and the 

natural logarithm of discharge (Pearson’s correlation coefficient r = 0.81, p < 0.05). Figure 4 

also suggests that *Fe acquisition was maintained at high flows by rapid acquisition, which 

suppressed the effect of dilution and thus made the relationship non-linear. Such a 

relationship was absent at EU (r = 0.28, p > 0.05), indicating a weak hydrological control 

upon *Fe concentrations in the upper catchment. Furthermore, no statistically significant (p < 

0.05) correlations between *Fe and suspended sediment concentration could be found at any 

of the sites using estimates of the latter derived from either hand sampling or automatic pump 

sampling. Therefore, whilst *Fe fluxes increase with discharge, concentrations do not, and so 

they behave more like solutes than suspended sediment (see also Figure 2). The relevant 

mechanisms by which runoff acquires *Fe are therefore sought below. 

*Fe acquisition by runoff  

The apparent “excess” of *Fe in surface waters (relative to the expected dissolved 

concentrations at thermodynamic equilibrium in the Endalen stream) and the marked 

importance of *Fe acquisition by baseflow in the lower valley can be attributed to either: 1) 

an influx of aqueous Fe2+ via anoxic groundwater inflow; and/or 2) inputs of iron 

microparticles or colloids, such as ferric oxyhydroxides or perhaps Schwertmannite (Raiswell 

et al, 2009), supplied by weathering. We can assert with confidence that there are no anoxic 

ferrous inflows associated with perennial groundwater springs, because we have been 

systematically mapping all such springs in the region since 2011 as part of a study of intra- 
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and sub-permafrost groundwater (Nowak and Hodson, Unpublished Data). However, anoxic, 

ferrous springs could develop seasonally in saturated sediments of the lower floodplain, as 

was witnessed for part of the 2012 summer in the vicinity of the mine tailings immediately 

upstream of EL where both Schwertmannite and ferrihydrite precipitation were visible in 

small areas. However, the small spring at the base of the mine tailings here was far too 

insignificant to explain the abundance of *Fe in the otherwise natural system.  Therefore, *Fe 

acquisition by weathering in natural weathering environments is considered below.  

Figure 4 shows very strong relationships between *Fe, SO4
2- and Ca2+ ions, especially during 

late summer, baseflow-dominant conditions, when the importance of rock-water contact in 

the floodplain sediments was maximised at EL and ISD. These data strongly suggest that 

pyrite oxidation (Equation 1 and 2) coupled to carbonate dissolution (Equation 3) were the 

dominant processes governing *Fe, Ca2+ and SO4
2- acquisition in the floodplain. The strong 

association between *Fe and SO4
2- was most pronounced during the flow recession (after 

DOY 223), when the relationship was highly statistically significant at both EL and ISD (p < 

0.01; r2 = 0.99). Furthermore, the relationship between these parameters was similar (p < 

0.03; r2 = 0.92) when all data from both EL and ISD after DOY 155 were considered. The 

strong relationship between *SO4
2- and Ca2+ also occupies an identical domain on the graph 

to data from the nearby Bolterdalen and Longyeardalen catchments (after Rutter et al, 2011 

and Yde et al. 2007, respectively: data not shown). This demonstrates the regional importance 

of pyrite oxidation and carbonate weathering, which we have now shown to include the 

acquisition of *Fe from floodplain sediments as well.  

4FeS2 + 15O2 + 14H2O ⇒ 8SO4
2- + 4Fe(OH)3 + 16H+     (1) 

FeS2 + 14Fe3+ + 8H2O ⇒ 2SO4
2− + 15Fe2+ + 16H+      (2) 

4FeS2 + 16CaCO3 + 15O2 + 14H2O ⇒ 4Fe(OH)3 + 16Ca2+ + 8SO4
2- + 16HCO3

-  (3) 

The kinetics of microbially mediated pyrite oxidation in glacial sediments are known to 

enable far more rapid acquisition of SO4
2- (and thus by implication *Fe) from glacial 

sediments than abiotic oxidation (Raiswell and Canfield, 2012). The dominance of 

microbially-mediated sulphide oxidation in this environment is also well established from 

stable isotope analyses (e.g. Bottrell and Tranter, 2002; Hodson et al, 2010; Wynn et al, 

2006) and studies of major ion concentrations elsewhere in the region (e.g. Cooper et al, 

2002; Nowak and Hodson, 2014a,b). Therefore rapid *Fe acquisition from the floodplain 

sediments in closest proximity to the channel (i.e. the hyporheic zone) by microbially 

mediated sulphide oxidation, followed by their transportation as Fe(OH)3 microparticles in 

the stream, is the best explanation for the non-linear association between discharge and *Fe 

shown in Figure 4 (because rapid acquisition is necessary at higher flows to cause the non-

linearity). The process is therefore responsible for much of the large increase (40%) in the 

*Fe flux from EU to ISD that is shown by Table 2, because the *Fe flux increased with 

discharge. To our knowledge, this is the first data set that demonstrates the tight coupling 

between *Fe and sulphide oxidation in proglacial stream systems, which is surprising given 
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that the importance of pyrite oxidation as a source of SO4
2- to glacial runoff was first 

described by Raiswell (1984) some thirty years ago.  

Nowak and Hodson (2014a) showed that microbially-mediated sulphide oxidation is also 

likely to be coupled to silicate mineral weathering in glacial floodplains.  Unsurprisingly, 

Figure 4 also indicates strong relationships between Fe, SO4
2- and Si at EL and ISD which 

further support this observation.  However, Figure 4 reveals that while statistically significant 

associations between *Fe and both SO4
2- and Si were observed at EL and ISD, they were not 

apparent at EU. Therefore, since the * SO4
2- concentrations were also relatively low at EU, 

far less *Fe and Si acquisition may be attributed to pyrite oxidation in the upper parts of the 

watershed, and other sources of *Fe need to be invoked. The same is the case for the first five 

days of the sampling period (i.e. prior to DOY 156) at EL and ISD, because far greater *Fe 

concentrations occurred for the given SO4
2-. Other sources of *Fe were therefore sought for 

these instances. However, no statistically significant (p < 0.05) relationships among *Fe, Si 

and Al3+ were found (data not shown), making (alumino)silicate mineral weathering an 

unlikely source of the additional *Fe. Secondly, the relationship between *Fe and HCO3
- was 

very poorly defined at all three sites (p > 0.10), suggesting that the siderite can also perhaps 

be discounted. This leaves *Fe oxides associated with the ironstones or potential secondary 

precipitates (visible as iron-staining on the surface of many gravel clasts in the valley) as the 

most obvious remaining sources. Testing their importance using statistical relationships 

among solute data was not possible. However, we note that snowmelt-driven overland flow 

was observeable when the early summer high *Fe values were reported at EL and ISD (ie 

prior to DOY 156). Therefore we hypothesise that the mobilisation of secondary FeIII 

precipitates from the surface of the catchment is potentially important before significant 

active layer development during the early stages of summer.  

Iron vs suspended sediment fluxes and yields 

Although we found no correlation between *Fe and SSC, research has shown how 

operationally defined extractions remove a large pool of potentially labile iron from the 

surface of glacial rock flour (Hawkings et al, 2014; Hopwood et al, 2014; Mitchell et al, 

2001; Schroth et al, 2011,2014). Even though the extractions were not carried out here, the 

high suspended sediment yields (Table 2) almost certainly mean that they transported a 

significant extractable iron flux downstream. The dynamics of sediment-bound labile Fe and 

*Fe were likely to have been quite different in the present study. For example, a small 

proportion (13 %) of suspended sediment was stored in the fan between EL and ISD, whilst 

according to Table 2, the fan acted as a net source (17%) of *Fe between these two points 

over the course of the entire summer. Further, the suspended sediment transport dynamics in 

the Endalen valley showed no evidence of seasonal exhaustion, as is often the case when 

subglacial erosion dominates glaciofluvial sediment transport (e.g. Figure 2 in Hawkings et 

al, 2014), especially in Svalbard (Hodson and Ferguson, 1999). Instead, SSCs remained 

significant throughout the summer: a characteristic that is common for catchments with cold-

based glaciers because ground thaw, rather than subglacial erosion, dominates the supply of 

available sediment to the stream (Hodgkins, 1996, Hodson and Ferguson, 1999).  In addition, 

suspended sediment transport in Endalen was also enhanced by several significant rainfall 
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events throughout the summer (data not shown). As a consequence, Table 2 shows that while 

the second half of the observation period produced 52% of the total runoff volume and *Fe 

flux, it accounted for 64% of the suspended sediment flux, indicative of increased suspended 

sediment availability as summer progressed. Therefore the dynamics of labile, sediment-

bound iron associated with suspended sediment are not likely to be uniform from one type of 

glacial system to another, and so we caution against the uncritical up-scaling of flux data 

from just a few locations until more research has been undertaken.   

*Fe immobilisation in the lower fan? 

The potential immobilisation of *Fe and SO4
2- was detectable as a decrease in concentrations 

of both parameters between EL and ISD during the lowest flows after DOY 234. At this time, 

the decline in concentrations of *Fe and SO4
2- between EL and ISD were highly correlated 

(p< 0.05; r = 0.94 and n = 6), suggesting that removal by sulphate reduction and pyrite 

precipitation might be occurring following hyporheic water exchanges between the very slow 

moving stream (at low flow) and the sediments of the lower fan. Removal processes have 

also been inferred by changes in Fe concentrations (but not fluxes) at three points along the 

alluvial plain in front of Austre and Vestre Brøggerbreen glaciers by Zhang et al (2015). The 

slope of relationship between the concentration changes was equivalent to one mole of *Fe 

for every 1.3 moles of SO4
2-, which suggests a mixture of FeS and FeS2 precipitation, or 

perhaps FeS and elemental sulphur (Bottrell et al, 1995; Schoonen, 2004), rather than 

removal by FeS2 alone (since this would produce a net molar ratio of two). Apart from low 

temperatures, a major reason for this effect not being more apparent is most likely the lack of 

organic matter in the floodplain sediments (Raiswell and Canfield, 2012), as has also been 

inferred from the pore water and sediment geochemistries of fjord sediment cores from close 

proximity to glaciers in Svalbard (Wehrman et al, 2014) and the maritime Antarctic (Monien 

et al, 2014). A most interesting speculation, therefore, is whether the stabilisation of the 

floodplain environment by vegetation (that usually follows deglaciation: Milner et al, 2009), 

will result in quantitatively more important rates of pyrite precipitation, resulting in a switch 

towards net iron storage within the floodplain. Similarly, hydrologic changes associated with 

a deeper, more persistent active layer during the summer might lead to extended residence 

times within the hyporheic zone and also serve to enhance the *Fe removal processes. Further 

research into the long-term biogeochemical evolution of high Arctic floodplains is therefore 

required.    
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Conclusions 

Our study shows that central Svalbard’s Tertiary Basin is characterised by easily eroded, 

chemically reactive sedimentary rocks that produce a hotspot of reactive iron production for 

mobilisation by hydrologic processes.  Deglaciation of this landscape means that meltwaters 

rework vast packages of fine glacial sediments from catchment headwaters to downstream 

floodplains: a process that continues whilst smaller valley glaciers undergo a transition to 

cold-based thermal regime and then eventually disappear. As a consequence downstream 

floodplain and other periglacial sediment deposits become the most important crushed rock 

reactors at the expense of subglacial environments. It is becoming increasingly obvious in 

Svalbard that this has important implications for nutrient transfer to the sea, as has been 

argued for phosphorus (Hodson et al, 2004), nitrogen (Ansari et al, 2013) and a wide range of 

mineral weathering products (Nowak and Hodson, 2014a). Here we have shown that the 

same now applies to reactive iron. Glacial headwaters draining cold-based glaciers seem far 

less capable of acquiring reactive iron via pyrite oxidation than pore waters draining through 

talus, colluvial/alluvial debris fans and floodplain sedimentary environments. We have found 

that rapid, microbially-mediated pyrite oxidation in these glacial and periglacial sediments 

may increase the reactive Fe flux significantly over reach scales of several kilometres from 

the retreating glacier margin. Periglacial biogeochemical processes therefore provide a 

crucial service for coastal marine ecosystems through the provision of reactive iron from 

sources that will most likely continue to be important long after climate change has removed 

the glacier from the catchment.  
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Figure 1. Endalen watershed, showing its intersection with Adventalen and the monitoring 

sites at Isdammen inflow (ISD); Endalen Lower (EL) and Endalen Upper (EU). “BGB” 
denotes Bogerbreen, the largest glacier in the valley. “LYR” denotes Longyearbyen. The 

background photograph is the 1936 oblique aerial photograph (courtesy of the Norwegian 

Polar Institute).  
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Figure 2. Hourly hydrological time series characteristics at ISD (top), EL (middle) and EU 

(bottom), including discharge (Q), electrical conductivity (EC) and suspended sediment 

concentration (SSC). 
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Figure 3. Reactive Iron (*Fe), discharge (Q) and pH at EU, EL and ISD. 
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Figure 4. Association between key variables. A) Discharge and *Fe at Site EL only. B) SO4
2- 

and *Fe; C) SO4
2- and Ca2+; D) SO4

2- and Si. The solid line in Figure B) separates the data 

from Sites EL and ISD that were collected before and after DOY 223. 
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Table 1. Details of hydrological monitoring and sampling along the Endalen Valley at the 

Endalen Upper (EU), Endalen Lower (EL) and Isdammen (Isd) sites.  

 

Parameters  Isd  EL  EU  

Hourly runoff, electrical 

conductivity and water 

temperature  

7th June – 19th 

August (DOY 

159 – 231) 

6th June – 29th August 

(DOY 158 – 241) 

14th July – 28th 

August (DOY 

196 – 240) 

Suspended sediment 

monitoring by automatic 

pump sampler  

Three times daily: 

22nd June – 25th 

August (DOY 

174 – 237) 

Three times daily: 6th 

June – 25th August  

none  

Water quality hand 

sampling  

43 samples every 

other day, 8th June 

– 29th August 

(DOY 160 – 241) 

43 samples every other 

day, 8th June – 29th 

August (DOY 160 – 

241) 

8 samples weekly, 

8th June – 28th 

August (DOY 

160 – 240) 



This article is protected by copyright. All rights reserved. 

Table 2. Runoff, iron and suspended sediment flux (and yield) data for the Endalen Upper 

(EU), Endalen Lower (EL) and Isdammen (Isd) sites. (1The value in parentheses shows the 

effect of a single, very high iron concentration upon the flow weighted mean concentration. 

This was not used for the purposes of iron yield estimation). 

Site Area  

 

(km2) 

Qwt Fe  

 
(µg/L) 

Q  

 
(m3 s-1) 

Fe 

flux 

(kg) 

Fe  

yield  
(kg km-2) 

Q  

 
(m we.) 

SSY  

 
(t km-2) 

DOY 150 - 240 

EL 25.46 22.27 
(34.43)1 

0.86 149 5.85 0.263 136 

Isd 28 26.15 0.86 175 6.25 0.239 114 

DOY 195 – 240 

EU 9.65 27.3 0.587 62.3 6.45 0.237 n.d. 

EL 25.46 24.5 0.903 78.2 3.07 0.138 87.1 

Isd 28 23.6 0.903 86.0 2.96 0.125 79.6 

 


