
1.  Introduction
Around the periphery of the Arctic and Antarctic, glaciers, icebergs, and freshwater runoff deliver high loads 
of lithogenic particles (Azetsu-Scott & Syvitski, 1999; Overeem et al., 2017; Shaw et al., 2011) and elevated 
concentrations of some dissolved trace metals including iron (Fe), manganese (Mn), copper (Cu), cobalt (Co), 
nickel (Ni), lead (Pb), and aluminum (Al) into the coastal ocean (Annett et al., 2015; Brown et al., 2010; Forsch 
et al., 2021; Krause et al., 2021; Krisch et al., 2021; Schlosser & Garbe-Schönberg, 2019). The extent to which 
glacier-derived particles act as sources or sinks of individual trace elements in the coastal ocean depends upon 
numerous physical and biogeochemical factors including the lability, sinking rate, and burial rates of particles, the 
extent to which different trace elements tend to be scavenged from solution and the nature of benthic processes 
(Forsch et al., 2021; Herbert et al., 2020; Merwe et al., 2019). Iron is for example, characterized by a rapid and 

Abstract  Higher than expected concentrations of dissolved lead (dPb) have been consistently observed 
along glaciated coastlines and it is widely hypothesized that there is a net release of dPb from glacier-derived 
sediments. Here we further corroborate that dPb concentrations in diverse locations around west Greenland 
(3.2–252 pM) and the Western Antarctic Peninsula (7.7–107 pM) appear to be generally higher than can 
be explained by addition of dPb from glacier-derived freshwater. The distribution of dPb across the salinity 
gradient is unlike any other commonly studied trace element (e.g., Fe, Co, Ni, Cu, Mn, and Al) implying 
a dynamic, reversible exchange between dissolved and labile particulate Pb. Incubating a selection of 
glacier-derived particles from SW Greenland (Ameralik and Nuup Kangerlua) and Svalbard (Kongsfjorden), 
with a range of labile particulate Pb (LpPb) content (11–113 nmol g −1), the equivalent of 2–46% LpPb was 
released as dPb within 24 hr of addition to Atlantic seawater. Over longer time periods, the majority of this dPb 
was typically readsorbed. Sediment loading was the dominant factor influencing the net release of dPb into 
seawater, with a pronounced decline in net dPb release efficiency when sediment load increased from 20 to 
500 mg L −1. Yet temperature also had some effect with 68 ± 22% higher dPb release at 11°C compared to 4°C. 
Future regional changes in dPb dynamics may therefore be more sensitive to short-term suspended sediment 
dynamics, and potentially temperature changes, than to changing interannual runoff volume.

Plain Language Summary  Glacier runoff is a minor source of the element lead (Pb) into the ocean. 
Lead that was deposited on ice surfaces from atmospheric deposition is ultimately released in runoff and drains 
into the ocean. Changes in the concentration of Pb in fresh and marine waters are of concern because Pb is a 
toxic element with the potential to have detrimental effects on ecosystems and public health. Across most of the 
Atlantic and Arctic, Pb concentrations have been strongly affected by the historical use of Pb as a fuel additive. 
This led to elevated atmospheric deposition of Pb until the 1990s when these additives were extensively 
phased out. Around glaciated coastlines however, evidence is emerging worldwide of a natural Pb source too 
large to be explained by atmospheric deposition. This source is thought to be related to the release of Pb from 
glacier erosion. Here we corroborate these observations in southwestern Greenland and the Western Antarctic 
Peninsula showing that a dynamic release and readsorption of Pb from glacier-derived particles explains the 
observed distribution of dissolved Pb in seawater.
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dissolved Pb followed by readsorption 
on a timescale of hours-to-days

•	 �Dissolved Pb release from the 
Greenland Ice Sheet is likely within 
the range 0.2–1 Mmol yr −1
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pronounced transfer of dissolved (<0.2 μm) phases onto particle surfaces following glacier discharge into the 
ocean, with ∼98% of dissolved Fe removed at intermediate salinities, mainly due to aggregation of inorganic 
colloids (Kanna et  al.,  2020; Schroth et  al.,  2014; Zhang et  al.,  2015). Other dissolved trace metals includ-
ing Co, Ni, Cu, Mn, and Al behave more conservatively across the salinity gradient suggesting either a more 
limited and/or balanced exchange between labile particulate and dissolved phases (Brown et al., 2010; Krause 
et al., 2021; Michael et al., 2023). Dissolved Pb in these environments may however exhibit a unique behavior 
due to the dynamic exchange typically observed between dissolved Pb (dPb) and labile particulate Pb phases 
(Noble et al., 2015; Rusiecka et al., 2018; Sherrell et al., 1992). To date however there are few data sets available 
to characterize the underlying mechanism and thus assess how marine dPb concentrations in glaciated regions 
may change as a result of future glacier retreat or increases in glacial discharge.

Elevated concentrations of Pb in some Arctic terrestrial environments, including the cryosphere, are associated 
with a legacy of anthropogenic contamination from increased atmospheric deposition since the industrial revo-
lution (Boyle et al., 1994; Candelone et al., 1995; Łokas et al., 2016). Anthropogenic derived Pb is certainly a 
contributing factor to Pb distributions in the Arctic (Bazzano et al., 2017; Boyle et al., 1994; Hong et al., 1994). 
Yet dPb distributions and  206Pb/ 207Pb and  208Pb/ 207Pb isotopic ratios in both glaciated Arctic and Antarctic loca-
tions suggest the existence of a sediment associated dPb source which is primarily nonanthropogenic in origin. 
Higher than expected dPb concentrations of up to 46 pm in Cumberland Bay (South Georgia) suggest a source 
of dPb associated with particles in the bay (Schlosser & Garbe-Schönberg, 2019) which is characterized by high 
turbidity from runoff (Schlosser et al., 2018). Similarly, based on its isotopic composition, a mineral source of 
dPb has been suggested to account for 95% of the 4–89 pM dPb observed close to the Dotson Ice Shelf (Antarc-
tica) (Ndungu et al., 2016). Dissolved Pb concentrations of 30–120 pM in one survey of Maxwell Bay (King 
George Island) were also noted to be higher than could be explained by dilution of dPb in freshwater sources (Kim 
et al., 2015) and dPb concentrations of 12 pM emerging from beneath the floating ice tongue of Nioghalvfjerds-
bræ (NE Greenland) suggest a twofold to threefold enrichment of dPb compared to concentrations in inflowing 
Atlantic water (Krisch et  al., 2022). Similarly, near-surface dPb concentrations reported at two stations close 
to Devon Island (Canadian Arctic Archipelago) of 10.4 and 10.8 pM were elevated compared to both adjacent 
stations and values expected from conservative mixing of dPb concentrations (Colombo et  al.,  2019). Alto-
gether, these studies consistently appear to show evidence of an additional dPb source at intermediate salinities 
across diverse glaciated regions worldwide (Colombo et al., 2019; Kim et al., 2015; Krisch et al., 2022; Ndungu 
et al., 2016; Schlosser & Garbe-Schönberg, 2019). There is also some evidence in the paleorecord to suggest 
elevated Pb deposition in the ocean associated with subglacial weathering (Crocket et al., 2013), however our 
mechanistic understanding of the effect of this process on marine dPb concentrations is limited.

Estuarine Pb dynamics in better studied temperate regions commonly show conservative dPb behavior, or noncon-
servative dPb loss (Abdel-Moati, 1990; Cenci & Martin, 2004; Elbaz-Poulichet et al., 1996), although these trends 
are not universal. Suspended particle loads may be a more important driver of dPb dynamics than salinity in estu-
arine systems (Benoit et al., 1994) confounding attempts to explain general dPb trends in terms of salinity alone. 
A key question is whether dPb dynamics differ between temperate rivers and high latitude glacier outflows. While 
we hypothesize that a desorption mechanism from glacier-derived particles may explain higher than expected dPb 
concentrations along glaciated coastlines (Schlosser & Garbe-Schönberg, 2019), a paucity of data across salinity 
gradients to characterize this, seasonal data to assess how net dPb release may change through the year in such locali-
ties, and incubation experiments to establish rates preclude the calculation of associated Pb fluxes. The residence time 
of any dPb released may also be highly dependent on local productivity levels, as uptake and adsorption to cell walls 
of dPb by plankton is thought to be a major sink for new additions of dPb to the ocean (Michaels & Flegal, 1990).

Glacier retreat worldwide is expected to continue this century irrespective of the Representative Concentration 
Pathways scenario that humanity tracks (IPCC Working Groups I & II, 2019). In the context of increasing discharge 
and exposure of proglacial sediments, it is clearly important to constrain any effects this may have on the mobility 
of toxic elements like Pb. It will be critical to assess the potential impacts on affected ecosystems (Cauvy-Fraunié 
& Dangles, 2019); the risks posed to water supplies (Fortner et al., 2011) and, given emerging interest in the 
subject, potentially also to evaluate the side effects of exploiting glacial rock flour as raw material for construc-
tion aggregates, agricultural, or enhanced weathering geoengineering applications (Bendixen et al., 2019; Pesch 
et al., 2021). Here we conduct a process study to investigate dPb dynamics across the salinity gradients in a series 
of glacier fjords in order to constrain the factors that may facilitate dPb release from glacier-derived particles and 
the fate of any dPb released. Field sites were selected because data for other dissolved trace elements is already 
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available from the same transects (in most cases for Fe, Co, Ni, Cu and Mn) (Krause et al., 2021; van Genuchten 
et al., 2022). Furthermore, in the case of SW and W Greenland, the geographic context with long, stratified fjords 
and steady gradients along the fjord surface, is favorable for investigating nonconservative processes which may 
be sensitive to shifts in key water properties such as turbidity, salinity or the distribution of primary producers. 
To address the possible influences of seasonality we include repeat sections of Nuup Kangerlua and Ameralik 
(SW Greenland) in boreal spring (May) and mid/late summer (August and September) 2019. This study focuses 
on inshore glaciated regions where multiple freshwater sources enter the ocean. Major freshwater sources include 
terrestrial runoff that enters the ocean at the surface and originates from ice melt or precipitation. Addition-
ally, in regions with tidewater (marine-terminating) glaciers, freshwater enters the ocean from the submarine 
melting of ice at the glacier front, the melting of calved ice within fjords, and subglacial discharge entering the 
ocean at the glacier grounding line which originates from a combination of surface and basal melting processes. 
Additional minor sources of freshwater include submarine groundwater discharge, precipitation, and sea ice 
melt. Without specific tracers of different freshwater components, we cannot distinguish between these sources 
quantitatively, although some regional budgets (Bendtsen et al., 2015; Mortensen et al., 2011) and estimates for 
different source terms are available (Mankoff, Noël, et al., 2020; Mankoff, Solgaard, et al., 2020). By contrasting 
different fjords we can also gain some insight into the significance of different source terms, for example, by 
comparing the biogeochemistry of Nuup Kangerlua which hosts both land-terminating and marine-terminating 
glaciers (Juul-Pedersen et al., 2015) with the smaller, adjacent Ameralik which hosts only a land-terminating 
glacier system (Stuart-Lee et al., 2021).

2.  Materials and Methods
2.1.  Trace Metal Sampling and Analysis

Along-fjord transects were conducted in both Antarctica and Greenland (Figure 1) with methods for collection 
of trace metal clean samples on these field campaigns described previously (Krause et al., 2021). Briefly, fjord 
transects in W Greenland and spring cruises in SW Greenland on RV Sanna (Figure 1) used a towfish system 
mounted on a winch and deployed at ∼1 m depth and ∼2 m away from the ship when underway. Water was 
pumped continuously through plastic tubing which was precleaned with 0.1 M HCl (reagent grade), with suction 
provided by a Teflon diaphragm pump (Dellmeco, Germany, DM15). This continuous seawater supply was 
sampled inside a laminar flow hood. In other fjords, sampling from small rigid inflatable vessels was conducted 
from surface waters using acid cleaned 1 L high-density polyethylene bottles (Nalgene) deployed upwind of the 
boat, which were rinsed once and then filled and subsampled.

Trace metal clean low-density polyethylene (LDPE, Nalgene) bottles were prepared via a three-stage washing 
procedure (1 day in Mucasol detergent, 1 week in reagent grade 1.2 M HCl, and 1 week in reagent grade 1.2 M 
HNO3) and then stored empty and double bagged in LDPE bags until use. Dissolved trace element samples were 
syringe filtered (0.2 μm, polyvinyl difluoride, Millipore), or filtered inline from the towfish system (AcroPak, 
polyethersulfone, 0.8/0.2 μm), into trace metal clean 125 mL LDPE bottles. Samples were then acidified to pH 
1.9 by the addition of concentrated HCl (180 μL, UpA grade, Romil) within 1 day of sample collection and stored 
for >6 months prior to analysis. Samples were preconcentrated offline using a seaFAST (ESI) preconcentration 
system and analyzed via high resolution inductively coupled plasma mass spectrometry (HR-ICP-MS; Ther-
moFischer Element XR) exactly as per Rapp et al. (2017) with calibration via standard addition for Pb. Analysis 
was conducted on the same sample aliquots as prior work describing other trace metal concentrations (Fe, Co, Ni, 
Cu, and Mn; Krause et al., 2021; van Genuchten et al., 2022). To verify the accuracy of dPb measurements, refer-
ence materials were analyzed alongside samples; GSC measured 39 ± 2 pM (n = 14, consensus 39 ± 4 pM), GSP 
measured 82 ± 19 pM (n = 5, consensus 62 ± 5 pM), NASS-7 measured 10 ± 1 pM (n = 15, certified 13 ± 4 pM), 
CASS-6 measured 51 ± 7 pM (n = 18, certified 51 ± 19 pM). The combined field (deionized water treated as a 
sample) and seaFAST manifold blank was consistently low throughout all analysis (0.7 ± 1.7 pM dPb).

2.2.  Macronutrients, CDOM, and Chlorophyll

Dissolved macronutrient concentrations (nitrate + nitrite, NOx; phosphate, PO4; and silicic acid, Si(OH)4), also 
reported previously for transects discussed herein (Krause et al., 2021), were syringe filtered (0.2 μm, polyvinyl 
difluoride, Millipore) and stored refrigerated in the dark until analysis. Macronutrient concentrations were measured 
via a Quaatro 39 System (SEAL) segmented flow analyzer with a XY2 Autosampler (Hansen & Koroleff, 1999). 
Detection limits, defined as three standard deviations of blank (deionized water) measurements, varied between 
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batches yet were consistently <0.10 μM PO4, <0.10 μM NO3 and <0.25 μM Si(OH)4 with precision (one standard 
deviation of triplicate samples) of 2.0%, 3.1%, and 0.5%, respectively. Si* was calculated as [Si(OH)4] − [NOx]. 
Chlorophyll a (chl a) was determined the same day as sample collection after filtering 0.5 L of water onto GF/F 
filters (Whatman, 0.7 μm) with subsequent extraction in 10 mL 90% acetone for 24 hr. Chlorophyll a fluores-
cence in the filtrate was then analyzed (TD-700, Turner Designs Trilogy laboratory fluorometer) before and after 
the addition of 200 μL 1 M HCl with calibration using a solid standard (Turner Designs). Tinted glass vials for 
chromophoric dissolved organic matter (CDOM) samples were cleaned with deionized water, then combusted in 
Al foil before use (450°C, >4 hr). CDOM samples were syringe filtered (CHROMAFIL Xtra, cellulose acetate, 
0.2 μm), after rinsing the filters and glass vials once, and then stored  refrigerated. CDOM was analyzed within 
3 months of sample collection using a Liquid Waveguide Capillary Cell (optical pathlength = 1.038 m) with a 
Micropack UV-VIS-NIR light source (DT-Mini2-GS) and an Ocean Optics USB4000 Spectrometer unit. The 
slope ratio (SR, an indicator of molecular weight) was calculated as per Helms et al. (2008).

2.3.  Physical Data

Where possible, sampling was coordinated to occur alongside CTD (conductivity, temperature, and depth) 
profiles. Salinity, temperature, and other parameters at 1 m depth are reported alongside trace metal data. When/
where CTD profiles were not taken in close coordination with surface sampling, a handheld LF 325 conductivity 

Figure 1.  Field sites discussed within the text. Stations where surface water samples were collected (circles) within Ameralik (A), Nuup Kangerlua (A), Maxwell Bay 
(C), and South Bay (D). AMx, GFx, MBx, and SBx, respectively, refer to standard stations defined by the ongoing long-term monitoring projects Greenland Ecosystem 
Monitoring (GEM Database) and Centro de Investigación Dinámica de Ecosistemas Marinos de Altas Latitudes (IDEAL). For clarity, only the key stations are labeled. 
Nuup Kangerlua is also referred to in the literature as Godthåbsfjord. Suspended sediment was collected from sites AM10-12 and from ice collected in the vicinity of 
GF11 (squares in A).
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meter (WTW) was used to record in situ temperature and salinity. In Ameralik, suspended particle loads were 
determined by filtering 2 L bulk water samples onto precombusted and preweighed 25 mm GF/F filters (0.7 μm 
pore size) as reported by Stuart-Lee et al. (2023).

2.4.  Particle Resuspension Experiments

To collect suspended particles for incubation experiments, unfiltered water was reserved in trace metal clean 1 L 
LDPE (Nalgene) bottles prepared as above. A vacuum pump with 0.2 μm polyethersulfone disk filters (47 mm 
diameter; Sartorius) was used to filter water aboard the ship immediately after sample collection. For each location, 
∼1–2 L of fjord water was filtered (or less if the filter clogged). The disk filters with retained solids were then sealed 
in air-tight petri dishes while still wet and kept cold throughout the cruise (stored in −80°C freezer) and during 
shipment to the home institute (packed with ice). Samples described herein from Greenland are duplicate filters 
collected from a July 2015 campaign in Ameralik and Nuup Kangerlua (also known as Godthåbsfjord) described by 
van Genuchten et al. (2021) that is, multiple filters were collected and retained from the same sampling point. Sedi-
ment samples from Kongsfjorden (Svalbard) are also duplicates from a prior campaign in August 2016 (Hopwood 
et al., 2017) and were collected and stored similarly (at −20°C). A small quantity of core-top sediment from Kongs-
fjorden obtained from a bottom corer in June 2017 was also available (Laufer-Meiser et al., 2021). Herein we use 
six types of sediment/particle samples from Svalbard (glacier surface sediment, iceberg surface sediment, iceberg 
embedded sediment, proglacial stream sediment, suspended particles from Kongsfjorden surface water, and core-
top sediment from the fjord) and two types of sediment/particle samples from SW Greenland (iceberg surface 
sediment, and suspended particles from Ameralik surface waters). Particle sizes were estimated using a on Laser 
Particle Sizer (Analysette 22, Fritsch) after filtering through a 2 mm grid sieve. Core-top sediments from Svalbard 
and fjord suspended particles from Ameralik were not measured due to limited available quantities.

Labile particulate Pb (LpPb) for each sediment sample with sufficient mass available was determined following 
a 2 hr weak acid leach (Berger et al., 2008) (25% by volume acetic acid, Optima grade, Fisher Scientific) with a 
mild reducing agent (0.02 M hydroxylamine hydrochloride, Sigma TM grade) and a short heating step (10 min 
at 90–95°C). Analysis was via HR-ICP-MS as per dissolved metal samples. In all cases, to avoid the unde-
sired effects of dewetting on mineral phases (Raiswell et al., 2010), sediment samples were used in incubations 
directly after defrosting. For most sediments, a wet slurry of ∼50 g L −1 was made and used to add wet sediment 
aliquots to incubation bottles. Separately, subsamples of the wet sediment were dried to constant mass at 60°C 
to determine sediment loads used in the incubations. For fjord suspended sediment (from Ameralik), due to low 
sediment quantities, the polyethersulfone disk filter was directly added to incubation experiments and similarly 
dry mass was determined on a filter fragment. Sediment loads of 20–500 mg L −1 (dry mass) were selected to 
mimic turbid inner-fjord surface environments where glacier-derived particles first enter the ocean (Overeem 
et al., 2017). Temperatures of 4°C or 11°C, and dark conditions or 2,500 lux light intensity, were selected for the 
same reason (based on summertime conditions in Nuup Kangerlua and Ameralik: van Genuchten et al., 2021; 
Meire et al., 2017; Stuart-Lee et al., 2021). All incubations were conducted in trace metal clean polycarbonate 
bottles (500 mL, Nalgene) using filtered (AcroPak, polyethersulfone, 0.8/0.2 μm) Atlantic seawater which had 
been stored for >1 year in the dark. Bottles were incubated in a temperature-controlled cabinet (MLR352, Pana-
sonic) and manually shaken every few hours. Control bottles were incubated in parallel and contained only filtered 
seawater. Dark treatments were incubated wrapped in opaque black plastic in parallel with light treatments.

Two series of incubation experiments were conducted. In the first incubations, sediment was suspended in seawa-
ter for 24 hr in light or dark conditions with varying sediment loads from 20 to 500 mg L −1. After 24 hr, incuba-
tion bottles were filtered (0.2 μm, PES, Sartorius) and dPb concentration determined. In the second incubations, 
multiple identical bottles were prepared for each treatment group. Sediment was suspended for up to 3 weeks in 
light or dark conditions with sediment load of either ∼50 or 200 mg L −1. At regular time intervals, one bottle 
from each treatment group was filtered and dPb concentration determined (the limited quantity of some sediment 
samples meant it was possible to conduct some incubations for longer time periods than others). Due to limited 
particle supply for the suspended Ameralik fjord samples, suspended particles from two CTD stations were used 
for the resuspension experiments, and suspended particles from an intermediate station were used to determine 
LpPb (total lateral distance between the stations <10 km, Figure 1). While there may be some changes in particle 
properties along the fjord due to progressive sedimentation, prior analysis of duplicate samples from the same 
transect, extending further away from the glacier than we consider herein, suggested minimal changes in miner-
alogy over this distance (van Genuchten et al., 2021).
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2.5.  Statistical Analysis of Transects

The relationships among summertime dPb concentrations, macronutrients, salinity, and lateral distance from the 
most terrestrially influenced point within each study region (determined from satellite imagery) were analyzed 
by means of a Redundancy Analysis (RDA). The RDA function (package vegan) within R version 4.0.2 was 
used to perform the RDA (Oksanen et al., 2020; R Core Team, 2012), while site scores were calculated as the 
weighted sum of species. RDA overall significance and the significance of RDA axes was assessed by a permu-
tation test (10,000 iterations) using the anova.cca function (vegan package) to avoid the problems caused by 
nonnormal distributions (Borcard et al., 2011). For statistical analysis of transects it was necessary to interpo-
late some parameters onto the dPb distributions where measurements were made with some temporal or spatial 
offsets. Data was linearly interpolated by considering the position of stations along the transect. Nutrient and 
trace metal data were always obtained in parallel from the same sampled water; some chl a and turbidity data 
were interpolated. Trends in summertime dPb data were also assessed using Generalized Additive Models (Hastie 
& Tibshirani, 2014) which are advantageous for representing nonlinear effects such as the dynamic interaction 
between dPb and suspended particle load. GAMs were generated using the gam function from the mgcv package 
(Wood, 2011) as described previously for other trace elements (Krause et al., 2021).

3.  Results
3.1.  Dissolved Pb Distribution in Glacier Fjords

Concentrations of dPb were determined alongside other trace metals across four regions (Figure 1) at 131 stations. 
In two Antarctic coastal regions, median dPb was 23 pM with a range of 7.8–107 pM Across five Greenlandic 
coastal regions the median dPb was 38 pM with a range of 3.2–252 pM (excludes one outlier of 1,246 pM). While 
there are sparse data sets to compare to, measured dPb concentrations fall within the range reported from similar 
geographic environments in the Arctic and Antarctic (Colombo et al., 2019; Kim et al., 2015; Krisch et al., 2022; 
Ndungu et al., 2016; Schlosser & Garbe-Schönberg, 2019). The February 2018 transect in Maxwell Bay (dPb 
concentrations 29–107 pM) is close to Marion Cove (3–6 km distance), both in King George Island, where similar 
concentrations were observed, 30–120 pM, in January 2012 (Kim et al., 2015).

For the Greenlandic catchments, all dPb concentrations >35 pM were observed in Nuup Kangerlua or the neigh-
boring Ameralik. For Nuup Kangerlua these elevated dPb concentrations were not restricted to measurements 
in boreal summer (August/September) as moderately high dPb was also observed in boreal spring (May, ranges 
19–251 pM Nuup Kangerlua, 6.5–12 pM Ameralik). Springtime data (May) were collected after the onset of 
the spring bloom (Juul-Pedersen et al., 2015) when freshwater flow entering these fjords is low compared to the 
annual maxima in July-August and largely consists of snow melt and ice melt (Mortensen et al., 2013; Mankoff, 
Noël, et al., 2020; Stuart-Lee et al., 2021) mid/late summertime (August and September) transects span the timing 
of the annual peak in meltwater discharge (Mankoff, Noël, et al., 2020). In Nuup Kangerlua, spring dPb concen-
trations of 67 ± 47 pM were similar to summertime concentrations of 77 ± 42 pM. In Ameralik, while the data 
set was smaller, the seasonal difference was more pronounced with dPb increasing from 9.1 ± 1.6 pM in May to 
87 ± 86 pM in August (the difference increases further if one outlier dPb concentration from August is included).

For along-fjord transects of dPb there was no clear general trend for either an increase, or decrease in concentra-
tion with salinity (Figure 2). In only one individual Arctic transect a decline in dPb concentration with increas-
ing salinity was observed (Nuuk Kangerlua, August 2019, R 2 = 0.31). In other fjords some slight increases of 
dPb with salinity were registered (Figure 2). Similarly, GAM fits for dPb considering salinity would be better 
described as being relatively constant across the salinity gradient, compared to other trace metals measured in 
these catchments to date (Krause et al., 2021). The dPb distribution was also profoundly different from macro-
nutrients, and a redundancy analysis suggested weak relationships with turbidity and chl a (Figure 3). The best 
fitting GAM also included a general chlorophyll parameter that represented an increase in dPb with increasing 
chl a concentrations after removing the salinity effect (Figure 2).

3.2.  General Biogeochemical Trends

Across the Greenlandic field sites, most biogeochemical parameters showed spatial trends which scale with salin-
ity. The tracer Si* (calculated as Si(OH)4 − NOx), which tracks the excess Si(OH)4 delivered by runoff into the 
ocean (Meire et al., 2016), is approximately linear across the salinity gradient (linear regression, n = 96, linear 
regression R 2 = 0.66 across all data for the five Greenlandic catchments herein). CDOM SR, one indicator of 
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changes in colored organic matter properties (Helms et al., 2008), is also approximately linear across the salinity 
gradient (linear regression, n = 93, R 2 = 0.28 across five Greenlandic catchments). Most trace metals (dFe, dCo, 
dNi, dCu, and dMn) showed a decline in concentration with increasing salinity (Krause et al., 2021), with dMn 
exhibiting the most conservative behavior, and dPb and dFe the least. These trends are generally less clear in the 
Antarctic field sites, but this may reflect lower and more diffusive freshwater inputs and thus less pronounced 

salinity gradients (observed salinity ranges were 33.6–35.4 for Maxwell Bay 
and 34.2–34.7 for South Bay, Figure 2).

The inner-fjord environments in all Arctic fjords herein are characterized by 
low photic zone depths (as low as 1–10  m, Murray et  al.,  2015), surface 
plumes of high turbidity and, in the innermost few kilometers of the fjord, 
typically high turbidity through the water column in summer (van Genuchten 
et al., 2021). It should be noted in discussing these trends, due to a combi-
nation of CTD and underway sampling there is no standardized measure of 
particle load across the data set, but spatial trends are consistent. In Amer-
alik, the highest turbidity loads were observed in the inner-fjord and then 
declined down fjord. High particle loads were visibly evident at the fjord 
surface and evidenced by extremely high concentrations of total dissolvable 
(soluble at pH 1.9) metals (e.g., 4.6–77 μM total dissolvable Fe at AM9 to 
AM12.5 in August 2019, Krause et al., 2021). In Disko Fjord, Qasigiann-
guit and Kangaatsiaq turbidity was similarly elevated in the innermost fjord 
and then declined sharply moving down fjord (van Genuchten et al., 2021). 
In Nuup Kangerlua, a high particle load is evident in all available turbid-
ity profiles in the inner-fjord close to the marine-terminating glacier Narsap 
Sermia (Hopwood et  al.,  2018) but, unlike Ameralik, is less of a sharp 
feature peaking in surface waters. Turbidity in Nuup Kangerlua then peaked 
again midfjord (close to GF11) due to outflow from a large lake (Tasersuaq) 
which receives discharge from land-terminating glaciers. This is reflected in 
midfjord peaks of many inorganic components including Si(OH)4, dFe, dNi, 
dCu, and dMn (Krause et al., 2021), but not dPb. The overall spatial pattern 

Figure 2.  Summer dissolved lead (dPb) trends across catchments. (Left) GAM fits to the data considering a salinity effect (different for each catchment). Fits are shown 
for each catchment. (Right) GAM fits to the data considering a chlorophyll effect. For clarity, only the Nuup Kangerlua data—the most extensive-is plotted with a fit to 
show the effect. The points in both panels represent the actual data used to generate the best fitting GAM (R 2 = 0.795, (Salinity * Location) + Chl a).

Figure 3.  Redundancy analysis for dissolved lead (dPb) and other variables 
which may explain dPb dynamics. Only summertime data are plotted (austral 
summer January-February, boreal summer August-September).
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of turbidity was an almost equally poor explaining factor for dPb distribution as salinity, although the RDA 
suggests opposite dynamics (Figure 3). Whereas dPb has almost no relationship with turbidity, it has a weak 
negative relationship with salinity (Figure 3).

CDOM SR is a proxy for colored dissolved organic matter (DOM) molecular size, particularly for terrestrially 
derived humic substances (Helms et  al.,  2008), but is more complicated to interpret as it can reflect numer-
ous changes to DOM. Microbial degradation tends to decrease SR, photochemical bleaching tends to increase 
SR, and an increasing fraction of CDOM of marine origin would also be expected to increase SR (for marine 
CDOM S275–295 > S350–400, whereas the opposite is the case for terrestrially derived CDOM (Helms et al., 2008). 
Across almost all transects SR increased with increasing salinity, but the cause was variable reflecting changes in 
both S350–400 and S275–295. This implies a shift to dominance of marine-derived CDOM in higher salinity waters, 
which is consistent with autochthonous carbon fixation being a major organic carbon source to glacier fjord 
systems and terrestrial runoff being less significant at the fjord scale (Paulsen et al., 2017). Some contribution 
of photo-bleaching to trends in SR occurring on the same timescale is plausible. The two notable exceptions 
were Ameralik in August 2019 and Nuup Kangerlua in September 2019. Based on a monthly time series of 
chl a and primary production measured at station GF3 in the mouth of Nuup Kangerlua (adjacent to Ameralik, 
Juul-Pedersen et al., 2015), and the high turbidity measured in Ameralik close to the peak of the runoff season, a 
reduced gradient in the change in SR with salinity likely reflects both low in-fjord marine primary production and 
limited photo-bleaching at these times of year. In early September, productivity in Nuup Kangerlua has declined 
from its summertime peak (Juul-Pedersen et al., 2015; Meire et al., 2017). In Ameralik, the high turbidity within 
the fjord through summer (e.g., at 1 m depth for AM10 in 2019: 6.8 mg L −1 in May, 16.0 mg L −1 in August 
and 9.2 mg L −1 in September, Stuart-Lee et al., 2023), combined with observations of residual nitrate in the 
inner-fjord (up to 1.5 μM), suggests a low-light, low-productivity environment where photochemical bleaching 
is limited and in-fjord formation of marine CDOM is also limited compared to the other glacier fjords discussed 
herein.

3.3.  Incubation Experiments

The first incubation experiment revealed the sensitivity of dPb release from glacier-derived particles to particle 
loading. The highest dPb concentrations in solution were invariably associated with the highest particle loadings 
of ∼500 mg L −1 (Figure 4), but the most efficient release was from the lowest loadings of ∼20 mg L −1. The back-
ground concentration of dPb in the Atlantic water used for all incubations was consistently 16.2 ± 1.3 pM across 
all control treatments. In the first incubation with varying sediment load added to Atlantic water for 24 hr, dPb 
increased sharply from 16.2 pM as sediment load was increased up to 100 mg L −1, but the increase in dPb was 
then less pronounced with sediment load increases up to 500 mg L −1. Light and dark treatments were very similar 
for each sediment type. The only notable exceptions to this general trend were the two proglacial stream sediment 
samples (Figure 4). One of these showed a much more linear tendency for dPb to increase with sediment load, and 
both had a high increase in dPb concentration after 24 hr compared to other sediment (+17 pM and +148 pM, or 
release of 0.72 nmol g −1 and 7.1 nmol g −1, respectively). Particle sizes were very similar across the different parti-
cle types. For Kongsfjorden, the range (mean ± standard deviation) particle size was 4.4–13 (7.8 ± 4.0, n = 7) μm 
for glacier surface sediment, 7.5–14 (11 ± 2.3, n = 10) μm for iceberg surface sediment, 3.4–15 (9.7 ± 4.7, n = 9) 
μm for iceberg embedded sediment and 1.3–7.7 (3.2 ± 2.0, n = 10) μm for proglacial stream flour.

The second incubation experiment, following dPb concentrations for up to 500 hr at sediment loadings of either 
50 or 200 mg L −1, suggested that the initial release of dPb over the first 24 hr is then followed by a decline in dPb 
concentrations toward a lower steady state concentration which is then sustained (Figure 5). The only exception 
to this observation was, again, a proglacial stream sediment sample which demonstrated increasing dPb over the 
first 200 hr. Across all incubations the difference between light and dark treatments was similar to what would 
be expected from random variation (mean concentrations comparing light/dark 1.00, median 0.99, standard devi-
ation 0.25).

Sediment samples corresponding to the region where dPb data are available were iceberg-borne and suspended 
fjord particles collected from Nuup Kangerlua and Ameralik (SW Greenland). There are limited accessible 
proglacial sites where freshly released glacier-derived sediment can be obtained close to the large glaciers in 
Nuup Kangerlua, and so given the general hypothesis that glacier-derived particles may act as a dynamic source/
sink for dPb we also conducted resuspension experiments using samples from Kongsfjorden (Svalbard) where 
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a much broader range of proglacial sedimentary environments can be sampled. Curiously, release of dPb from 
particles collected in Ameralik was extremely high compared to other sediment samples (dPb release of up to 
20 nmol g −1 within 24 hr at 4°C). Release of dPb from particles collected in Ameralik appeared to be temperature 
sensitive, with consistently higher net release of dPb at higher temperatures (1.68 ± 0.22-fold higher dPb concen-
trations at 11°C compared to 4°C). Dissolved Pb concentrations were still increasing after 8 days in suspension, 
which was also unusual relative to other sediments and similar only to some proglacial stream sediment from 
Kongsfjorden (Figure 5).

Labile Pb concentrations were determined on the particles used for incubations herein. Suspended particles in 
Ameralik fjord had a high LpPb content (113 ± 47 nmol g −1) compared to other particles. The fraction of this 
Pb released as dPb in over 24 hr at 4°C was also relatively high (9%). While LpPb content was lower for two 
proglacial stream sediment samples from Kongsfjorden (11–28 nmol g −1), one of these also released a high frac-
tion of Pb into seawater, equivalent to 26% of LpPb. All samples released the equivalent of >2% of LpPb into 
solution. It should be noted that the release of dPb was clearly sensitive to the sediment load, and thus some of the 
differences observed between different particle types may reflect small differences in particle load which varied 
slightly due to the use of wet slurry.

Total Pb concentrations for suspended particles in Kongsfjorden, after microwave digestion with HNO3 and 
H2O2, were previously reported to fall in the range 50–202 nmol g −1 (Bazzano et al., 2017). No direct compari-
son of LpPb and total particulate Pb in the same samples is available, but if particle lability did not change over 
the timescale of particle additions to the fjord, the values herein are at least consistent and would suggest LpPb 

Figure 4.  The observed dissolved lead (dPb) concentration with increasing suspended particle load contrasting different 
types of sediment/particles collected from Kongsfjorden (benthic sediments 1 and 2, glacier surface sediment, iceberg surface 
sediment, iceberg embedded sediment, proglacial streams 1 and 2, glacier surface sediment). No significant difference was 
detected between light and dark treatments for any experiment so plotted points are mean values of two replicate experiments 
(one light, one dark).
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accounts for roughly 5–60% of total Pb for Kongsfjorden particles. Near-surface (0–20 m) suspended particle 
loads in Ameralik and Nuup Kangerlua in September 2019 were 6.09 ± 0.93 mg L −1 and 5.30 ± 0.38 mg L −1, 
respectively (Stuart-Lee et al., 2023). Combined with a mean LpPb suspended particle content of 113 nmol g −1 
measured in Ameralik (Table 1), LpPb is approximately present at a mean concentration of ∼0.7 nmol in Ameralik.

4.  Discussion
4.1.  Comparison of dPb Distributions

When comparing dPb dynamics across the salinity gradient in Nuup Kangerlua with data from more temperate 
river estuaries (Annibaldi et al., 2015; Benoit et al., 1994; Guieu et al., 1996; Martin et al., 1993; Munksgaard 
& Parry, 2001; Wen et al., 1999), the spatial distribution of dPb is similar with the dPb concentrations falling 
at the low end of the range observed globally (Figure  6). The best fitting GAM depicted a specific salinity 
effect for each estuary (Figure  6) similar to the dynamics registered for glacial fjords (Figure  2). Similar to 

Figure 5.  Observed dissolved lead (dPb) concentrations with increasing incubation time. (Left) Incubations were performed by adding sediment/particles collected 
from Kongsfjorden (benthic sediments 1 and 2, glacier surface sediment, iceberg surface sediment, iceberg embedded sediment, proglacial stream, glacier surface 
sediment) to seawater. No significant difference was detected between light and dark treatments for any experiment so plotted points are mean values of two replicate 
experiments. (Right) Incubations were performed by adding particles collected from SW Greenland: dirty ice particles from Nuup Kangerlua, fjord suspended particles 
from Ameralik.
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the distribution of dPb within glacier fjords, there is no clear general trend 
across estuaries and whereas for some locations dPb increases with salinity, 
in others it diminishes (Figure 6). We exclude discussion of estuaries with 
extremely high freshwater dPb concentrations (e.g., the Nile and Galveston 
rivers, Abdel-Moati, 1990; Wen et al., 1999), where a general decrease of 
dPb with salinity is inevitably observed due to dilution of high freshwater 
dPb concentrations.

While dPb concentrations herein varied between catchments, when 
compared to other elements measured on the same transects (Fe, Co, Ni, 
Cu, and Mn) the dPb concentrations were notable for being not generally 
elevated at low salinities. For salinities >30, the mean dPb concentration 
is 32 ± 37 pM. Mean dPb concentrations at lower salinities were similar; 
38 ± 57 pM for salinities <15, and 49 ± 45 pM for salinities 15.0–35.4 
(Kruskal Wallis, chi-square = 4.76, p value = 0.03). Dissolved Pb concentra-
tions in fjord/coastal seawater, excluding one outlier, ranged between 3 and 
250 pM (median 33 pM). This is at least comparable to the 22 ± 4.3 pM at 
shelf stations in central E Greenland (cruise D354, Achterberg et al., 2020), 
15 ± 3.5 pM at shelf stations in S Greenland (Zurbrick et al., 2018) and 
6.2 ± 3.7 pM in NE Greenland (Krisch et al., 2022). Concentrations were 
also similar to the 46 pM reported for Cumberland Bay (South Georgia, 
Schlosser & Garbe-Schönberg,  2019), and 89  pM at the Amundsen Sea 
shelf break (Ndungu et al., 2016).

Considering the salinity range, dPb concentrations at lower salinities are 
consistent with freshwater dPb concentrations at the low end of the reported 
range for Greenland. This is expected because only a fraction of discharge 
arises from runoff originating from historical precipitation with the high-
est Pb content (c 1950–1980s, Boyle et al., 1994; Murozumi et al., 1969). 
At intermediate salinities however, the increased dPb concentrations in 
most catchments require a different explanation, as they appear too high 
to be explained by mixing between fresh and saline waters and clearly do 
not approximate the trend observed for other trace elements. We acknowl-
edge that the broad range of Pb in fresh and fjord water precludes a robust 
assessment of dPb enrichment. Nevertheless, a similar process to that 
proposed in South Georgia, dissolution of labile Pb from glacier-derived 
particles (Schlosser & Garbe-Schönberg,  2019), seems likely to be lead-
ing to elevated dPb concentrations in fjord waters which are subsequently 
returned to particles—which may include biogenic particles. The intense 
sediment plumes in Greenland's fjords may therefore be a local source of 
dPb, although based on the low dPb concentrations along the East Green-
land coastline (Achterberg et al., 2020; Zurbrick et al., 2018), it appears that 
much of this dPb is also then removed from surface waters within glacier 
fjords.

Incubation experiments support the hypothesis of a dynamic exchange of 
Pb suggesting a pronounced release of dPb occurs in the first day when 
glacier-derived particles are introduced into seawater, with the release of 
dPb highly dependent on sediment load, and to a lesser extent on temper-
ature (Figures  4 and  5). The subsequent readsorption of dPb onto parti-
cle surfaces appears to result in quasi-steady state dPb concentration being 
established, in most cases, largely within 48 hr. The temporal dynamics of 
this process likely create difficulties in interpreting spatial trends in dPb for 
fjord transects discussed herein. Glacier-derived particles are released from 
numerous sources within each fjord including approximate point sources 
from runoff streams and the grounding lines of marine-terminating glaciers, Pa
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but also from more diffuse sources such as iceberg melt and sediment resuspension. In addition to the formation 
of biogenic particles in more productive midfjord environments away from turbid plumes (Meire et al., 2017), this 
means turbidity is unlikely to show a simple, consistent relationship with dPb.

The higher dPb release from some proglacial stream sediment may reflect the progressive cycling of Pb between 
dissolved and particulate phases. Processing of sediment in proglacial environments is speculated to increase the 
labile fraction of several metals (Herbert et al., 2020). Both the incubation experiments and the nearshore high turbid-
ity environments where runoff first enters the ocean are environments with minimal biogenic particle loads and so 
the major sink for dPb in these specific environments must be transfer to primarily lithogenic or authigenic particle 
phases. The high LpPb measured for some proglacial sediment and suspended fjord sediment samples may therefore 
have arisen from net adsorption of dPb in these high turbidity environments. The fraction of these particles that avoid 
sedimentation and are then diluted moving down fjord may then transition to a net source of dPb as sediment load 
declines and temperature (in surface waters) increases—both factors that seem to result in higher net dPb release. Two 
core-top sediments in Kongsfjorden, one from close to the glacier Kronebreen (KF1), and one from the fjord-mouth 
(KFa7), both showed high dPb release compared to other sediment types (Table 1) which could reflect either trapping 
of labile Pb or increased lability in Pb from benthic processing within the fjord system. However, the broad range of 
dPb release from different sediment types even within the same fjord (471–7,138 mg L −1 for Kongsfjorden, Table 1) 
precludes a conclusive comparison. Shifts in particle size should also be considered yet particle size changes alone 
are unlikely to explain the majority of differences between LpPb values as particle sizes for the Kongsfjorden glacier 
surface, iceberg surface and iceberg embedded samples were found to be similar (median particle sizes 8.2, 7.5, and 
5.7 μm, respectively) thus varying less than LpPb content (14–28 nmol g −1 for the same sediments, Table 1).

Figure 6.  Concentrations of dissolved lead (dPb) across salinity gradients for riverine estuaries and a glacier fjord (Nuup 
Kangerlua). The best fitting GAM includes a salinity effect specific for each location. The distribution of dPb in Nuup 
Kangerlua (the best sampled site herein) is comparable to that observed in temperate estuaries though at the lower end of the 
range of observed concentrations.
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4.2.  Seasonal Comparison of Nuup Kangerlua and Ameralik

It is important to note that while these two Greenlandic fjords are adjacent systems at a similar latitude, there are 
several distinct differences between them. Nuup Kangerlua is a much larger system both by area and volume with 
a surface area of 2,013 km 2, length of ∼190 km and maximum depth of 620 m; compared to a 400 km 2 area, length 
of ∼75 km and maximum depth of ∼700 m for Ameralik (Mortensen et al., 2011, 2018; Stuart-Lee et al., 2021). 
While Ameralik receives summertime runoff only from a land-terminating glacier system at the fjord head, 
Nuup Kangerlua receives discharge from both marine-terminating and land-terminating systems which leads to 
significant differences in patterns of seasonal circulation and productivity (Juul-Pedersen et al., 2015; Stuart-Lee 
et al., 2021). A precise freshwater flux comparison is not possible due to different timescales and definitions 
within existing published work, but it is clear that Nuup Kangerlua experiences much larger inputs. For example, 
average 2002 to 2012 runoff in Nuup Kangerlua was estimated as 25.9 km 3 yr −1 (Langen et al., 2015) in addi-
tion to 7–10 km 3 yr −1 of calved ice (Van As et al., 2014). In contrast, 2012 runoff in Ameralik was estimated as 
0.78 km 3 yr −1 (Overeem et al., 2015).

Specifically for 2019, physical oceanographic data for the same stations as studied herein shows that the onset 
of stratification was earlier in Ameralik, and stronger in July than in Nuup Kangerlua (Stuart-Lee et al., 2021). 
In later summer, this situation reversed and Nuup Kangerlua was more stratified (Stuart-Lee et al., 2021). While 
primary production measurements have not been published to date for Ameralik, productivity in Nuup Kangerlua 
is expected to be higher through summer due to enhanced vertical transport of macronutrients in Nuup Kangerlua 
from entrainment in marine-terminating glacier discharge plumes (Meire et al., 2017). In the absence of other 
confounding differences, higher productivity might be expected to increase the sink for dPb associated with 
incorporation into biogenic particles (Schlosser & Garbe-Schönberg, 2019), however summertime dPb concen-
trations were generally higher in Nuup Kangerlua. Furthermore, the largest difference in dPb concentrations was 
in spring, when dPb concentrations in Ameralik were much lower. These differences could relate to the exact 
timing of the cruise dates. In May 2019, chl a and fluorescence on the same cruise suggest higher biomass in 
Ameralik than in Nuup Kangerlua (Stuart-Lee et al., 2023). The cruise dates herein may therefore have been 
closer to the peak of the spring bloom in Ameralik. Thus the associated biological dPb sink may have also 
been relatively more important in Ameralik, particularly at the innermost stations. For example, contrasting 
AM9-AM12 with GF10-13 in May 2019, the Ameralik stations had chl a concentrations that were 3.4 fold higher, 
whereas suspended particle loads were similar along both fjords (6.29 ± 0.95 and 6.24 ± 0.61 mg L −1 for the 
same Ameralik and Nuup Kangerlua stations).

A curious finding from GAM fittings was that dPb in Nuup Kangerlua positively correlated with chl a (Figure 2). 
This appears to run contrary to the expectation that plankton act as a major sink for dPb. However, this may relate 
to the temporal development of the phytoplankton bloom observed in this fjord with respect to the down fjord 
movement of freshwater and the associated dPb and particles. Close to glacier fronts chlorophyll concentrations 
are low due to a combination of estuarine circulation and the vertical entrainment of deep fjord water in a buoyant 
plume (Halbach et al., 2019; Meire et al., 2017). These processes ensure that water near the glacier fronts, where 
salinity is lowest and turbidity peaks, exhibit low chl a concentrations. Moving down fjord, turbidity declines and 
there is sufficient time for plankton biomass to increase as plankton grow in a stratified environment utilizing the 
supply of macronutrients from upwelled water. A bloom may therefore develop as is observed midfjord in Nuup 
Kangerlua (Meire et al., 2017). The position of the bloom, and thus a chl a maxima, coincides with the conditions 
favorable for efficient release of dPb (low turbidity and a warm stratified water column) and this may be what the 
positive relationship between dPb and chl a in a GAM (Figure 2) reflects.

4.3.  Drivers of Estuarine dPb Trends

Temperate estuaries are far better studied field sites concerning the spatiotemporal variation in dPb dynam-
ics. Lead is known to have a high affinity for adsorption onto particle surfaces (i.e., a high Kd value, Valenta 
et al., 1986), which decreases with particle load (Benoit et al., 1994). Estuarine dPb dynamics are therefore vari-
able and depend on spatial/temporal changes in both particle load and redox state. In some cases dPb is reported 
to behave relatively conservatively in surface estuary transects or to show some evidence of net removal (Cenci 
& Martin, 2004; Françoise Elbaz-Poulichet et al., 1984; Wen et al., 1999). Yet there are many exceptions where 
dPb does not appear to show a clear trend over the salinity gradient, or can qualitatively be described as having 
a reasonably constant concentration over a broad range of salinities (Benoit et al., 1994; Windom et al., 1985). 
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Even when dPb concentrations are approximately constant, there may still be rapid exchange between dissolved 
and labile particulate phases and this has been explicitly confirmed in some estuarine waters where rapid isotopic 
exchange of Pb between these phases was found (Chen et al., 2016).

Deriving a meaningful “average” dPb trend for estuaries is inevitably a challenging exercise given the uneven 
distribution of studied sites with a bias toward northern Europe and North America, and the likelihood that the 
majority of sites reported in the literature have been strongly affected by historical anthropogenic Pb deposi-
tion. Both within estuaries and more generally across aquatic environments, scavenging of dPb onto particle 
surfaces is however a key feature of dPb distribution (Brügmann et al., 1985; Nozaki et al., 1997). Scavenging 
is driven both by cellular uptake or absorption onto cell walls, and by adsorption and coprecipitation of dPb 
onto Fe and Mn oxides (Nozaki et al., 1997; Windom et al., 1985). A high fraction of labile particulate Pb is 
bound to Fe/Mn oxides in some freshwater systems (Tessier et al., 1980) and dPb concentrations can thus be 
tightly coupled to dissolved Fe concentrations (Erel et al., 1991; Erel & Morgan, 1992). The precipitation or 
flocculation of Fe/Mn oxides, or their resuspension, can therefore be major drivers of dPb dynamics (Waeles 
et al., 2007; Wen et al., 1999). Suspended particle loads, Fe/Mn oxide dynamics and primary production are 
therefore key variables that may affect the rate of dPb transfer to particulate (including cellular) phases. All 
three of these factors show strong gradients in glacier fjords (Murray et al., 2015; van Genuchten et al., 2022; 
Zhang et al., 2015).

The correlation between dPb and most other elements considered herein was poor, both in the water column and in 
incubation experiments, with no element showing statistically significant correlation at the p < 0.05 level for both 
in situ and incubated conditions. The tendency of dPb to be scavenged on Fe oxide surfaces and released during 
Fe oxide dissolution might mean a correlation between dFe and dPb would be expected for in situ data (Waeles 
et al., 2007). However, dFe does not scale with particulate Fe concentrations and following rapid declines in dFe 
concentration at low salinities (Schroth et al., 2014; Zhang et al., 2015) is better described by relatively constant 
low nanomolar concentrations over the spatial scale of the glacier fjords considered herein (Krause et al., 2021; 
van Genuchten et al., 2021). That being the case, with a relatively constant concentration of 4–10 nM dFe across 
the salinity gradient in Arctic glacier fjords in summer despite total dissolvable Fe concentrations declining by a 
factor of 17–130 over the same spatial scale (Krause et al., 2021), a major role for particulate Fe in driving dPb 
removal would not lead to a correlation between dFe and dPb (Krause et al., 2021; van Genuchten et al., 2022).

4.4.  Are Anthropogenic Pb Signals Evident?

The ranges of total dissolvable Pb reported around the Arctic vary, as determined after various acid digestions. 
For concentrations reported for ice or snow in Greenland, there is a broad range even when considering annual 
timescales (Boyle et al., 1994; Rosman et al., 1998). While there is certainly consensus that total dissolvable Pb 
concentrations in precipitation have increased since the industrial revolution and show a maxima in Greenland 
between the 1950s and 1980s (Boyle et al., 1994; Candelone et al., 1995; Hong et al., 1994), it is challenging to 
quantify the mean Pb concentration expected in runoff without high resolution regional data. Total dissolvable 
Pb concentrations range between ∼2 and 800  pM in ice samples predating the industrial revolution (Cragin 
et al., 1975; Hong et al., 1994, 1996; Murozumi et al., 1969; Ng & Patterson, 1981), whereas the range for more 
recent ice/snow samples extends from 10  pM to low nanomolar concentrations (Boutron et  al.,  1993; Boyle 
et al., 1994; Candelone et al., 1995; Cragin et al., 1975; Davidson et al., 1981; Murozumi et al., 1969; Rosman 
et al., 1998). The ranges alone however are not directly comparable due to the higher resolution of more recent 
measurements and known strong seasonal variability in Pb deposition (Boyle et al., 1994).

Dissolved Pb trends herein do not show strong evidence of a direct freshwater-associated dPb source and it is 
clear that particle dynamics are a strong moderating influence on dPb concentrations across the salinity gradient. 
While no isotopic evidence is presented herein to robustly constrain the fraction of dPb arising from anthro-
pogenic sources, the similarity of the concentrations and trends observed herein to those reported for other 
glaciated coastlines suggests a similar mechanism is operating. Primarily nonanthropogenic dPb released from 
glacier-derived particles, followed by readsorption onto particle surfaces or incorporation into new authigenic 
phases controls dPb availability. Glacier fjords and glaciated coastlines are therefore unusual environments in an 
Arctic and Atlantic context, as historical anthropogenic dPb deposition remains a major (Rusiecka et al., 2018; 
Schlosser & Garbe-Schönberg, 2019), although in most cases receding (Bridgestock et al., 2016), driver of dPb 
distributions in these regions more generally.

 21698961, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JG

007514 by C
ochrane N

etherlands, W
iley O

nline L
ibrary on [25/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Biogeosciences

KRAUSE ET AL.

10.1029/2023JG007514

15 of 20

4.5.  Implications for Pb Fluxes

Fluxes of nonconservative dissolved elements such as Fe and Pb are challenging to constrain across the land-ocean 
continuum because the derived flux from observational data is sensitive to the spatial scale, or fluxgate, used. 
In the case of Pb, this reflects the dynamic transfer of Pb between LpPb and dPb phases which has been invoked 
to explain dPb behavior in other marine shelf/coastal environments (Chen et al., 2016; Rusiecka et al., 2018; 
Schlosser & Garbe-Schönberg, 2019). Nevertheless, several different Pb fluxes can be derived from existing data 
which we discuss considering the caveats associated with each approach.

Precipitation and ice core Pb concentrations (for Greenland) have a very broad range from 2 to 800 pM suggest-
ing that 1,200 km 3 yr −1 of freshwater discharge (Bamber et al., 2018) corresponds roughly to an annual release 
of between 2.4 and 960 kmol yr −1 total Pb into the ocean. However, this approach ignores the potential role of 
subglacial and proglacial weathering as Pb sources (Hawkings et  al.,  2020; Krisch et  al.,  2022). At Leverett 
Glacier (west Greenland), a seasonal time series of dPb in runoff suggests a discharge weighted mean of 182 pM 
with a range from below detection to 666 pM (Hawkings et al., 2020). While similar to the range for ice/snow 
samples, which include higher values associated with anthropogenic pollution, the moderately high weighted 
mean may reflect a combination of a low contribution from ice melt overprinted with a contribution from subgla-
cial weathering. Sediment incubations suggest a maximum dPb release from particles at low sediment loadings 
over short time periods (<24 hr) at warm temperatures. Under these conditions up to 46% of LpPb is released 
into solution. With total sediment fluxes of 0.91–1.29 Gton yr −1 estimated for Greenland runoff and calved ice 
(Overeem et al., 2017), low/high LpPb content of 11.5/113 nmol g −1, and low/high solubility of 2–46% (Table 1), 
the corresponding dPb fluxes are 0.22–67 Mmol yr −1. The efficiency of this dPb release is however likely atten-
uated strongly by high sediment loads close to where the discharge of freshwater occurs. Only when a fraction 
of particles has been dispersed down fjord, with the suspended sediment load reduced through dilution and sedi-
mentation, does dPb release likely approach the optimum conditions required for maximum dPb release. A lower 
estimate of dPb release could be deduced from using the percentage of LpPb released over longer time periods 
(>48 hr) at higher sediment loads. Under these circumstances, a relatively constant dPb concentration is found 
irrespective of sediment load (Figure 4) suggesting that dPb concentration approximates steady state and that the 
associated flux would therefore not scale with the total LpPb release from glaciers. The associated flux would 
instead depend on the volume of saline waters circulated through fjords as glacially modified waters, which to our 
knowledge has not been derived on a large, for example, pan-Greenland, scale.

One recent case study used excess helium, a tracer of glacial meltwater, to track dPb over the NE Greenland shelf 
and deduced a flux of 10.6 ± 6.8 kmol yr −1 dPb emerging from the floating ice tongue of Nioghalvfjerdsbræ 
(Krisch et al., 2022). Nioghalvfjerdsbræ accounts for approximately 2% of the annual solid and liquid discharge 
from the Greenland Ice Sheet (Schaffer et al., 2020), so the magnitude of this local flux is at least consistent with 
the range deduced above. It is not possible to refine these calculations further without detailed depth profiles 
of Pb through the year to assess seasonal and spatial changes combined with a similar level of detail concern-
ing suspended sediment dynamics and fjord overturning. The relationship between sediment discharge, runoff 
volume and turbidity is also unclear and may vary between catchments due to the confounding influence of water-
shed hydrology on the fate of suspended sediment (Chu et al., 2009, 2012; Normandeau et al., 2019). However, 
from these basic calculations and the observed dPb distribution it is clear that the dPb flux associated with runoff 
around Greenland is higher than can be explained by the total Pb content of ice indicating mobilization of dPb 
from proglacial or subglacial weathering (Hawkings et al., 2020). This is similar to the deductions that can be 
made from observed mercury (Hg) concentrations in the same Arctic environments. Melting of glacial ice is 
estimated to produce a total Hg flux of 0.40 ± 0.007 Mg yr −1, whereas the total Hg flux associated with sedimen-
tary export is estimated to be considerably larger, about 40 Mg yr −1 (Dastoor et al., 2022). Thus, any dPb flux 
estimated from freshwater dPb concentrations, or atmospheric deposition on ice surfaces, will underestimate the 
dPb release into the marine environment.

In summary, the release of dPb from the present-day Greenland Ice Sheet into saline waters is likely within 
the range 0.2–1 Mmol yr −1 but with considerable uncertainty concerning the effect of particle residence time 
in the water column on the release of dPb into seawater. Antarctic fluxes are much more challenging to derive 
given the paucity of the data and especially that both catchments considered herein receive discharge from only 
small ice caps, not the Antarctic Ice Sheet. For comparison to our derived Greenlandic flux range, recent esti-
mates of Pb deposition over the Arctic are 0.08–5.96 nmol m −2 day −1 (summer 2015, western Arctic ocean, 
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Marsay et al., 2018) and 6.75 ± 9.17 nmol m −2 day −1 (1990–1992, central Arctic, Kadko et al., 2016). Aver-
aged across the area of the Arctic Ocean, this would equate to total Pb deposition of 0.41–30.6 Mmol yr −1 and 
24.6  ±  47.0  Mmol  yr −1, respectively. The scales over which these fluxes are delivered obviously differs as 
runoff is more confined, so in regions receiving meltwater, the glacier-derived signal rather than atmospheric 
deposition is likely the major dPb source. This is consistent with prior work which has inferred locally domi-
nant glacier-derived Pb sources in diverse regions worldwide (Colombo et al., 2019; Kim et al., 2015; Ndungu 
et al., 2016; Schlosser & Garbe-Schönberg, 2019).

5.  Conclusions
Dissolved Pb distributions downstream of glaciers in the marine environment are markedly different from any 
other trace element for which data is available on the same spatial scale (dFe, dCo, dNi, dCu, dAl, and dMn). 
Release of dPb from glacier-derived particles creates an unusual dPb distribution which appears closer to constant 
concentrations across the salinity gradient than it does to a gradient toward higher or lower concentrations in 
saline waters. While unusual compared to other trace elements, this spatial distribution of dPb does resemble 
that observed in some lower latitude estuaries and is consistent with observations from incubation experiments. 
Around glaciated coastlines, dPb sources associated with glacier-derived particles are locally dominant over any 
anthropogenic influence, even though anthropogenic derived Pb is still a major influence on dPb distribution 
across the Atlantic as a whole (Bridgestock et al., 2016; Rusiecka et al., 2018).

Future trends in dPb in glacier catchments are challenging to predict as suspended sediment load is a strong moder-
ating influence on the gross and net release of dPb, and increasing temperatures may also favor net dPb release. 
Present-day dPb release from the Greenland Ice Sheet is likely to be within the range 0.2–1 Mmol yr −1, though 
the dynamic exchange of Pb between dissolved and particulate phases over short timescales (hours-days) means 
the magnitude of this flux is very sensitive to the spatial/temporal scale over which it is defined. In the context of 
Greenlandic glacier fjords temperatures warmer than ∼5°C are unusual (Mascarenhas & Zielinski, 2019; Murray 
et al., 2015; Stuart-Lee et al., 2021) and only associated with strongly stratified summertime conditions which 
can result in a thin layer of warm, sometimes highly turbid surface waters. In other words, high temperatures 
are normally associated with strong stratification and thus inefficient dispersal of particles. Systematic shifts to 
higher dPb release at broad scales are therefore likely to be moderated by these counteracting effects. A temper-
ature sensitivity of dPb release may however be particularly problematic for the proposed use of glacial flour as 
an agricultural or ocean alkalinity enhancement agent at lower latitudes (Gunnarsen et al., 2019) which could 
potentially increase the net dPb release into the environment.
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