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Abstract. Ice calved from the Antarctic and Greenland Ice Sheets or tidewater glaciers ultimately melts 15 

in the ocean contributing to sea-level rise. Icebergs have also been described as biological hotspots due 

to their potential roles as platforms for marine mammals and birds, and as micronutrient fertilizing agents. 

Icebergs may be especially important in the Southern Ocean where availability of the micronutrients iron 

and manganese extensively limits marine primary production. Whilst icebergs have long been described 

as a source of iron to the ocean, their nutrient signature is poorly constrained and it is unclear if there are 20 

regional differences. Here we show that 589 ice fragments collected from floating ice in contrasting 

regions spanning the Antarctic Peninsula, Greenland, and smaller tidewater systems in Svalbard, 

Patagonia and Iceland have similar characteristic (micro)nutrient signatures with limited or no significant 

differences between regions. Icebergs are a minor or negligible source of macronutrients to the ocean 

with low concentrations of NOx (NO3 + NO2, median 0.51 µM), PO4 (median 0.04 µM), and dissolved Si 25 

(dSi, median 0.02 µM). In contrast, icebergs deliver elevated concentrations of dissolved Fe (dFe; mean 

82 nM, median 12 nM) and Mn (dMn; mean 26 nM, median 2.6 nM). A tight correlation between total 

dissolvable Fe and Mn (R2 = 0.95) and a Mn:Fe ratio of 0.024 suggested a lithogenic origin for the 

majority of sediment present in ice. Total dissolvable Fe and Mn retained a strong relationship with 

sediment load (both R2 = 0.43, p<0.001), whereas weaker relationships were observed for dFe, dMn and 30 
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dSi. Sediment load for Antarctic ice (median 9 mg L-1, n=144) was low compared to prior reported values 

for the Arctic. A particularly curious incidental finding was that melting samples of ice were observed to 

rapidly lose their sediment load, even when sediment layers were embedded within the ice and stored in 

the dark. Our results demonstrated that the nutrient signature of icebergs is consistent with an atmospheric 

source of NOx and PO4. Conversely, high Fe and Mn, and modest dSi concentrations, are associated with 35 

englacial sediment, which experiences limited biogeochemical processing prior to release into the ocean. 

1 Introduction 

At the interface between the cryosphere and ocean, icebergs are both physical and chemical agents via 

which ice-ocean interactions affect marine biogeochemical cycles (Enderlin et al., 2016; Smith  Jr. et al., 

2007; Helly et al., 2011). Both the calving of ice from tidewater glaciers or ice shelves, and drift of 40 

icebergs through the open ocean can induce water column mixing (Meredith et al., 2023; Helly et al., 

2011). Where primary production is limited by nutrient availability, such mixing could alleviate nutrient 

limitation (Vernet et al., 2011). Conversely, at times of year when light limitation is critical for primary 

producers, increased mixing and/or iceberg cover of the ocean surface may amplify light limitation, 

although analyses of satellite derived chlorophyll in the Southern Ocean generally show iceberg responses 45 

ranging from no significant change to positive effects (Schwarz and Schodlok, 2009; Wu and Hou, 2017). 

In contrast to mixing dynamics around icebergs in the open ocean, the melting of ice in inshore regions 

can increase stratification of the water column, contribute to the formation of a low-salinity surface layer, 

affect fjord-scale circulation, and alter sea-ice dynamics (Enderlin et al., 2016; Kajanto et al., 2023; Kim 

et al., 2018). Both inshore and offshore iceberg dynamics are sensitive to the aspect ratios of ice, with 50 

contrasting effects from individual icebergs expected depending on the relative difference between the 

keel depth and the mixed layer depth. Melting ice which is confined to shallow mixed layers is more 

likely to enhance stratification, whereas buoyant melt released at depth could possibly drive either vertical 

entrainment or increased stratification. Although few surveys have characterised buoyant plumes and 

convection cells close to individual melting icebergs (Yankovsky and Yashayaev, 2014), existing work 55 

suggests that a large fraction of subsurface melt in both Greenland and Antarctica may remain at depth 

(Helly et al., 2011; Moon et al., 2018). As working close to large icebergs is challenging, melt-induced 
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changes in water-column structure, such as the development of buoyant plumes, are poorly constrained 

in situ and some uncertainties remain in parametrizations of the underlying melt processes (Bigg et al., 

1997; Yankovsky and Yashayaev, 2014; Cenedese and Straneo, 2023). This is similarly the case in the 60 

context of approximate implementation of any resulting biogeochemical perturbations in coupled models 

(e.g. Laufkötter et al., 2018; Person et al., 2019). Most inferences concerning the physical effects of calved 

icebergs come from fjord-scale studies in regions with large calved ice fluxes around Greenland (Enderlin 

et al., 2016; Moon et al., 2018; Kajanto et al., 2023). Individual icebergs in colder waters, such as most 

of the Southern Ocean, are far more challenging to study due to their isolated nature and diluted maximum 65 

meltwater concentrations of only ~2% or less (Smith  Jr. et al., 2007; Stephenson et al., 2011; Helly et al., 

2011).  

 

In addition to physical effects on the water column associated with iceberg trajectories and meltwater 

distribution, ice-sediment interaction may have profound biogeochemical consequences (Lin et al., 2011; 70 

Shaw et al., 2011; Barnes et al., 2018). Iceberg scouring of shallow marine sediments has direct ecological 

implications for marine life because shelf areas frequented by icebergs develop ecosystems functionally 

distinct from undisturbed environments (Gutt et al., 1996; Kim et al., 2019; Kim and Collins, 2021). 

Frequent iceberg disturbance from scouring also likely affects the long-term carbon sequestration 

potential of polar shelf sediments (Barnes et al., 2018). Whilst poorly constrained, iceberg scour could 75 

furthermore function as a component of the iceberg ‘conveyer’ via which icebergs are advection agents 

for terrigenous sediment into the ocean (Mugford and Dowdeswell, 2010; Dowdeswell and Dowdeswell, 

1989; Hart, 1934). Icebergs have long been speculated to act as an important source of the micronutrient 

Fe to pelagic ecosystems via delivery of both englacial sediment and the dissolved constituents of ice 

melt (Raiswell et al., 2008; Hart, 1934; Lin et al., 2011). On land, glaciers and ice sheets acquire small 80 

quantities of particles and nutrients from atmospheric deposition on ice surfaces (Kjær et al., 2015; Fischer 

et al., 1998). More visually-pronounced sediment-rich layers are formed from basal processes whereby 

scouring of bedrock or overrun sediments results in layers of visibly darkened basal ice from <1 m up to 

~20 m thick (Mugford and Dowdeswell, 2010; Knight et al., 2000; Anderson et al., 1980). Ice-rafted 

debris deposited in the ocean is thought to be primarily of englacial origin, based on the assumption that 85 
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basal ice is largely lost beneath ice shelves (Anderson et al., 1980). Yet thick sediment-rich layers are not 

always of basal origin. Particularly in mountainous regions, debris slump can also contribute to the 

formation of sediment-rich layers (Anderson et al., 1980), likely explaining ‘zebra’ stripes of sediments 

which can be sometimes observed embedded in ice in steep terrain around the Antarctic Peninsula.  

 90 

The fate of both englacial and basal sediment is thought to depend strongly on the dynamics of the calving 

front and melt rates in the vicinity of the glacier terminus (Smith et al., 2019; Mugford and Dowdeswell, 

2010). Ice tongues or shelves, which may extend kilometres beyond the grounding line with warm water 

circulating beneath the floating ice, as is evidenced in parts of modern-day northern Greenland (Wilson 

and Straneo, 2015; Schaffer et al., 2020), may experience melt rates which are certain to remove 95 

practically all of the embedded basal sediment that was present at the grounding line. For example, Huhn 

et al., (2021) estimate a melt rate of 8.6 ± 1.4 m yr-1 for the floating ice tongue of Nioghalvfjerdsbræ, NE 

Greenland. Conversely, under colder conditions that permit re-freezing processes, nutrient and particle-

rich marine ice layers may redevelop. Formation of marine ice is observed beneath ice shelves in parts of 

Antarctica (Joughin and Vaughan, 2004; Souchez et al., 1991) from supercooled Ice Shelf Water (Oerter 100 

et al., 1992; Souchez et al., 1991). In this case, distinct basal signatures are maintained even after the 

original basal ice layers which were present at the grounding line are lost. For example, particulate Fe 

concentrations of 13-15 µM have been reported in marine ice formed under the Amery Ice Shelf (Herraiz-

Borreguero et al., 2016). Following the calving of icebergs, peripheral, sediment-rich ice is likely to be 

rapidly lost with icebergs depositing most ice rafted debris close to shore (Dowdeswell and Dowdeswell, 105 

1989; Mugford and Dowdeswell, 2010). Yet the complexities of englacial sediment incorporation mean 

a poorly constrained fraction of iceberg-borne sediment is advected offshore and released more slowly 

into the water column (Anderson et al., 1980; Shaw et al., 2011). Whilst the iceberg conveyer therefore 

has clear implications for the delivery of (micro)nutrients associated with sedimentary sources (Lin et al., 

2011; Raiswell, 2011; Raiswell et al., 2008), it is challenging to constrain the associated fluxes on annual 110 

timescales and especially their spatial relevance to pelagic ecosystems (Person et al., 2019). 
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The nutrient signature of icebergs has been commented on around Greenland, Antarctica, and in smaller 

catchments around Svalbard where sediment exposure of calved ice may be higher (Nomura et al., 2023; 

Cantoni et al., 2020; Smith  Jr. et al., 2007). Icebergs are widely thought to constitute a major source of 115 

Fe, particularly particulate Fe to the ocean (Lin et al., 2011; Lin and Twining, 2012; Raiswell et al., 2016). 

Whilst sparsely demonstrated to date, other bioessential trace elements such as Mn, which may also 

extensively co-limit primary production in the Southern Ocean (Hawco et al., 2022; Latour et al., 2021; 

Browning et al., 2021), are expected to be delivered to the ocean by similar mechanisms (Forsch et al., 

2021; Bucciarelli et al., 2001; Sedwick et al., 2000). Several studies have also hinted at considerable 120 

dissolved Si (dSi, up to 10 µM, Meire et al., 2016) or bioaccessible nitrogen concentrations (up to 5 µM) 

within ice (Parker et al., 1978; Vernet et al., 2011). Macronutrient concentrations in glacial ice are 

primarily hypothesized to reflect atmospheric deposition (Vernet et al., 2011), but this signature could be 

substantially reworked by biogeochemical (e.g. Stibal et al., 2012) or photochemical processes (e.g. Kim 

et al., 2010) on ice surfaces in addition to, and potentially in combination with (Raiswell et al., 2016), the 125 

sedimentary processes described above. This may be particularly the case in regions where icebergs calve 

from tidewater glaciers where a higher fraction of ice is exposed to peripheral sediments and basal 

processes than is the case for broader ice shelves. We therefore hypothesize that the iceberg nutrient 

signature entering the ocean may vary regionally, although prior work suggests that variation in 

particulate Fe content between catchments is generally masked by the large variability within individual 130 

icebergs due to high sediment load heterogeneity (Hopwood et al., 2019, 2017). 

 

In order to understand the significance of different physical processes which determine iceberg nutrient 

concentrations and the associated fluxes into the ocean, here we assess the concentration of 

macronutrients (NOx, dSi and PO4) and micronutrients (dissolved Fe and Mn) from calved ice across 135 

multiple Arctic and Antarctic catchments. In order to investigate potential spatial and temporal biases 

associated with seasonal shifts and the general targeting of smaller ice fragments to collect samples, we 

include repeat samples from five campaigns in Nuup Kangerlua (a fjord hosting three marine-terminating 

glaciers in southwest Greenland) and a comparison of recently calved ice from inshore and offshore ice 

samples in Disko Bay (west Greenland). We hypothesize that ice calved from different regions may have 140 
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different nutrient signatures. A high Fe, high dSi signature might be expected from small tidewater 

systems with shallow bathymetry where ice is exposed to a high degree of sediment interaction prior to 

and following calving. We hypothesize that these nutrient signatures will change following iceberg 

calving due to the loss of sediment-rich peripheral layers from free-floating icebergs. Finally, we expect 

that the NOx and PO4 signature of ice will be universally low and mainly reflect atmospheric deposition 145 

of these nutrients due to their limited, or negligible, net release from glacier-derived sediments on annual 

timescales. 

2 Methods 

Iceberg samples were collected by hand or by using nylon nets to snag ice floating fragments. Sample 

collection was randomized at each field site location by collecting ice samples at regular intervals along 150 

pre-defined transects. 1–5 kg ice pieces were retained in low-density polyethylene (LDPE) bags and 

melted at room temperature. The first 3 aliquots of meltwater were discarded to rinse the LDPE bags. 

Meltwater was then syringe filtered (0.2 µm, polyvinyl difluoride, Millipore) for dissolved trace metal 

and dissolved nutrient analysis. Some unfiltered samples were also retained for total dissolvable metal 

analysis. In Disko Bay (west Greenland), a targeted exercise was conducted to test whether distinct 155 

regional ice signatures could be associated with specific calving locations. During cruise GLICE (R/V 

Sanna, August 2022) ice collection was conducted as per other regions close to the outflow of Sermeq 

Kujalleq (also known as Jakobshavn Isbræ) and Eqip Sermia (west Greenland). Additionally, ice 

fragments were collected from two large icebergs in Disko Bay, referred to herein as fragments from 

Iceberg "Beluga" and Iceberg "Narwhal". These icebergs were tracked using the ship’s radar by logging 160 

the coordinates and relative bearing of the approximate centre of the iceberg at regular time intervals. In 

Nuup Kangerlua (southwest Greenland), samples were collected on 5 repeated campaigns spanning boreal 

spring and summer in different years (May 2014, July 2015, August 2018, May 2019 and September 

2019) to assess the reproducibility of data from the same region by different teams deploying the same 

methods in different months and years.  165 
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Wet sediment sub-samples were dried at 60°C to determine sediment load (dry weight of sediment per 

unit volume, mg L-1). Sediment load was determined for a subset of randomly collected ice samples in 

parallel with (micro)nutrients in the Antarctic Peninsula. In Maxwell Bay (King George Island), a targeted 

exercise was conducted to collect ice with embedded sediment. Eight large ice fragments (10-45 kg) with 170 

sediment layers embedded within the ice were retained in sealed opaque plastic boxes. These fragments 

were specifically selected to avoid the possibility of including samples with surface sediment acquired by 

ice scouring the coastline or shallow sediments. Boxes were half-filled with seawater from the bay. 

Sediment-rich ice was left to melt in the dark with an air temperature of ~5-10°C. Periodically (after 2, 4, 

8, 16, 24, and 48 hours) the water was weighed and settled sediment was removed by decanting and 175 

filtration before estimating its dry weight. 

 

For trace metal clean sample collection, LDPE sample bottles were pre-cleaned in a three-stage procedure 

(detergent, 1 M HNO3, and 1 M HCl) and then stored double bagged until required in the field. For 

macronutrient samples collected in parallel, polypropylene tubes were rinsed once with sample water. 180 

Trace metal samples were acidified to pH 1.9 by addition of 180 µL HCl (UPA, ROMIL) and allowed to 

stand upright for >6 months prior to analysis via inductively-coupled, plasma mass spectrometry (ICP-

MS, Element XR, ThermoFisher Scientific) after dilution with 1 M HNO3 (distilled in-house from SPA 

grade HNO3, Roth). Calibration for Fe and Mn was via standard addition with a linear peak response from 

1–1000 nM (R2 > 0.99). Analysis of the reference material CASS-6 yielded a Fe concentration of 26.6 ± 185 

1.2 nM (certified 27.9 ± 2.1 nM) and a Mn concentration of 37.1 ± 0.83 nM (certified 40.4 ± 2.18 nM). 

A subset of samples from Eqip Sermia and Nuup Kangerlua were analysed for dissolved trace metals 

present at lower concentrations after pre-concentration using an offline seaFAST system followed by 

ICP-MS exactly as per Rapp et al., (2017) with calibration for dissolved Ni, Cu via isotope dilution, and 

dissolved Co via standard addition. Measured values of a consensus reference material (GSP, n=8) were 190 

in relatively good agreement with consensus values (Supp. Table 1). Where macronutrient samples were 

not collected in parallel, samples preserved for trace metals were analysed for PO4 and dSi (this was not 

possible for NOx because of residual contamination from concentrated HNO3 in bottles). Analysis of 

macronutrients was conducted for NO3, NO2, PO4 and dSi by segmented flow injection analysis using a 
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QUAATRO (Seal Analytical) auto-analyzer (Hansen and Koroleff, 1999). Recoveries of a certified 195 

reference solution (KANSO, Japan) were 98 ± 1% NOx, 99 ± 1% PO4 and 97 ± 3% dSi. Detection limits 

varied between sample batches but were typically ~0.02 µM NOx, 0.002 µM NO2, 0.02 µM PO4, and 0.04 

µM dSi. 

 

In addition to new data from 367 new samples collected and analysed herein, existing comparable data 200 

was compiled from prior literature and is included in the dataset to make a total of 589 samples (note that 

not all samples were analysed for all parameters so n varies between statistical analyses). Previously 

published data includes samples from Greenland, Svalbard, the Antarctic Peninsula, Patagonia and 

Iceland (Hopwood et al., 2019, 2017; Campbell and Yeats, 1982; De Baar et al., 1995; Höfer et al., 2019; 

Lin et al., 2011; Loscher et al., 1997; Martin et al., 1990; Forsch et al., 2021). Throughout concentrations 205 

are reported in units L-1, referring to the concentration measured in meltwater. 

 

To test if icebergs had a distinct chemical signature depending on their origin at a hemisphere, regional 

and catchment scale, a multivariate PERMANOVA was realized (function adonis2 from vegan package, 

Oksanen et al., 2020) using the concentrations of trace metals (both dissolved and total dissolvable) and 210 

macronutrients (NOx, PO4 and dSi). Along with this analysis a non-metric MultiDimensional Scaling 

(nMDS, function metaMDS from vegan package, Oksanen et al., 2020) was used to compute the 

ordination of the iceberg samples depending on their catchment. The same analyses were used to assess 

differences in Disko Bay samples collected in August 2022, in this case comparing iceberg samples 

collected in inshore and offshore zones. In both cases subsequent ANOVA (aov function package stats) 215 

and a Tuckey test (TukeyHSD function package stats) were undertaken to test for significant differences 

in specific trace metal and macronutrient concentrations. The relationship between iceberg sediment load 

and the concentration of trace metals (both dissolved and total dissolvable) and macronutrients was 

determined by means of a linear regression (lm function package stats). For this analysis two outliers were 

removed from the dataset because their sediment load values were over an order of magnitude larger 220 

(50726 mg L-1 and 6128 mg L-1) than other values (total n=144); including these two data points would 

have disproportionately skewed the relationships. Finally, to analyse how melting and sediment release 
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rates changed over time using the incubations in Maxwell Bay, we used the same procedure as Höfer et 

al., (2018). In short, we first tested if the relationship between melting and sediment release rates and time 

better fitted a linear or exponential relationship using a second-order logistic regression. Then, we tested 225 

the fit of the selected relationship (exponential in this case) to see if the relationship was significant and 

determined the percentage of variance explained (lm function package stats). Since the initial conditions 

of each incubation (i.e. iceberg size, shape and initial sediment load) varied, the rates for each individual 

experiment were normalized by dividing each rate by the maximum rate registered in the same incubation. 

All statistical analyses and figures (package ggplot2) were realized using R version 4.3.2 (R Core Team, 230 

2023). 

3 Results 

3.1 Nutrient distributions and chemical signature of icebergs 

Average macronutrient concentrations in ice samples were low with median concentrations of 0.04 µM 

PO4, 0.54 µM NO3 and 0.02 µM dSi. A large proportion of all macronutrient samples were below 235 

detection limits and so how these samples were treated statistically made a small difference to calculated 

averages and relationships. Throughout the dataset NO2 was close to, or below, detection thus NO3 and 

NOx concentrations were practically identical with NO2 almost invariably constituting <10% of NOx 

(mean 1.8%). Mean nutrient concentrations in all cases were higher than median concentrations and the 

large relative standard deviations indicated that variability between samples might mask any regional 240 

differences. It has been previously reported that both total dissolvable Fe (TdFe) and dFe concentrations 

are extremely variable within ice samples collected at the same location (Lin et al., 2011; Hopwood et al., 

2017). This remained the case with the expanded dataset herein with notable differences between the 

mean (82 nM dFe, 13 µM TdFe) and median concentrations (12 nM dFe, 220 nM TdFe) on a global scale. 

An extremely broad range of concentrations was also observed for both dissolved Mn (mean 26 nM, 245 

median 2.6 nM) and total dissolvable Mn (TdMn; mean 150 nM, median 10 nM). As per Fe, this reflected 

the skewed distribution of the dataset towards a low number of samples with extremely high 

concentrations. The highest 2% of TdMn samples accounted for 79% of the cumulative TdMn measured. 
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Similarly, the highest 2% of TdFe samples accounted for 77% of the cumulative TdFe measured. 

Accordingly, there were very high relative standard deviations for both mean dMn (26 ± 160 nM) and 250 

TdMn (150 ± 1500 nM) which, as per Fe, remained high when data was grouped by region or catchment. 

Considering all (micro)nutrients measured, there were no significant differences in the iceberg chemical 

signature at a hemispheric (p value = 0.16) or regional (p value = 0.16) level. However, a PERMANOVA 

analysis showed significant differences (R2 = 0.24, p value <0.001) at a catchment level. Similarly, an 

nMDS analysis (stress = 0.07) showed that samples from the same catchment tended to be grouped closer 255 

together (Fig. 1) and in general Antarctic samples were distributed on the left side, whereas Arctic samples 

were more abundant on the right side of the ordination analysis (Fig. 1). 
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Figure 1. A scatter plot showing the results of a nMDS ordenation analysis using macro- and micronutrient 

concentrations (only samples with complete data for the following parameters are shown: NOx, PO4, dSi, 260 

dFe, TdFe, dMn and TdMn). A PERMANOVA analysis of iceberg nutrient concentrations showed 

significant differences at a catchment level (R2 = 0.24, p value <0.001). Samples are grouped by 

hemisphere, colours denote catchments. 

https://doi.org/10.5194/egusphere-2023-2991
Preprint. Discussion started: 9 January 2024
c© Author(s) 2024. CC BY 4.0 License.



12 

 

 

The ratio of TdFe:TdMn was linear (R2 = 0.95, calculated excluding the highest 2% of Mn and Fe 265 

concentrations to avoid skewing the gradient, Fig. 2). Furthermore, the total dissolvable Mn:Fe ratio of 

0.0225 (linear regression TdMn = 0.0225 × [TdFe]) was close to that expected from mean continental 

crust composition which is approximately 0.1% MnO and 5.04% FeO by weight (producing a ratio of 

0.020) (Rudnick and Gao, 2004). In contrast, no clear relationship was observed between dFe and dMn. 

For all data, all Antarctic data and all Greenlandic data, respectively, the mean dMn:dFe (0.47, 0.50 and 270 

0.28) and median dMn:dFe (0.17, 0.19 and 0.11) ratios were consistently higher than the TdMn:TdFe 

ratio. This indicates an excess of dMn compared to the lithogenic ratio observed in the total dissolvable 

fraction. Curiously, despite the potential for dSi to be released from sedimentary phases via similar 

mechanisms to Fe and Mn, neither trace metal correlated well with dSi. Throughout the whole dataset, 

dSi concentrations were low. Only 7 of 478 samples had dSi concentrations >10 µM, only 9.4% of 275 

samples had concentrations >1.0 µM, and 47% of all samples were below detection. Dissolved Si 

therefore had concentrations and a distribution much more like NOx and PO4 than Mn or Fe. This was not 

typically the case in glacier runoff close to the sites where ice was collected (Supp. Table 2). With the 

exception of subglacial runoff collected on Doumer Island (South Bay, Western Antarctic Peninsula), dSi 

concentrations in runoff were always high relative to both nitrate in runoff (typically ~12 × [NOx]) and 280 

to the mean dSi concentration in icebergs. Doumer Island may be the exception because it consists of a 

small ice cap which is likely cold-based with steep topography, such that runoff-sediment interaction is 

limited. 
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Figure 2. A comparison of (micro)nutrient concentrations in all ice fragments where concentrations were 285 

above the detection limits. Left Total dissolvable Fe and total dissolvable Mn were strongly correlated (p 

value <0.001, R2 = 0.95, note the highest 2% of measured concentrations were excluded to avoid skewing 

the gradient. Right dSi and NOx had a weak correlation (p value <0.001, R2 = 0.19). 

 

No significant relationship was evident between PO4 and NOx concentrations, whereas a weak, but 290 

significant, relationship was evident between dSi and NOx concentrations (Fig. 2). A subset of samples 

appeared to show a close to 1:1 relationship between dSi and NOx, which resembles the Redfield Ratio 

(Redfield, 1934). A closer inspection of these points shows they accounted for about 14% of the sub-

dataset where all macronutrient concentrations were detectable (n=22 for those with [NOx] and [dSi] >0.4 

µM, for lower concentrations it is largely arbitrary determining whether or not samples can be assigned 295 

to the group). Samples in this group include multiple catchments but with a large component from Ilulissat 

(32% of datapoints) and Nuup Kangerlua (55% of datapoints), both of which were over-represented 

compared to their proportional importance in the sub-dataset where they each constituted 18% of 

datapoints. Antarctic samples and samples from Eqip Sermia were under-represented in this ~1:1 group, 

accounting for 0 and 2 (9%) samples, respectively, despite contributing 26% and 20% of the samples with 300 

all macronutrients detectable. The ~1:1 datapoints all refer to summertime so cannot easily be explained 
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as mistaken sea ice samples. Furthermore, observed nutrient concentrations were often too high to be 

explained by carry-over from seawater contamination (see Section 3.2). The ratios of dSi:NO3 also did 

not consistently match the ratio in near-surface fjord water samples collected in parallel with icebergs. 

Whilst the dSi:NO3 ratio in most near-surface samples from the Ilulissat Icefjord in August 2022 was ~1 305 

(1.39 ± 0.61, n=25 in August 2022), for Nuup Kangerlua in August and September 2019 the ratio of 

dSi:NO3 was always >18 (Krause et al., 2021). A ~1:1 NOx:dSi ratio in ice resembles a marine origin. 

3.2 Evaluating reproducibility and potential sampling biases 

Glacial ice can usually be visually distinguished from sea ice due to its distinct texture, colour and 

morphology. For meltwater samples that were tested for salinity, values were always <0.3 psu. However, 310 

even minor traces of seawater in samples would be sufficient to impart a measurable macronutrient 

signature because ice macronutrient concentrations were generally very low compared to pelagic 

macronutrient concentrations in the corresponding sampling regions. This is particularly the case at the 

Antarctic sites where high macronutrient concentrations of 20-80 µM dSi, 1-2 µM PO4 and 10-30 µM 

NO3 are relatively typical of marine waters (e.g. Höfer et al., 2019; Forsch et al., 2021; Trefault et al., 315 

2021). Close to marine-terminating glaciers in the Arctic, macronutrient concentrations in near-surface 

waters can still be elevated relative to the low concentrations reported for ice, e.g. 1-30 µM dSi, 0.2-0.7 

µM PO4 and 0-10 µM NO3 for the inner part of Nuup Kangerlua (Krause et al., 2021; Meire et al., 2017). 

Thus, seawater macronutrient concentrations were generally equal to, or greater than ice concentrations 

at the locations where ice calves. 320 

 

Using the maximum observed marine macronutrient concentrations for our Antarctic sampling locations, 

assuming no detectable macronutrients in ice and that salinity of 0.3 exclusively reflected the carry-over 

of seawater from sampling, nutrient concentrations of up to 0.26 µM NO3, 0.02 PO4 µM and 0.069 µM 

dSi could be observed as a seawater contamination signal. The rinsing procedure used to collect samples 325 

herein whereby ice was sequentially melted, with the meltwater then used to swill and rinse the sample 

bag, was designed precisely to minimize trace metal contamination and three such rinses undertaken 

correctly would theoretically remove ~99.99% of any saline water collected with an ice sample in addition 
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to any contamination from ice handling. This would also not leave a detectable (>0.01) salinity increase 

in the collected sample such that any detected salinity would have to come from ice melt. Sea ice samples 330 

were not targeted for sampling herein, but a few samples were collected during the 2017 Pia fjord 

campaign (Patagonia) and measured macronutrient concentrations were: 2.00 and 5.97 µM NOx, 0.08 and 

0.13 µM PO4, 0.28 and 0.63 µM dSi. These sea ice NOx and dSi concentrations were above average 

compared to freshwater ice samples collected in the same location. Similarly, samples of land fast sea ice 

from Antarctica generally have high concentrations of all macronutrients compared to iceberg samples 335 

reported herein (Grotti et al., 2005; Günther and Dieckmann, 1999; Nomura et al., 2023). It is apparent 

from the ratio of NOx:PO4:dSi in sea ice that the high nutrient signature in sea ice has a saline origin 

(Henley et al., 2023). A sequential rinsing with sea ice might lead to an uneven distribution of nutrients 

in meltwater samples due to the layered structure of sea ice and the effects of brine channels 

(Vancoppenolle et al., 2010; Gleitz et al., 1995; Ackley and Sullivan, 1994). With the possible exceptions 340 

of regions that experience ice mélange (a mixture of sea ice and icebergs) and/or marine ice, glacial ice 

is expected to be more homogenous with respect to salinity. A further critical difference with sea ice 

concerns ambient conditions during sampling as all ice samples collected herein were obtained from 

seawater with temperatures >0°C i.e. under conditions where ice was melting when it was collected, 

whereas a large fraction of sea ice cores studied to date refer to conditions without in situ melt occurring. 345 

In prior work we also demonstrated no sustained trend in Fe concentrations when aliquots of meltwater 

were collected in series (Hopwood et al., 2016).  

  

During the dedicated iceberg cruise campaign GLICE in Disko Bay (August 2022), ice collection was 

confined to 4 subregions of interest (Fig. 3, Supp. Table 3). There was partial ice cover in Disko Bay 350 

during boreal summer, which was mainly limited to a patch of high iceberg density close to the outflow 

of Ilulissat Icefjord. Combined with the confined nature of the coastal fjords sampled and the relatively 

fast disintegration of smaller ice fragments, it was possible to identify with a high degree of certainty the 

origin of ice within each subregion (Fig. 3). Within the fjord system hosting the marine-terminating 

glacier Eqip Sermia, ice fragments were highly likely to have originated from either Eqip Sermia itself 355 

or, if not, certainly from adjacent calving fronts in the same fjord. Similarly, close to the outflow of 
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Ilulissat Icefjord, ice fragments were highly likely to have originated from Sermeq Kujalleq. Ice slicks 

which were visibly observed to calve from two offshore icebergs within an hour prior to sample collection 

each constituted an additional subregion of interest. The two icebergs, referred to herein as ‘Narwhal’ and 

‘Beluga’ were both isolated from other floating ice features with maximum dimensions above the 360 

waterline of >100 m width and >20 m height (Fig. 3). Radar measurements determined that ‘Narwhal’ 

was approximately stationary throughout the observation period (~12 hours) likely pirouetting on an area 

of shallow bathymetry. Iceberg ‘Beluga’ was free-floating and proceeding northwards along a trajectory 

through the area which hosted the highest observed iceberg densities in Disko Bay over the cruise duration 

(mid-August 2022). 365 

 

Figure 3. Ice sample collection areas in four distinct regions of Disko Bay. A Icebergs grounded on the 

sill at the entrance to the Ilulissat Icefjord. B An offshore iceberg which was grounded during the sampling 

period referred to herein as iceberg ‘Narwhal’. C Ice fragments in front of the marine-terminating glacier 
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Eqip Sermia. D An offshore iceberg which was free-floating during the sampling period referred to herein 370 

as iceberg ‘Beluga’. 

 

Ice from the 4 sampled subregions in Disko Bay was similar in all cases with overlapping ranges for the 

NOx, PO4 and dSi concentrations of ice at different locations (Fig. 4). A PERMANOVA analysis showed 

small, but significant, differences (R2 = 0.15, p value = 0.002) in the chemical signature of iceberg samples 375 

collected inshore (Groups A and C, Fig. 3) or offshore (Groups B and D, Fig. 3) in Disko Bay when 

combining groups. An ordination analysis (nMDS stress = 0.04) showed that offshore icebergs were 

grouped together on the left side of the ordination, whereas inshore icebergs were more common on the 

right side of the ordination (Fig. 4). In general, offshore and inshore icebergs presented similar 

concentrations of all nutrients in most of the samples, except for a few inshore samples that had higher 380 

concentrations of all nutrients (Fig. 4). When testing these differences for each individual nutrient, only 

PO4 showed significant differences between the two categories (p value = 0.035), with offshore icebergs 

showing lower concentrations (Fig. 4). The difference between inshore and offshore ice, whilst present, 

was therefore relatively modest. 

 385 

Further insight can be gained from a comparison of all data available from Nuup Kangerlua, a relatively 

well-studied glacier fjord in southwest Greenland. The fjord hosts three marine-terminating glaciers with 

heavy ice mélange cover observed in the inner fjord year-round and some sea ice in the inner fjord during 

winter. Samples were collected from the fjord during five independent field campaigns from 2014 to 2019 

in different seasons from May in boreal spring to September in boreal autumn. Considering the number 390 

of parameters sampled and the relatively high standard deviation of almost all parameters relative to the 

mean or median measured concentrations, there was limited evidence for any seasonal or inter-campaign 

differences (Supp. Table 4). No significant differences (p>0.05) were found between groups of samples 

obtained at the same field site when organizing the complete dataset by field site and defining each 

separate field campaign as a group. 395 
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Figure 4. Comparison of nutrient concentrations from inshore and offshore ice samples collected in Disko 

Bay (August 2022, see Fig. 3). Left An ordination analysis (nMDS) comparing concentrations of all 

nutrients measured in ice contrasting inshore and offshore areas of Disko Bay. A PERMANOVA analysis 

of iceberg nutrient concentrations showed weak but significant differences between both areas (R2 = 0.15, 400 

p value =0.002). Right A direct comparison of all nutrient concentrations for the same dataset. Units: µM 

for dSi, NOx and PO4; nM for all trace metals. 

3.3 Sediment load within icebergs and its relationship with nutrient concentration 

The sediment load within icebergs collected around the Antarctic Peninsula was highly variable with a 

maximum of 5072 mg L-1 and a minimum of 0.69 mg L-1 (median 8.5 mg L-1 and mean 430.5 mg L-1). 405 

Particle loads were assessed in three Antarctic locations. The median dry mass was similar across three 

areas, but the mean (± standard deviation) dry mass was more variable due to the occasional sample with 

a high sediment load. Mean dry mass across three areas was: Maxwell Bay, King George Island, (n=65) 

910 ± 6300 mg L-1; Thunder Bay and Neumayer Channel, Wiencke Island, (n=19) 35 ± 110 mg L-1; and 
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South Bay, Doumer Island, (n=60) 39 ± 98 mg L-1. Median sediment loads in the three regions were 12, 410 

2.5 and 7.7 mg L-1, respectively. The heterogeneous distribution of sediments was reflected in the fact 

that ~2% of samples collected contributed ~90% of the total sediment retrieved from the iceberg samples 

collectively (Fig. 5). This distribution is similar to previous analysis regarding TdFe (Hopwood et al., 

2019), and sediment load in icebergs from Svalbard (Hopwood et al., 2017). It also qualitatively matches 

the distribution of TdMn and TdFe observed herein (see Section 3.1).  415 

 

As Fe, Mn and dSi may have sedimentary origins, we tested if there were any significant relationships 

between the sediment load of an iceberg and the concentration of each macronutrient and both total 

dissolvable and dissolved trace metals (Fig. 5). For NOx and PO4 there was no significant relationship 

between sediment load and concentration (p values of 0.18 and 0.26 respectively). This is consistent with 420 

the hypothesis that these nutrients primarily have an atmospheric deposition origin which contributes only 

a minor fraction of the sediment load to bulk ice. Conversely, TdFe, TdMn, dFe, dMn and dSi all had 

significant relationships with sediment load. The concentrations of the total dissolvable fraction of trace 

metals showed better fits (TdFe R2 = 0.43, p value <0.001; TdMn R2 = 0.43, p value <0.001), than the 

dissolved phases of metals (dFe R2 = 0.30, p value <0.001; dMn R2 = 0.20, p value <0.001) and dSi (R2 425 

= 0.28, p value <0.001). This is consistent with the expectation that englacial sediment drives a direct 

enrichment in TdFe and TdMn, which increase proportionately with sediment load, whereas the 

enrichment of dFe, dMn and dSi is more variable and depends on the specific conditions that sediment 

and ice experience between englacial sediment incorporation and sample collection. 
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 430 

Figure 5. Iceberg sediment load and its relationship with nutrient concentrations. Left The uneven 

distribution of sediment in randomly collected ice samples from the Antarctic Peninsula. Right The 

relationship between nutrient concentrations and sediment load for ice samples from the Antarctic 

Peninsula. Only significant (p value <0.001) relationships are shown. No significant relationship was 

evident for sediment load with nitrate or phosphate. Units: µM for dSi, nM for all trace metals. 435 

 

On several occasions in Nuup Kangerlua and Maxwell Bay we observed structures up to several 

centimetres wide/deep on iceberg surfaces akin to cryoconite holes both above and below the waterline. 

The sediment within such holes was easily disturbed when approaching ice fragments. The regular 

agitation and movement of floating ice fragments and the chaotic nature of calving events suggests that 440 

cryoconite holes on icebergs formed in situ rather than being relics of a glacier surface prior to calving. 

This raises an interesting question about whether sediment-rich layers and any associated nutrients could 

be subject to disintegration mechanisms distinct from bulk ice. When large ice samples weighing 10-45 

kg were stored in the dark at 5-10°C, higher loads of sediment were released in the initial melt fractions 
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(Supp. Fig. 1). This trend was highly reproducible occurring in all observed experiments (n=8) when large 445 

ice samples specifically targeted for their high englacial sediment loads were retained. The sediment 

release rate declined with a logarithmic function over the first 48 hours (Supp. Figure 1). It should be 

noted that randomly collected samples had much lower sediment loads (Fig. 5).  

3.4 Concentrations of dissolved Co, Ni and Cu 

The high concentrations of Fe and Mn present in some samples created some analytical challenges in 450 

attempting to pre-concentrate samples to quantify lower abundance elements. After analysis of all samples 

via dilution for Fe and Mn, two complete batches of samples, each representing all of the ice collected 

during one field campaign (from Eqip glacier and from Nuup Kangerlua), were selected for trace metal 

analysis via pre-concentration. Both batches were representative of the larger dataset for macronutrients, 

Fe and Mn, yet neither contained samples within the highest 2% of measured Fe concentrations. Mean (± 455 

standard deviation) dissolved trace metal samples were 21 ± 22 pM dissolved Co, 0.36 ± 0.45 nM 

dissolved Ni, and 0.39 ± 0.40 nM dissolved Cu (Supp. Table 5). There was a strong correlation between 

most combinations of elements which suggests a common origin for dissolved trace elements. Dissolved 

concentrations of Co, Ni and Cu were all relatively low compared to concentrations expected in other 

freshwater environments (Supp. Table 5). Mean concentration were low compared to both the freshwater 460 

endmembers derived for the Arctic and northeast Greenland shelf in prior work (Charette et al., 2020; 

Krisch et al., 2022), and concentrations measured in runoff at sites in west Greenland and the Western 

Antarctic Peninsula (Krause et al., 2021; Hawkings et al., 2020). 

4 Discussion 

4.1 Insights into nutrient origins from ratios 465 

There are several distinct mechanisms via which ice could accumulate different nutrient signatures. 

Precipitation and aerosol deposition on ice surfaces would be expected to impart an atmospheric 

deposition signature (Kjær et al., 2015; Fischer et al., 1998), assuming a limited biogeochemical imprint 

from surface biological (or photochemical) processes. Atmospheric deposition of NOx and PO4 varies 

regionally. Snow NO3 deposition over central Greenland is reported as 1.21 ± 0.19 µmol kg-1 for recent 470 
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and 0.56 ± 0.19 µmol kg-1 for pre-industrial values (Fischer et al., 1998). Concentrations of PO4 are more 

sensitive to the method used due to universally low concentrations.  Phosphate concentrations in ice from 

the last glacial period in Greenland are reported to range from 3 to 62 nM (Kjær et al., 2015). These ranges 

are similar to the NO3 and PO4 values we report for Greenlandic calved ice herein: mean (± standard 

deviation) 0.78 ± 0.69 NO3, median 0.74 NO3, mean 36 ± 50 nM PO4, and median 28 nM PO4. Modern 475 

atmospheric deposition is expected to impact the N:P ratio as atmospheric pollution is generally 

associated with higher N:P ratios (e.g. Peñuelas et al., 2012) and could explain the increase in N:P ratio 

at higher NO3 concentrations. 

 

In addition to an atmospheric deposition signal in ice macronutrient concentrations, some degree of 480 

sedimentary signal is also expected to affect dSi concentrations, but not NO3 or PO4, which is verified by 

the correlations herein (Fig. 5). Sediment associated with an iceberg could be from basal layers, other 

englacial sediment entrained prior to calving, or acquired from scouring events subsequent to calving. 

Shallow areas of all field sites herein had grounded icebergs. In Disko Bay during 2 weeks of cruise 

observations in August 2022, the majority of large (>100 m width above water line) icebergs were 485 

observed to be grounded. In terms of TdFe, TdMn, dFe, dMn and dSi we hypothesize that two categories 

of sediment may be distinguishable. Englacial sediment with little biogeochemical processing should 

retain a TdFe:TdMn ratio which is close to the crustal abundance ratio of Fe:Mn, with low dFe, dMn and 

dSi concentrations. Basal sediment layers, particularly from catchments with warm-based glaciers, may 

have a similar TdFe:TdMn ratio but higher concentrations of dFe, dMn and dSi due to more active 490 

biogeochemical processing in subglacial environments (e.g. Wadham et al., 2010; Tranter et al., 2005). 

Finally, scoured sediments acquired after calving could constitute a broad range of compositions 

considering the gradient in benthic conditions along glacier fjords (Laufer-Meiser et al., 2021; Wehrmann 

et al., 2013) and may accordingly contain more biogenic and/or authigenic phases than englacial sediment. 

These sediments may be highly variable in composition but should impart high TdFe and TdMn 495 

concentrations, with varying Fe:Mn ratios, and high dFe, dMn and dSi concentrations. Basal sediments 

and scoured sediments from fjord environments therefore probably cannot be distinguished 

unambiguously from concentrations measured herein alone, but we can likely distinguish englacial 

https://doi.org/10.5194/egusphere-2023-2991
Preprint. Discussion started: 9 January 2024
c© Author(s) 2024. CC BY 4.0 License.



23 

 

sediment from basal or scoured sediment. Dissolved Si concentrations were low across the whole dataset, 

suggesting basal ice was a very small component of sampled ice. The linear relationship between TdFe 500 

and TdMn across a wide range of observed concentrations also suggests minimal incorporation of 

authigenic mineral phases and, in combination with low dSi, hints that basal ice from warm-based glaciers 

is largely absent from this dataset. This is consistent with the hypothesis that basal layers are lost prior to, 

or rapidly following, iceberg calving. 

 505 

In runoff sampled close to iceberg sampling regions, only dSi concentrations tended to be elevated (Supp. 

Table 2). The weak, but significant relationships, with dSi, dFe, dMn and sediment load; and the stronger 

relationships between TdFe and TdMn and sediment load is consistent both with a sedimentary origin of 

these components and the caveats that further physical and/or biogeochemical processing mechanisms 

have to be considered to fully explain the distributions of dSi, dFe and dMn (Fig. 5). As the concentrations 510 

of NOx and PO4 were consistent with an atmospheric origin, a varying concentration of dSi from 

sedimentary sources could also easily explain the observed trend in the N:Si and P:Si ratios. Whilst 

elevated dFe and dMn concentrations reflect release of these phases from glacier-derived sediments 

(Hawkings et al., 2020), the concentrations were not strongly correlated with each other or sediment load 

(Fig. 5). This could reflect the origin of dissolved metals from different mineral phases, yet dFe generally 515 

correlates poorly with other trace elements in aquatic environments due to rapid scavenging onto particle 

surfaces and aggregation of colloids (which are included within the ‘<0.2 µm’ definition of dissolved 

herein) (Zhang et al., 2015). A poor correlation could also therefore reflect the tendency for dissolved Fe 

species to become scavenged. Measured concentrations refer to freshly collected meltwater so it is 

difficult to establish how dFe concentrations may have changed during the ice melting process. 520 

Conversely, dissolved Mn species are more stable in solution and this is often reflected in much higher 

dMn:dFe ratios in proglacial aquatic environments than would be expected based on crustal abundances 

(Hawkings et al., 2020; van Genuchten et al., 2022; Yang et al., 2022). Curiously, dSi also correlated 

poorly with all metal phases. This again could simply reflect different mineral phases driving elevated 

dSi, dFe and dMn concentrations (van Genuchten et al., 2022). Yet considering all of these elements are 525 

expected to be released from sediments, at least within specific regions some degree of correlation might 
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be expected. Further work to quantify the rates of gross and net dFe, dMn and dSi release under in situ 

conditions within ice and frozen sediment layers, could perhaps elucidate processes via which net release 

of these components may be uncoupled. Photochemical processes are likely to affect particularly Fe and 

Mn release (Kim et al., 2010), and the scavenging potential of Mn and Fe species (van Genuchten et al., 530 

2022) may be important in terms of how they interact with other dissolved and particulate components of 

the ice-sediment matrix. 

 

4.2 Key role of sediment-rich layers, and their disintegration, for nutrient release 

Several works have speculated that Arctic and Antarctic icebergs may have distinct differences in 535 

sediment load, with the former generally having higher sediment loads than the later (Anderson et al., 

1980). However, there are several observer biases in making such comparisons. Arctic icebergs are 

generally smaller due to the prevalence of tidewater glacier-derived ice rather than large ice shelves, and 

Arctic icebergs are more easily observed in coastal environments than Antarctic icebergs. Ice observed at 

a distance often appears cleaner than is the case upon closer inspection where sediment layers can be 540 

better identified. Nevertheless, a comparison of smaller ice fragments from Kongsfjorden in Svalbard and 

three localities in the Antarctic Peninsula showed that the former had higher sediment loads. Mean 

sediment loads of 21 g L-1 (median 0.58 g L-1) were previously reported for Kongsfjorden (Hopwood et 

al., 2019). Mean and median sediment load for ice fragments handled similarly from Maxwell Bay, 

Thunder Bay and South Bay were 75 mg L-1 and 3.8 mg L-1, respectively, which are considerably lower. 545 

Contrasting warm/cold-based glaciers and the higher exposed land/ice cover ratio of the coastal glaciated 

Arctic may explain much of this difference. 

 

Sediment-rich layers within icebergs have long been hypothesized to be particularly important for the 

delivery of the micronutrient Fe into the ocean (Hart, 1934) and this has been explicitly confirmed with 550 

measurements of dFe and particulate Fe (Lin et al., 2011; Raiswell, 2011). We verify herein, that sediment 

distribution is a major factor explaining TdFe and TdMn distribution, and a minor factor in explaining 

dFe, dMn and dSi distribution in icebergs (Fig. 5). The dynamics of sediment-rich layers and their fate in 

the marine environment is therefore of special interest for trace metal biogeochemistry given the (co)-
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limiting role these micronutrients have for phytoplankton growth in the Southern Ocean (Martin et al., 555 

1990; Hawco et al., 2022). The close association of TdFe and TdMn is perhaps unsurprising and 

corroborates a lithogenic origin for the vast majority of Fe present in icebergs. It also suggests limited 

biogeochemical processing of englacial material and/or rapid loss of basal ice layers preventing the 

modification of a lithogenic signature (Forsch et al., 2021). 

 560 

A curious observation herein was that cryoconite formation was observed on ice fragments suggesting 

that, as is the case on glacier surfaces (Rozwalak et al., 2022; Cook et al., 2015), this can be an important 

process affecting sediment dynamics on icebergs. The unstable nature of icebergs means that cryoconite 

holes are likely to be shorter lived than their glacier counterparts, but they still may constitute an important 

feature via which iceberg embedded sediment is processed. The accumulation of sediment as cryoconite 565 

could for example impede photochemical processing of particles, but also potentially create micro-

gradients in O2, pH and temperature that result in different chemical conditions than if particles were 

homogenously distributed (Rozwalak et al., 2022). On larger, more stable icebergs, cryoconite may 

facilitate the growth of attached diatoms (Ferrario et al., 2012; Robison et al., 2011). These processes are 

well described on ice surfaces but a critical difference in interpreting their significance in iceberg 570 

environments is that iceberg movement and rolling is likely to prevent the long-term development of 

cryoconite on anything other than large tabular icebergs. Nevertheless, the observation of such holes at 

centimetre size in environments where icebergs are free floating and rapidly disintegrating suggests that 

they might constitute an underappreciated mechanism of iceberg melt and sediment processing. 

 575 

A further, to our knowledge, novel observation was the tendency of embedded sediment to be rapidly 

discharged from ice fragments. When collecting larger ice pieces it was found that, in all cases, embedded 

sediment was rapidly washed out of the ice fragments largely within the melting of the first 10-20% of 

ice volume (Supp. Fig. 1). These ice fragments were specifically targeted to avoid ice with surface 

sediment layers and so this result cannot be explained by the loss of sediment frozen on the surface of ice. 580 

If this process was occurring at larger scales in nature it could further act to skew the deposition of iceberg-

borne particles towards inshore environments i.e. it would compound the inefficiencies in the delivery of 
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sediment and associated nutrients to the offshore marine environment due to the rapid loss of basal ice 

layers. The mechanism of this process is unclear but it is not associated with ongoing cryoconite formation 

or similar associated processes due to albedo effects because the ice was stored in the dark. We therefore 585 

hypothesize that sediment-rich layers in calved icebergs may be structurally weaker and thus more prone 

to rapid disintegration than bulk low-sediment ice. 

5 Conclusions 

A key finding throughout was that the macronutrient and micronutrient content of ice was relatively 

similar between catchments and regions worldwide despite the contrasting geographic context of Arctic 590 

and Antarctic ice calving fronts and notable differences in sediment loads between regions (Fig. 1). There 

was limited evidence of differences in ice nutrient signatures between field campaigns returning to the 

same location (Nuup Kangerlua, southwest Greenland) in different seasons/years and similarly limited 

evidence of differences contrasting ice fragments collected offshore in Disko Bay (west Greenland) with 

ice fragments collected inshore close to marine-terminating glacier fronts (Fig. 4). Local processes within 595 

individual catchments, rather than regional changes in climate and geology, appear to be the major driver 

of variability in iceberg nutrient load. On a global scale, the macronutrient content of ice is consistent 

with an atmospheric origin of NOx and PO4 supplemented with small amounts of dSi from sedimentary 

sources. 

 600 

Due to high heterogeneity in (micro)nutrient concentrations, especially for Fe and Mn, further sample 

collection would therefore not likely reduce uncertainties in fluxes associated with iceberg melt although 

some specific issues could be addressed. Herein we have considered only NOx as a source of bioaccessible 

nitrogen, but considering the universally low concentrations, other N sources (e.g. DON- Dissolved 

Organic Nitrogen, and NH4) may be relatively important. We hypothesized that a basal ice signature 605 

would be present in some ice fragments with high dSi alongside dFe and dMn, but conversely found very 

low dSi concentrations across all field locations. Future process studies might elucidate the mechanistic 

reasons why elevated dSi concentrations are not present alongside dFe and dMn concentrations in ice 

melt. Finally, sediment rich layers of large ice samples were observed to rapidly melt, potentially 
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indicating that these layers are prone to disintegration. Such a mechanism could be an important regulator 610 

of sediment dispersion in the marine environment, potentially further skewing the delivery of iceberg 

rafted debris and nutrients towards coastal waters. 

 

Nutrient Greenland Ice Sheet annual discharge 

Mmol yr-1 

Antarctic Ice Sheet annual discharge 

Mmol yr-1 

NO3 389 ± 345 (370) 418 ± 796 (168) 

PO4 18 ± 25 (14) 76 ± 83 (58) 

dSi 212 ± 701 (27) 476 ± 2187 (b/d) 

dFe 7.1 ± 15 (3.9) 130 ± 472 (18) 

dMn 2.3 ± 6.0 (0.77) 32 ± 191 (3.3) 

Table 1. Annual fluxes of nutrients associated with icebergs assuming calved ice volume of 500 km3 yr-1 

from Greenland and 1100 km3 yr-1 from Antarctica (Bamber et al., 2018; Rignot et al., 2013). Values are 615 

mean ± standard deviation (median). ‘b/d’ represents a median sample below detection. 

 

In summary, iceberg-derived macronutrient fluxes are likely minor in terms of annual polar pelagic 

nutrient cycling (Table 1) and in most coastal environments will dilute, rather than enhance, 

concentrations of NOx, PO4 and dSi; especially in Antarctic waters where macronutrient concentrations 620 

are very high. Delivery of both particulate and dissolved Fe and Mn concentrations are however 

considerable and may act to supply marine ecosystems with sources of these micronutrients depending 

on the seasonal and spatial distribution of iceberg melt. 

6 Data availability 

New data presented herein is available from SeaDataNet [under review 6-13-2023]. Literature data was 625 

compiled from prior published values (Hopwood et al., 2019, 2017; Campbell and Yeats, 1982; De Baar 

et al., 1995; Höfer et al., 2019; Lin et al., 2011; Loscher et al., 1997; Martin et al., 1990; Forsch et al., 

2021). For convenience, a merged dataset is appended. 
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