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Abstract. Ice calved from the Antarctic and Greenland ice
sheets or tidewater glaciers ultimately melts in the ocean,
contributing to sea-level rise and potentially affecting ma-
rine biogeochemistry. Icebergs have been described as ocean
micronutrient fertilizing agents and biological hotspots due
to their potential roles as platforms for marine mammals
and birds. Icebergs may be especially important fertilizing
agents in the Southern Ocean, where low availability of the
micronutrients iron and manganese extensively limits ma-
rine primary production. Whilst icebergs have long been de-
scribed as a source of iron to the ocean, their nutrient load
is poorly constrained and it is unclear if there are regional
differences. Here we show that 589 ice fragments collected
from calved ice in contrasting regions spanning the Antarctic
Peninsula; Greenland; and smaller tidewater systems in Sval-
bard, Patagonia, and Iceland have similar (micro)nutrient
concentrations with limited or no significant differences be-
tween regions. Icebergs are a minor or negligible source
of macronutrients to the ocean with low concentrations of
NO,™ (NO3™ +NO>7; median of 0.51 uM), PO43~ (me-
dian of 0.04 uM), and dissolved Si (dSi; median of 0.02 uM).
In contrast, icebergs deliver elevated concentrations of dis-
solved Fe (dFe; median of 12nM) and Mn (dMn; median
of 2.6 nM). The sediment load for Antarctic ice (median of

9mgL~!, n = 144) was low compared to prior reported val-
ues for the Arctic (up to 200 gL~"). Total dissolvable Fe
and Mn retained a strong relationship with the sediment load
(both R? =0.43, p < 0.001), whereas weaker relationships
were observed for dFe (R2 =0.30, p <0.001), dMn (R2 =
0.20, p < 0.001), and dSi (R? =0.29, p < 0.001). A strong
correlation between total dissolvable Fe and Mn (R? = 0.95,
p < 0.001) and a total dissolvable Mn : Fe ratio of 0.024
suggested a lithogenic origin for the majority of sediment
present in ice. Dissolved Mn was present at higher dMn : dFe
ratios, with fluxes from melting ice roughly equivalent to
30 % of the corresponding dFe flux. Our results suggest that
NO,™ and PO43’ concentrations measured in calved ice-
bergs originate from the ice matrix. Conversely, high Fe and
Mn, as well as occasionally high dSi concentrations, are as-
sociated with englacial sediment, which experiences limited
biogeochemical processing prior to release into the ocean.

1 Introduction

At the interface between marine-terminating ice and the
ocean, icebergs are physical and chemical agents via which
ice—ocean interactions affect marine biogeochemical cycles
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(Enderlin et al., 2016; Helly et al., 2011; Smith et al., 2007).
Icebergs are widely characterized as a source of the mi-
cronutrient iron (Fe) to marine ecosystems (Raiswell, 2011;
Raiswell et al., 2008; Shaw et al., 2011), especially in the
Southern Ocean (Schwarz and Schodlok, 2009; Smith et al.,
2007; Vernet et al., 2011). Iron availability is a major fac-
tor limiting primary production in the Southern Ocean (Mar-
tin et al., 1990a, b; Moore et al., 2013), and thus regional
changes in the Fe supply can have pronounced ecosystem
effects (Schwarz and Schodlok, 2009; Wu and Hou, 2017).
Whilst icebergs are recognized as a potentially climatically
sensitive Fe source (IPCC, 2019), the importance of their role
in the delivery of other micro- and macronutrients remains to
be quantified. Recent work has, for example, suggested that
low dissolved manganese (Mn) concentrations are a further
co-limiting factor for phytoplankton growth in parts of the
Southern Ocean (Browning et al., 2021; Hawco et al., 2022;
Latour et al., 2021). As Fe and Mn share similar sources, ice-
bergs might also be an equally important source term for the
polar marine Mn cycle (Forsch et al., 2021).

In contrast to Antarctica, Fe limitation of marine phyto-
plankton growth in the Arctic is a less prominent feature
largely confined to offshore areas of the high-latitude North
Atlantic away from typical iceberg trajectories (Nielsdottir
et al., 2009; Ryan-Keogh et al., 2013). Phytoplankton growth
within regions around Greenland affected by icebergs is more
often limited by nitrate availability (Randelhoff et al., 2020;
Krisch et al., 2020). With icebergs thought to supply only
limited concentrations of nitrate and phosphate to the ocean,
a direct iceberg fertilization effect is not expected in nitrate-
limited marine regions (Shulenberger, 1983). However, ice-
bergs could be a modest source of silica to the marine envi-
ronment (Hawkings et al., 2017; Meire et al., 2016), which
might have ecological effects. Dissolved silica (dSi) avail-
ability often limits diatom growth in the Arctic due to its de-
pletion prior to nitrate (Krause et al., 2018, 2019).

In order to understand how iceberg-derived fluxes of (mi-
cro)nutrients may change regionally with climate change and
glacier retreat inland, it is necessary to understand the ori-
gin and fate of nutrients within calved icebergs at sea. The
nutrient load of icebergs can be broadly separated into pro-
cesses which affect the nutrient concentration of the ice ma-
trix (Fischer et al., 2015; Hansson, 1994) and processes as-
sociated with sediment incorporation (Alley et al., 1997,
Knight, 1997; Mugford and Dowdeswell, 2010). Internal cy-
cling may also critically re-distribute (micro)nutrients and
affect the relative abundance of elements in both dissolved
(< 0.2 um) and particulate (> 0.2 um) phases. Some fraction
of the labile phases in englacial sediments — particularly for
the elements Fe, Mn, and silica, which are present at high
abundances — may ultimately be transformed into bioacces-
sible nutrients in the ocean (Forsch et al., 2021; Hawkings
et al., 2017; Raiswell, 2011). How sediment is gained and
lost from ice before, during, and after iceberg calving might
therefore exert some influence on measured (micro)nutrient
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concentrations in melting icebergs at sea (Hopwood et al.,
2019).

On exposed ice surfaces during the growth season, cry-
oconite formation and the growth of algae are notable fea-
tures which will act to re-distribute nutrients between in-
organic and organic pools and to amplify heterogeneity in
the distribution of nutrients within ice (Cook et al., 2015;
Rozwalak et al., 2022; Stibal et al., 2017). These processes
occur alongside and likely interact with other photochemi-
cal reactions (Kim et al., 2010, 2024). Whilst iceberg calv-
ing may temporarily disturb features present on ice surfaces
and the rolling of smaller icebergs will regularly interrupt
cryoconite growth on calved ice surfaces, long-lived ice-
bergs may continue to accumulate the effects of photochem-
ical processes and re-develop cryoconite. The nutrient con-
tent of icebergs, nutrient distributions, and their ratios might
therefore not be static and in fact subject to semi-continuous
changes.

As ice moves downstream from ice sheets to the coastline,
critical physical processes may exert a strong influence on
the characteristics of the ice which ultimately calves into the
ocean (Smith et al., 2019). At the base of floating ice tongues
and ice shelves, the melt rates of basal ice layers exposed
to warm ocean waters can be rapid. Beneath the floating ice
tongue of Nioghalvfjerdsbre in northeastern Greenland, for
example, a melt rate of 8.6 + 1.4 myr~! is likely sufficient to
remove most sediment-rich basal ice prior to iceberg calving
(Huhn et al., 2021). In other similar cases worldwide, calved
ice may ultimately be deprived of basal layers which might
otherwise have carried distinct labile sediment loadings, re-
flecting subglacial processes (Smith et al., 2019). Neverthe-
less, following calving the nutrient content of ice may still
be strongly affected by “new” ice—sediment interactions. Ice-
bergs which become grounded or scour shallow coastal sed-
iments may temporarily re-acquire a basal layer loaded with
sediment (Gutt et al., 1996; Syvitski et al., 1987; Woodworth-
Lynas etal., 1991). Scoured sediments may be physically and
chemically distinct from those acquired from landslides or
basal glacial processes and thus also temporarily introduce
different nutrient ratios and concentrations into ice and melt-
water (Forsch et al., 2021).

Finally, whilst many research questions concerning the ef-
fects of the cryosphere on the ocean relate to melting pro-
cesses, marine ice formation is a mechanism via which ice
growth can occur in the water column (Craven et al., 2009;
Lewis and Perkin, 1986; Oerter et al., 1992). Marine ice is
formed from supercooled seawater around Antarctica via the
formation of platelet, or frazil, ice crystals. Whilst the chem-
ical composition of this ice is poorly studied, measurements
from the Amery Ice Shelf suggest marine ice has relatively
high dissolved Fe (dFe) concentrations (e.g. 339-691 nM
dFe, Herraiz-Borreguero et al., 2016). The origin of this dFe
may be subglacial, potentially indicating a synergistic effect
between subglacial and ice melt Fe sources. Similar synergis-
tic effects have been suggested from model studies concern-
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ing sea ice and ice shelves, whereby sea ice may trap and
later release Fe that originates from ice shelves (Person et
al., 2021). A “source-to-sink” narrative concerning iceberg-
derived (micro)nutrient delivery from ice directly into the
ocean may therefore be over-simplistic. It is important to
recognize that the extent of spatial and temporal overlap be-
tween different (micro)nutrient sources may result in inter-
active effects in annual budgets. Such effects could arise due
to the underlying physical processes and/or the seasonal tim-
ing of micro(nutrient) sources and sinks (Boyd et al., 2012;
Person et al., 2021).

In order to evaluate whether or not there are regional dif-
ferences in the (micro)nutrient content of icebergs and the
associated fluxes into the ocean, here we assess the concen-
tration of macronutrients (NO, ~, dSi, and PO43_), micronu-
trients (dissolved Fe and Mn), and total dissolvable metals
(Fe and Mn) from calved ice across multiple Arctic and
Antarctic catchments. In order to investigate potential spa-
tial and temporal biases associated with seasonal shifts and
the general targeting of smaller ice fragments to collect sam-
ples, we include repeat samples from five campaigns in Nuup
Kangerlua (a fjord hosting three marine-terminating glaciers
in southwestern Greenland) and a comparison of recently
calved ice from inshore and offshore ice samples in Disko
Bay (western Greenland). Throughout, we test the null hy-
pothesis that icebergs from different regions have no differ-
ences in macronutrient or micronutrient (Fe and Mn) concen-
trations.

2  Methods
2.1 Sample collection

Iceberg samples were collected by hand or using nylon nets
to snag floating ice fragments. Sample collection was ran-
domized at each field site location (Fig. 1 and Table S1 in
the Supplement) by collecting ice samples at regular inter-
vals along pre-defined transects; 1-5kg ice pieces were re-
tained in low-density polyethylene (LDPE) bags and melted
at room temperature. The first three aliquots of meltwater
were discarded to rinse the LDPE bags. Meltwater was then
syringe-filtered (0.2 pm, polyvinyl difluoride, Millipore) into
pre-cleaned 125 mL LDPE bottles for dissolved trace metal
analysis and 20 mL polypropylene tubes for dissolved nutri-
ent analysis. All plasticware for trace metal sample collec-
tion was pre-cleaned using a three-stage protocol: detergent,
1-week soak in HCI1 (1 M reagent grade), and 1-week soak in
HNO3 (1 M reagent grade) with three deionized water rinses
after each stage. Filters for trace metal analysis were pre-
rinsed with HCI (1 M reagent grade), followed by deionized
water. Some unfiltered samples were also retained for total
dissolvable metal analysis.

In Disko Bay (western Greenland), a targeted exercise was
conducted to test whether distinct regional patterns of ice nu-
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Figure 1. Sample distributions in the Northern Hemisphere and
Southern Hemisphere. Literature values from prior work are in-
cluded (see Table S1 for a full list of details).

trient concentrations could be associated with specific calv-
ing locations. During the GLICE (Greenland’s Icebergs and
their biogeochemical impacts) cruise (R/V Sanna, August
2022) ice collection was conducted as per other regions close
to the outflow of Sermeq Kujalleq (also known as Jakob-
shavn Isbre) and Eqip Sermia (Table S1). Additionally, ice
fragments were collected from two large icebergs in Disko
Bay, referred to herein as fragments from the “Beluga” ice-
berg and “Narwhal” iceberg. These icebergs were tracked us-
ing the ship’s radar by logging the coordinates and relative
bearing of the approximate centre of the iceberg at regular
time intervals. In Nuup Kangerlua (southwestern Greenland),
samples were collected during five repeated campaigns span-
ning 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.

2.2 Sediment load measurements

Wet sediment sub-samples were dried at 60°C to deter-
mine sediment load (dry weight of sediment per unit vol-
ume, mgL~!). The sediment load was determined for a sub-
set of randomly collected ice samples in parallel with (mi-
cro)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 frag-
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ments (10-45 kg) with sediment layers embedded within the
ice were retained in sealed opaque plastic boxes. These frag-
ments were specifically selected to avoid the possibility of in-
cluding samples with surface sediment acquired by ice scour-
ing 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. Pe-
riodically (after 2, 4, 8, 16, 24, and 48h) the water was
weighed and settled sediment was removed by decanting and
filtration before estimating its dry weight.

2.3 Chemical measurements

Dissolved trace metal samples were acidified after filtration
to pH 1.9 by addition of 180 uL HCI (UpA, ROMIL) and
placed upright for > 6 months prior to analysis. Unfiltered
trace metal samples were acidified similarly, and trace met-
als in these samples are subsequently referred to as “total
dissolvable”, which is defined as dissolved metals plus any
additional metals present which are soluble at pH1.9 af-
ter 6 months of storage. Analysis via inductively coupled
plasma mass spectrometry (ICP-MS, Element XR, Thermo
Fisher Scientific) was undertaken after dilution with indium-
spiked 1 M HNOs (distilled in house from SPA grade HNO3,
Roth); 4 mL aliquots of total dissolvable samples were fil-
tered (0.2 um, polyvinyl difluoride, Millipore) immediately
prior to analysis.

Calibration for Fe and Mn was via standard addition with a
linear peak response from 1-1000 nM (R? > 0.99). Analysis
of the reference material CASS-6 yielded a Fe concentration
of 26.6 + 1.2 nM (certified 27.9 £ 2.1 nM) and a Mn concen-
tration of 37.1 4 0.83 nM (certified 40.4 4+ 2.18 nM). Due to
the very broad range of Fe concentrations in ice samples,
samples were run using varying dilution factors. Precision
is improved at low dilution factors, so we report results from
the lowest dilution factor that could be used to keep Fe and
Mn concentrations within the calibrated range (in many cases
dissolved samples could be run without dilution). Dissolved
samples were initially run at a 10-fold dilution, using 1 M
HNOs3. A 1M HNOj blank from the same acid batch was
analysed every 10 samples and in triplicate at the start and
end of each sample rack (90 x 4 mL sample vials). Total dis-
solvable samples (unfiltered, acidified samples) were initially
run at a 100-fold dilution followed by a 10-fold dilution for
samples with nanomolar concentrations. Samples with mea-
sured concentrations of Fe or Mn < 25 nM were then re-run
without dilution. Detection limits, assessed as 3 standard de-
viations of blank (1 M HNO3) measurements, varied between
batches (and dilution factors) but were invariably < 0.86 nM
dFe and < 0.83 nM dMn (dissolved Mn) for the standard 10-
fold dilution analyses. The field blank (deionized water fil-
tered and processed as a sample) was below the detection
limit. As in a majority of cases samples were run by dilu-
tion; the 1 M HNOj3 acid used to both dilute samples and run
as a reagent blank every 10 samples was therefore consid-
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ered the most useful blank measurement. Mean (= standard
deviation) blank (1 M HNOj3) measurements varied by acid
batch from 0.06 & 0.02 nM dFe and 0.03 £ 0.02nM dMn to
0.38 £0.08 nM dFe and 0.14 4= 0.08 nM dMn.

Where macronutrient samples were not collected in paral-
lel with trace metals, samples preserved for trace metals were
analysed for PO4>~ and dSi (this was not possible for NO, ~
because of residual contamination from concentrated HNO3
in LDPE bottles). Analysis of macronutrients was conducted
for NO3;—, NO,—, PO43_, and dSi by segmented flow in-
jection analysis using a QuAAtro (SEAL Analytical) auto-
analyser (Hansen and Koroleff, 1999). Recoveries of a cer-
tified reference solution (KANSO, Japan) were 98 % 4+ 1 %
NO, ™, 99% =4 1% PO4>~, and 97 % 4 3 % dSi. Detection
limits varied between sample batches and were < 0.10 uM
NO, 7, < 0.02uMNO;7, < 0.10 uyM PO43_, and < 0.25 uyM
dSi.

2.4 Data compilation

In addition to new data from 367 new samples collected
and analysed herein, existing comparable data were com-
piled from prior literature, most of which were processed
in prior work by the same protocol in the same laboratories
as those herein (see Table S1). Including prior work, a total
of 589 samples are available for interpretation (note that not
all samples were analysed for all parameters, so n varies be-
tween statistical analyses). Previously published data include
samples from Greenland, Svalbard, the Antarctic Peninsula,
Patagonia, and Iceland (De Baar et al., 1995; Campbell and
Yeats, 1982; Forsch et al., 2021; Hofer et al., 2019; Hopwood
etal.,2017,2019; Lin et al., 2011; Loscher et al., 1997; Mar-
tin et al., 1990b). Altogether, 575 out of the 589 samples re-
ported were collected and analysed as described herein at the
same laboratories. Only 14 literature values were from other
laboratories, so there is a high degree of internal consistency
in the methods used. Throughout concentrations are reported
in units of L™, referring to the concentration measured in
meltwater.

2.5 Statistical analysis

To test if icebergs had statistically significant regional differ-
ences in (micro)nutrient concentrations depending on their
origin at a hemisphere, regional, or catchment scale, a mul-
tivariate PERMANOVA (permutational multivariate analy-
sis of variance) was realized (function adonis2 from the ve-
gan package, Oksanen et al., 2020) using the concentra-
tions of trace metals (both dissolved and total dissolvable)
and macronutrients (NO, PO43’, and dSi). Along with
this analysis non-metric multidimensional scaling (nMDS;
function metaMDS from the vegan package, Oksanen et al.,
2020) was used to compute the ordination of the iceberg sam-
ples depending on their nutrient concentrations. nMDS is
an unconstrained ordination analysis that assesses the sim-
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ilarities and dissimilarities among data points only using
the set of variables informing the ordination (herein macro-
and micronutrients concentrations). The variables considered
for the analysis are summarized in orthogonal dimensions
showing the more similar data points as closer (groupings of
data points with similar characteristics) within the space cre-
ated by the orthogonal dimensions. The same analyses were
used to assess differences in Disko Bay samples collected
in August 2022, in this case comparing iceberg samples col-
lected in inshore (< 1km from the coastline) and offshore
(> 15 km from the coastline) zones. In both cases subsequent
ANOVA (aov function from the stats package) and a Tukey
test (TukeyHSD function from the stats package) were un-
dertaken to test for significant differences in specific (mi-
cro)nutrient concentrations.

The relationship between iceberg sediment load and the
concentration of trace metals (both dissolved and total dis-
solvable) and macronutrients was determined by means of a
linear regression (Im function from the stats package). For
this analysis two outliers were removed from the dataset be-
cause their sediment load values were over an order of mag-
nitude larger (50726 mgL~! and 6128 mgL~!) 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 rates changed over
time using the incubations in Maxwell Bay, we used the same
procedure as Hofer 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 the fit of
the selected relationship (exponential in this case) to see if
the relationship was significant and determined the percent-
age of variance explained (Im function from the stats pack-
age). Since the initial conditions of each incubation (i.e. ice-
berg 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 incu-
bation. All statistical analyses and figures (ggplot2 package)
were realized using R version 4.3.2 (R Core Team, 2023).

3 Results
3.1 Nutrient distributions in the global iceberg dataset

A total of 589 ice fragments have been analysed to date. The
combined data are more balanced compared to prior work
in terms of the coverage of Antarctica (45 % of samples),
Greenland (42 % of samples), and Svalbard (8.1 % of sam-
ples) and smaller sub-polar catchments in Patagonia, Canada,
and Iceland (4.2 % of samples). There are however still some
spatial biases in the data. Notably samples from Greenland
are largely from the west (Fig. 1), and samples from Antarc-
tica are all from the Antarctic Peninsula or downstream wa-
ters along the “Iceberg Alley” in the Weddell Sea and the
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South Atlantic sector of the Southern Ocean (Tournadre et
al., 2016). Almost all samples were collected in summer,
with only a subset of samples (from Nuup Kangerlua, Ta-
ble S4 in the Supplement) collected in spring and autumn
to investigate potential seasonal changes. At the catchment
scale, Nuup Kangerlua (southwestern Greenland, also known
as Godthabsfjord, 15 % of the dataset), Eqip Sermia (west-
ern Greenland, 11 % of the dataset), Thunder Bay (west-
ern Antarctic Peninsula, 10 % of the dataset), Kongsfjor-
den (Svalbard, 8.2 % of the dataset), Disko Bay (western
Greenland, 5.1 % of the dataset), and Nelson Island (north-
ern Antarctic Peninsula, 5.1 % of the dataset) are particularly
well represented. The other 23 catchments each account for
< 5 % of the samples.

Average macronutrient concentrations in ice samples were
low with median concentrations of 0.04 uM PO43~, 0.54 uM
NO3™, and 0.02 uM dSi. Throughout the dataset NO>™~ was
close to or below the limit of detection; thus NO3~ and
NO, ™ concentrations were practically identical, with NO, ™
almost invariably constituting < 10 % of NO,~ (mean of
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 differences. Preliminary analysis revealed
a large fraction of data below the limit of detection (i.e. con-
centrations <LOD) for several components, particularly
PO43~ (24 % of all measurements < LOD) and dSi (48 % of
all measurements < LOD). Other (micro)nutrients were less
affected by detection limits; e.g. only 8 % of NO, concen-
trations were < LOD. In any dataset with a large fraction of
data < LOD, how these values are treated makes some dif-
ference to calculated statistics, so reported averages vary for
PO4>~ and dSi depending on how LOD values are treated.
Removing values < LOD entirely would skew the statistical
analyses. For example, the median values reported above in-
crease from 0.04 to 0.05 uM PO4>~ and 0.02 to 0.19 uM dSi
if values <LOD are excluded. For consistency throughout
all statistical analyses, a value of “0” was therefore used to
represent LOD data.

It has been previously reported that both total dissolv-
able Fe (TdFe) and dFe concentrations are extremely vari-
able within ice samples collected at the same location (Hop-
wood et al., 2017; Lin and Twining, 2012; Lin et al., 2011).
This remained the case with the expanded dataset herein with
notable differences between the mean (82nM dFe, 13 uM
TdFe) and median concentrations (12 nM dFe, 220 nM TdFe)
on a global scale. An extremely broad range of concentra-
tions were also observed for both dissolved Mn (mean of
26 nM, median of 2.6 nM) and total dissolvable Mn (TdMn;
mean of 150nM, median of 10nM). As for Fe, this re-
flected the skewed distribution of the dataset towards a
small number of samples with extremely high concentra-
tions. The highest 2 % of TdMn samples accounted for 79 %
of the cumulative TdMn measured. Similarly, the highest
2% of TdFe samples accounted for 77 % of the cumula-
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Figure 2. A scatter plot showing the results of an nMDS or-
dination analysis using macro- and micronutrient concentrations.
Only samples with complete data for the following parameters are
shown: NO, ~, PO43~, dSi, dFe, TdFe, dMn, and TdMn. A non-
metric multidimensional scaling (nMDS) ordination is used to rep-
resent multi-dimensional data in a reduced number of dimensions.
MDS1 and MDS?2 are multidimensional scaling factors which rep-
resent the dissimilarities between the data sorted to catchment level.
Data points represent individual samples. Data points which ap-
pear further apart are more different, whereas those that cluster to-
gether are more similar. A PERMANOVA analysis of iceberg nu-
trient concentrations showed significant differences at the catch-
ment level (R2 =0.24, p value < 0.001). Shapes denote the hemi-
spheres, while colours denote specific sampling locations.

tive TdFe measured. Accordingly, there were very high rel-
ative standard deviations for both mean dMn (26 &+ 160 nM)
and TdMn (150 £ 1500 nM) which, as for Fe, remained high
when data were grouped by region or catchment. Consid-
ering all (micro)nutrients measured, there were no signif-
icant differences in the iceberg chemical composition at a
hemispheric (p value = 0.16) or regional (p value =0.16)
level. However, a PERMANOVA analysis showed signifi-
cant differences (R = 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 together (Fig. 2) 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. 2).

The ratio of TdFe : TdMn was linear (R2 =0.95, calcu-
lated excluding the highest 2% of Mn and Fe concentra-
tions to avoid skewing the gradient, Fig. 3). Furthermore,
the total dissolvable Mn : Fe ratio of 0.023 (linear regression
of TdMn = 0.023 x [TdFe]) was close to mean continental-
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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 ob-
served between dFe and dMn. For all data, all Antarctic data,
and all Greenlandic data, respectively, the mean dMn : dFe
(0.47, 0.50, and 0.28) and median dMn : dFe (0.17, 0.19,
and 0.11) ratios were however consistently higher than the
TdMn : TdFe ratio. This indicates an excess of dMn com-
pared to the lithogenic ratio observed in the total dissolvable
fraction.

Neither dMn nor dFe correlated well with dSi. Through-
out the whole dataset, dSi concentrations were low. Only 7 of
478 samples had dSi concentrations > 10 uM, only 9.4 % of
samples had concentrations > 1.0 uM, and 48 % of all sam-
ples were below the limit of detection. Dissolved Si there-
fore had concentrations and a distribution much more like
NO, ™~ and PO4>~ than Mn or Fe. This was not typically the
case in glacier runoff close to the sites where ice was col-
lected (Table S2 in the Supplement). 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 x [NO, ~]) and the mean dSi concentration in icebergs.
Doumer Island consists of a small ice cap which is likely
cold-based with steep topography such that subglacial chem-
ical weathering is probably limited.

No significant relationship was evident between PO4>~
and NO, ™ concentrations, whereas a weak but significant
relationship was evident between dSi and NO, ™~ concentra-
tions (Fig. 3). A subset of samples appeared to show a nearly
1:1 relationship between dSi and NO, ~, 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 de-
tectable (n = 22 for those with [NO, "] and [dSi] > 0.4 uM;
for lower concentrations it is largely arbitrary in determin-
ing whether or not samples can be assigned to the group).
Samples in this group include multiple catchments but with
a large component from Ilulissat (32 % of data points) and
Nuup Kangerlua (55 % of data points), both of which were
over-represented compared to their proportional importance
in the sub-dataset where they each constituted 18 % of data
points. Antarctic samples and samples from Eqip Sermia
were under-represented in this ~ 1 : 1 group, accounting for
zero and two (9 %) samples, respectively, despite contribut-
ing 26 % and 20 % of the samples with all macronutrients
detectable. The ~ 1: 1 data points all refer to summertime,
so they cannot easily be explained as mistaken sea ice sam-
ples. Furthermore, observed nutrient concentrations were of-
ten too high to be explained by carry-over from seawater
contamination (see Sect. 3.2). The ratios of dSi : NO3;™ also
did not consistently match the ratio in near-surface fjord wa-
ter samples where this was collected in parallel with ice-
bergs. Whilst the dSi : NO3 ™ ratio in most near-surface sam-
ples from the Ilulissat Icefjord in August 2022 was ~ 1
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Figure 3. A comparison of (micro)nutrient concentrations in all ice fragments where concentrations were above the detection limits. (a) Total
dissolvable Fe and total dissolvable Mn were strongly correlated (p value < 0.001, R% =0.95). Note that the highest 2 % of measured
concentrations were excluded to avoid skewing the gradient. (b) dSi and NO, ~ had a weak correlation (p value < 0.001, R? = 0.19). The

95 % confidence interval is shaded in grey.

(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~ 1:1NO, ™ : dSiratio
in ice nevertheless 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 (practical salinity units). However, even
minor traces of seawater in samples would be sufficient to
impart a measurable macronutrient concentration change be-
cause 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 sample sites where high macronutrient con-
centrations of 20-80 uM dSi, 1-2 uM PO4>~, and 10-30 uM
NO3™ are relatively typical of marine waters (e.g. Hofer et
al., 2019; Forsch et al., 2021; Trefault et al., 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 uM dSi, 0.2-0.7 uM PO4>~, and 0-10 uM 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 lo-
cations where ice calves.

Using the maximum observed marine macronutrient con-
centrations for our Antarctic sampling locations, assuming
no detectable macronutrients in ice and that salinity of 0.3 ex-
clusively reflected the carry-over of seawater from sampling,
nutrient concentrations of up to 0.26 uM NO3z™, 0.02 uM
PO43’, and 0.069 uM dSi could be observed as a seawater
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contamination signal. The rinsing procedure used to collect
samples herein, whereby ice was sequentially melted, with
the meltwater then used to swill and rinse the sample bag,
was designed to minimize trace metal contamination, and
three such rinses undertaken correctly would theoretically re-
move ~ 99.99 % of any saline water collected with an ice
sample in addition to any contamination from ice handling.
This would also not leave a detectable (> 0.01) salinity in-
crease in the collected sample such that any detected salinity
would have to come from ice melt. Sea ice samples were not
targeted for sampling herein, but two samples were collected
during the 2017 Pia Fjord campaign (Patagonia) alongside
calved ice samples with measured macronutrient concentra-
tions of 2.00 and 5.97 uyM NO, ~, 0.08 and 0.13 uM PO43_,
and 0.28 and 0.63 uM dSi. These sea ice NO, ~ and dSi con-
centrations were above average compared to freshwater ice
samples collected at the same location (Table S2). Similarly,
samples of land-fast sea ice from Antarctica generally have
high concentrations of all macronutrients compared to ice-
berg samples reported herein (Grotti et al., 2005; Giinther
and Dieckmann, 1999; Nomura et al., 2023). The ratio of
NO, ™ : PO43’ : dSi in sea ice is strong evidence that nutri-
ents in sea ice have a primarily saline origin (Henley et al.,
2023). Sampling protocols for sea ice are however different
in several aspects, particularly the application of sequential
rinsing (for glacial ice but not for sea ice) and ambient tem-
peratures during sample collection. A sequential rinsing with
sea ice, as applied herein, might lead to an uneven distri-
bution of nutrients in meltwater samples due to the layered
structure of sea ice and the effects of brine channels (Ackley
and Sullivan, 1994; Gleitz et al., 1995; Vancoppenolle et al.,
2010). With the possible exceptions of regions that experi-
ence ice mélange (a mixture of sea ice and icebergs) and/or
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marine ice, glacial ice is expected to be more homogenous
with respect to salinity.

During the dedicated iceberg cruise campaign GLICE in
Disko Bay (August 2022), ice collection was confined to four
subregions of interest (Fig. 4, Table S3 in the Supplement).
There was partial ice cover in Disko Bay during boreal sum-
mer, 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. 4). Within the fjord sys-
tem hosting the marine-terminating glacier Eqip Sermia, ice
fragments were highly likely to have originated either from
Eqip Sermia itself or, if not, from adjacent calving fronts
in the same fjord. Similarly, close to the outflow of Ilulis-
sat Icefjord, ice fragments were highly likely to have origi-
nated 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 sub-
region of interest. The two icebergs, referred to herein as Nar-
whal and Beluga, were both isolated from other floating ice
features with maximum dimensions above the waterline of
> 100 m width and > 20 m height (Fig. 4). Radar measure-
ments determined that Narwhal was approximately station-
ary throughout the observation period (~ 12 h), likely pirou-
etting on an area of shallow bathymetry. The Beluga iceberg
was free-floating and proceeding northwards along a trajec-
tory through the area which hosted the highest observed ice-
berg densities in Disko Bay over the cruise duration (mid-
August 2022).

Ice from the four sampled subregions in Disko Bay was
similar in all cases with overlapping ranges for the NO, ~,
PO43~, and dSi concentrations of ice at different locations
(Fig. 5). A PERMANOVA analysis showed small but signif-
icant differences (R = 0.15, p value = 0.002) in the chemi-
cal composition of iceberg samples collected inshore (groups
A and C, Fig. 4) or offshore (groups B and D, Fig. 4) 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 ordina-
tion (Fig. 5). In general, offshore and inshore icebergs pre-
sented similar concentrations of all nutrients in most of the
samples, except for a few inshore samples that had higher
concentrations of all nutrients (Fig. 5). When testing these
differences for each individual nutrient, only PO43_ showed
significant differences between the two categories (p value =
0.035), with offshore icebergs showing lower concentrations
(Fig. 5). The difference between inshore and offshore ice,
whilst present, was therefore relatively modest.

Further insight can be gained from a comparison of all data
available from Nuup Kangerlua, a relatively well-studied
glacier fjord in southwestern Greenland. The fjord hosts
three marine-terminating glaciers with heavy ice mélange
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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 of
parameters sampled and the relatively high standard devia-
tion of almost all parameters relative to the mean or median
measured concentrations, there was limited evidence for any
seasonal or inter-campaign differences (Table S4). No sig-
nificant 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.

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 5072mgL~! and a minimum of 0.69 mgL~! (median of
8.5mgL~!, mean of 430.5mgL~"). Particle loads were as-
sessed at three Antarctic locations. The median dry mass was
similar across the three areas, but the mean (= standard de-
viation) dry mass was more variable due to the occasional
sample with a high sediment load. Mean dry masses across
the three areas were 910 +6300mgL~! for Maxwell Bay,
King George Island (n = 65); 35+ 110mgL~" for Thun-
der Bay and Neumayer Channel, Wiencke Island (n = 19);
and 39 298 mg L~! for South Bay, Doumer Island (n = 60).
Median sediment loads in the three regions were 12, 2.5,
and 7.7 mgL~!, respectively. The heterogeneous distribution
of sediments was reflected in the fact that ~ 2 % of sam-
ples collected contributed ~ 90 % of the total sediment re-
trieved from the iceberg samples collectively. This distribu-
tion is similar to previous analysis regarding TdFe (Hopwood
et al., 2019) and sediment load in icebergs from Svalbard
(Dowdeswell and Dowdeswell, 1989). It also qualitatively
matches the distribution of TdMn and TdFe observed herein
(see Sect. 3.1).

As Fe, Mn, and dSi might 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. 6). For NO,~ and PO43_ there was no sig-
nificant relationship between sediment load and concentra-
tion (p values of 0.18 and 0.26, respectively). Conversely,
TdFe, TdMn, dFe, dMn, and dSi all had significant relation-
ships with sediment load. The concentrations of the total dis-
solvable fraction of trace metals showed better fits (TdFe
R?>=0.43, p value < 0.001; TdMn R? =0.43, p value <
0.001) than the dissolved phases of metals (dFe R% =0.30,
p value < 0.001; dMn R? = 0.20, p value < 0.001) and dSi
(R2 = 0.28, p value < 0.001). This is consistent with the ex-
pectation that englacial sediment leads to direct enrichment
in TdFe and TdMn, which increase proportionately with the
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Figure 4. 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 the Narwhal iceberg. (c) Ice fragments
in front of the marine-terminating glacier Eqip Sermia. (d) An offshore iceberg which was free-floating during the sampling period referred

to herein as the Beluga iceberg.
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Figure 5. Comparison of nutrient concentrations from inshore and offshore ice samples collected at Disko Bay (August 2022; see Fig. 4).
(a) An ordination analysis (nMDS) comparing concentrations of all nutrients measured in ice, contrasting inshore and offshore areas of
Disko Bay. Inshore samples were collected within 1km of the coastline, whereas offshore values were all from > 15km away from the
coastline. A PERMANOVA analysis of iceberg nutrient concentrations showed weak but significant differences between both areas (R? =
0.15, p value = 0.002). (b-h) A direct comparison of all nutrient concentrations for the same dataset. Units are micromoles per litre (uM)
for dSi, NO,—, and PO43_ and nanomoles per litre (nM) for all trace metals. Only PO43_ showed a significant difference between the two

categories (p value = 0.035).
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Figure 6. Iceberg sediment load and its relationship with nutri-
ent concentrations. The relationship between nutrient concentra-
tions and sediment load for ice samples from the Antarctic Penin-
sula (no samples from elsewhere determined sediment load of the
same ice fragments as nutrient concentrations). Only significant
(p value < 0.001) relationships are shown. No significant relation-
ship was evident for the sediment load with nitrate or phosphate.
Units are micromoles per litre (uM) for dSi and nanomoles per litre
(nM) for all trace metals.

sediment load. The enrichment of dFe, dMn, and dSi is more
variable and may depend on the specific conditions that sed-
iment and ice experience between englacial sediment incor-
poration and sample collection.

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. The regular agitation and move-
ment of floating ice fragments and the chaotic nature of calv-
ing events suggests that 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—45kg were stored in
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the dark at 5-10 °C, higher loads of sediment were released
in the initial melt fractions (Fig. S1 in the Supplement). This
trend was highly reproducible, occurring in all observed ex-
periments (n = 8) when large ice samples specifically tar-
geted for their high englacial sediment loads were retained.
The sediment release rate declined with an exponential log-
arithmic function over the first 48 h (Fig. S1). It should be
noted that randomly collected samples had much lower sedi-
ment loads.

4 Discussion
4.1 Insights into nutrient origins from ratios

There are several distinct mechanisms via which ice could
accumulate different nutrient ratios. Precipitation and aerosol
deposition on ice surfaces will contribute to the NO,~ and
PO4>~ concentrations present in the ice matrix (Fischer et
al., 1998; Kjar et al., 2015), assuming a limited biogeochem-
ical imprint from surface biological (or photochemical) pro-
cesses. Phosphate concentrations in ice from the last glacial
period in Greenland are reported to range from 3 to 62nM
(Kjer et al., 2015). These ranges are similar to the NO3 ™~ and
PO4>~ values we report for Greenlandic calved ice herein:
mean (= standard deviation) of 0.78 +0.69 NO3™~, median
of 0.74 NO3~, mean of 36 +50nM PO43_, and median of
28 nM PO,4>~. Modern atmospheric deposition is expected
to impact the N : P ratio as atmospheric pollution is generally
associated with higher N : P ratios (e.g. Pefiuelas et al., 2012)
and could explain the increase in the N : P ratio at higher
NOs3™ concentrations. Antarctica is less directly affected by
anthropogenic emissions, but the ranges of NO3~ reported
for snow and ice samples overlap with the corresponding val-
ues for Greenland, e.g. ranges of 0.08-2.12 uM (Akers et al.,
2022) and 0.29-2.58 uM (Neubauer and Heumann, 1988).
In addition to macronutrient concentrations in the ice ma-
trix, some degree of sedimentary signal might also affect
dSi concentrations due to the release of dSi from glacier-
associated weathering processes (Halbach et al., 2019; Wad-
ham et al., 2010). Sediment associated with an iceberg could
be from basal layers or other englacial sediment entrained
prior to calving or acquired from scouring events subse-
quent to calving. Shallow areas of all field sites herein had
grounded icebergs. In Disko Bay during 2 weeks of cruise
observations in August 2022 for example, the majority of
large (> 100m width above the water line) icebergs were
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 bio-
geochemical 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 lay-
ers, particularly from catchments with warm-based glaciers,
may have a similar TdFe : TdMn ratio but higher concentra-
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tions of dFe, dMn, and dSi due to more active biogeochem-
ical 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 sed-
iments may be highly variable in composition but should
impart high TdFe and TdMn concentrations, with varying
Fe : Mn ratios, and high dFe, dMn, and dSi concentrations.
Basal sediments and scoured sediments from fjord environ-
ments therefore probably cannot be distinguished unambigu-
ously from concentrations measured herein alone. Yet we can
likely distinguish englacial sediment from basal or scoured
sediment. Dissolved Si concentrations were low across the
whole dataset, suggesting basal ice was a very small compo-
nent of sampled ice. The linear relationship between TdFe
and TdMn across a wide range of observed concentrations
also suggests minimal incorporation of authigenic mineral
phases and, in combination with low dSi, hints at basal ice
from warm-based glaciers being largely absent from this
dataset. This is consistent with the expectation that basal
layers are largely lost prior to or rapidly following iceberg
calving (Smith et al., 2019). In contrast, in runoff sampled
close to iceberg sampling regions, dSi concentrations were
elevated (range of 1.2-44 uM) and often considerably higher
than concentrations measured in ice melt (Table S2).

The weak but significant relationships with dSi, dFe, dMn,
and sediment load and the stronger relationships between
TdFe and TdMn and sediment load are consistent both with a
sedimentary origin of these components and the caveats that
further physical and/or biogeochemical processing mecha-
nisms have to be considered to fully explain the distributions
of dSi, dFe, and dMn (Fig. 6). As the concentrations of NO, ~
and PO4>~ were consistent with an ice matrix origin, a vary-
ing concentration of dSi from sedimentary sources could also
explain the observed trend in the NO, ™ : dSi and PO43 ~.dSi
ratios. Whilst elevated dFe and dMn concentrations in runoff
reflect release of these phases from glacier-derived sediments
(Hawkings et al., 2020; Raiswell, 2011), the concentrations
herein for ice melt were not strongly correlated with each
other or sediment load (Fig. 6). This could reflect the ori-
gin of dissolved Fe and Mn from distinct, different mineral
phases. Yet dFe concentrations generally correlate poorly
with other trace elements in aquatic environments due to
rapid scavenging onto particle surfaces and rapid aggregation
of colloids (which are included within the “< 0.2 um” defini-
tion of dissolved herein) (Zhang et al., 2015). A poor corre-
lation could also therefore reflect the tendency for inorganic
dFe species to become rapidly scavenged close to source
(Lippiatt et al., 2010). Measured concentrations herein refer
to freshly collected meltwater, so it is difficult to establish
how dFe concentrations may have changed during the ice-
melting process. Conversely, dMn species are more stable in
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solution, especially in the photic zone (Sunda et al., 1983;
Sunda and Huntsman, 1988), and this is often reflected in
much higher dMn : dFe ratios in proglacial aquatic environ-
ments than would be expected based on crustal abundances
(e.g. van Genuchten et al., 2022; Hawkings et al., 2020; Yang
et al., 2022). Curiously, dSi also correlated poorly with all
metal phases. This again could simply reflect different min-
eral phases driving elevated dSi, dFe, and dMn concentra-
tions (van Genuchten et al., 2022). Yet considering all of
these elements (Si, Fe, and Mn) are expected to be released
from labile phases present in glacier-derived sediments, at
least within specific regions some degree of correlation might
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 pro-
cesses via which net release of these components may be un-
coupled. Photochemical processes are particularly likely to
affect Fe and Mn release (Kim et al., 2010, 2024), and the
scavenging potential of Mn and Fe species (van Genuchten
et al., 2022) may also be important in terms of how they in-
teract with other dissolved and particulate components of the
ice—sediment—meltwater matrix.

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

Several works have speculated that Arctic and Antarctic ice-
bergs may have distinct differences in sediment load, with
the former generally having higher sediment loads (Ander-
son et al., 1980). However, there are several observer biases
in making such comparisons. Arctic icebergs are generally
smaller because they are typically sourced from tidewater
glacier fronts rather than calved from larger ice shelves. Arc-
tic icebergs are also logistically easier to observe and access
compared to Antarctic icebergs. 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 gL.~! (median of
0.58 gLL~!) were previously reported for Kongsfjorden (Hop-
wood et al., 2019). Average sediment load values for ice frag-
ments handled similarly from the Antarctic Peninsula were
8.5mgL~! (median) and 430.5 mgL~! (mean), respectively,
which are considerably lower. Contrasting warm-/cold-based
glaciers and the higher ratio of exposed land to ice cover of
the coastal glaciated Arctic may explain much of this differ-
ence.

Sediment-rich layers within icebergs have long been hy-
pothesized to be particularly important for the delivery of
the micronutrient Fe into the ocean (Hart, 1934), and this
has been explicitly confirmed with 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 yet suggest this is a less im-
portant factor in explaining dFe, dMn, and dSi distribution
in icebergs (Fig. 6). The dynamics of sediment-rich layers
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and their fate in the marine environment is of special interest
for trace metal biogeochemistry given the (co-)limiting role
these micronutrients have for phytoplankton growth in the
Southern Ocean (Hawco et al., 2022; Martin et al., 1990b).
Yet multiple factors are likely important for determining the
delivery of dFe and dMn to the marine environment because
these fluxes do not simply scale with sediment input as for
TdFe and TdMn. A 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 sug-
gests limited biogeochemical processing of englacial mate-
rial and/or rapid loss of basal ice layers preventing the modi-
fication of a lithogenic ratio in between sediment acquisition
by icebergs and sediment release in the ocean (Forsch et al.,
2021).

A further, to our knowledge, novel observation was the
tendency of embedded sediment to be rapidly discharged
from ice fragments. When collecting larger pieces of ice 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 (Fig. S1). These ice
fragments were specifically targeted to avoid ice with sur-
face sediment layers, and so this result cannot be explained
by the loss of sediment frozen on the surface of ice. If this
process was occurring at larger scales in nature, it could fur-
ther act to skew the deposition of iceberg-borne particles to-
wards inshore environments; i.e. it would compound the inef-
ficiencies in the delivery of 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.

4.3 (Micro)nutrient fluxes to the ocean from icebergs

By combining measured concentrations herein with esti-
mates of the ice volume discharged from Greenland and
Antarctica, annual flux estimates can be estimated for (mi-
cro)nutrients associated with icebergs (Table 1). For the
macronutrients NO3 ™, PO43_, and dSi, the uncertainty in
these flux estimates remains large relative to the magnitude
of the flux. This is an inherent result of the large fraction of
ice with macronutrient concentrations close to the LOD, so it
would not be changed with further data collection. 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, ambi-
ent macronutrient concentrations. This is especially the case
in Antarctic waters, where macronutrient concentrations are
universally high (Garcia et al., 2018). The low macronutri-
ent level of ice also implies that physical effects associated
with iceberg passage, mixing, and any stratification resulting
from meltwater likely have larger effects on annual macronu-
trient budgets for biota than the direct contribution of melt-
water (Helly et al., 2011; Tarling et al., 2024). In regions
where meltwater from icebergs accumulates in a thin sur-
face layer, which is a phenomenon largely confined to Arctic
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Table 1. Annual fluxes of nutrients associated with icebergs as-
suming calved ice volumes of 500 km? yr_1 from Greenland and
1100 km? yr_1 from Antarctica (Bamber et al., 2018; Rignot et al.,
2013). Values are the mean =+ standard deviation (median); “b/d”
represents a median sample below the limit of detection.

Nutrient  Greenland ice sheet  Antarctic ice sheet
annual discharge annual discharge
(Mmolyr— ) (Mmolyr— 1 )

NO3™ 389 + 345 (370) 418 +796 (168)

PO43* 18 £25 (14) 76 £83 (58)

dSi 212£701 (27) 476 + 2187 (b/d)

dFe 7.1£15(3.9) 130472 (18)

dMn 2.3+£6.0(0.77) 32+£191(3.3)

fjords (e.g. Enderlin et al., 2016), low macronutrient concen-
trations may contribute to low primary production in near-
surface layers. Although it should be noted that meltwater
delivery is not confined to the surface (Moon et al., 2018)
and, as noted, can drive the vertical entrainment of macronu-
trients within the water column.

Delivery of total dissolvable Fe and Mn fluxes from ice-
bergs to the ocean may be considerable (Table 1), but,
as these components are associated with heterogeneous
particle-rich layers in ice, their delivery may be skewed to-
wards inshore waters where primary production is less lim-
ited by trace metal availability. Dissolved Fe and Mn compo-
nents are more directly relevant to phytoplankton demands
on the short-term timescales associated with iceberg pas-
sage, due to the short residence time of particle-associated
metal phases in the marine environment. Annual dFe and
dMn fluxes also carry relatively large uncertainties (Table 1)
which reflect the wide range of concentrations present in ice.
Although the crustal abundance of Mn oxides is approxi-
mately 50x lower than that of Fe oxides (Rudnick and Gao,
2004), dMn fluxes from Greenland and Antarctica are 32 %
and 25 % of the corresponding dFe fluxes, respectively (Ta-
ble 1). Similar trends are evident in dFe and dMn concen-
trations within fjord environments where trace metals from
subglacial discharge and runoff enter the ocean (Forsch et
al., 2021; van Genuchten et al., 2022). The relatively high
concentrations of dMn compared to dFe likely reflect the
rapid scavenging of dFe close to the source compared to
more conservative behaviour of dMn over short (hours to
days) timescales (Kandel and Aguilar-Islas, 2021; Yang et
al., 2022; Zhang et al., 2015).

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 and Antarctic ice calving fronts
and notable differences in sediment loads between regions
(Fig. 2). There was limited evidence of differences in ice nu-
trient concentrations between field campaigns returning to
the same location (Nuup Kangerlua, southwestern Green-
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land) in different seasons/years and similarly limited evi-
dence of differences contrasting ice fragments collected off-
shore in Disko Bay (western Greenland) with ice fragments
collected inshore close to marine-terminating glacier fronts
(Fig. 5). Icebergs are inherently heterogenous due to the
nature of englacial and basal sediment incorporation and
loss processes. This heterogeneity combined with generally
low nutrient concentrations appears to mask any regional or
catchment-specific trends in macronutrient or micronutrient
content related to changing bedrock composition (e.g. Hal-
bach et al., 2019), calving dynamics (Smith et al., 2019), or
photochemical processes (e.g. Kim et al., 2010).

Whilst further sampling would not reduce uncertainty in
the estimated nutrient fluxes (Table 1), some specific caveats
with our present work could be resolved in the future. Herein
we have considered only NO,~ and PO43_ as sources of
bioaccessible nitrogen and phosphorous, but considering the
universally low concentrations present in icebergs, other N
and P sources (e.g. DON, dissolved organic nitrogen; DOP,
dissolved organic phosphorous; and NH4) may be relatively
important (Parker et al., 1978). We hypothesized that a basal
ice influence 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 pro-
cess studies might elucidate the mechanistic reasons why el-
evated 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, poten-
tially indicating that these layers are prone to disintegration.
Such a mechanism could be an important regulator of sedi-
ment dispersion in the marine environment, potentially fur-
ther skewing the delivery of iceberg-rafted debris and nutri-
ents towards coastal waters.

5 Conclusions

The dataset reported here covers ice fragments collected
from a range of Arctic and Antarctic polar and sub-
polar marine-terminating glaciers and floating ice tongues.
Throughout, icebergs are found to be only a minor source
of macronutrients to the ocean with a large fraction of mea-
surements close to or below the standard analytical detec-
tion limit, especially for PO4>~ and dSi. Icebergs do how-
ever deliver modest fluxes of dissolved Fe and Mn to the po-
lar oceans, which are likely important ecologically, particu-
larly in the Southern Ocean (Sedwick et al., 2000; Wu et al.,
2019). The rapid dilution of meltwater close to icebergs, typ-
ically to concentrations < 1 % (Helly et al., 2011; Stephen-
son et al., 2011), means these trace metal inputs are challeng-
ing to constrain from in situ pelagic observations (Lin et al.,
2011); thus our measurements provide a first-order constraint
on iceberg-derived micronutrient fluxes going into polar seas.
The scavenged-type behaviour of dFe may explain why the
dMn : dFe ratio in ice melt is considerably higher than ex-
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pected from crustal abundances of Fe and Mn oxides, yet this
also raises questions about how micronutrients sourced from
icebergs behave immediately after release into the ocean.
Dissolved Fe may be scavenged close to the source, limit-
ing the spatial extent of Fe fertilization from iceberg tracks,
whereas, especially in the photic zone, dMn is more stable in
seawater (Sunda et al., 1983). Thus icebergs may be an even
more disproportionately important dMn source to biota than
the dFe : dMn ratio in meltwater suggests.
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