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Nutrient release to oceans from buoyancy-driven
upwelling at Greenland tidewater glaciers

MattiasR.Cape ®'?*, Flammetta Straneo'?, Nicholas Beaird'*, Randelle M. Bundy©®2% and

Matthew A. Charette®

The discharge of nutrient-rich meltwater from the Greenland Ice Sheet has emerged as a potentially important contributor
to regional marine primary production and nutrient cycling. While significant, this direct nutrient input by the ice sheet may
be secondary to the upwelling of deep-ocean-sourced nutrients driven by the release of meltwater at depth in glacial fjords.
Here, we present a comprehensive suite of micro- and macronutrient observations collected in Sermilik Fjord at the margin
of Helheim, one of Greenland's largest glaciers, and quantitatively decompose glacial and ocean contributions to fjord dis-
solved nutrient inventories. We show that the substantial enrichment in nitrate, phosphate and silicate observed in the upper
250 m of the glacial fjord is the result of upwelling of warm subtropical waters present at depth throughout the fjord. These
nutrient-enriched fjord waters are subsequently exported subsurface to the continental shelf. The upwelled nutrient transport
within Sermilik rivals exports by the largest Arctic rivers and the ice sheet as a whole, suggesting that glacier-induced pumping
of deep nutrients may constitute a major source of macronutrients to the surrounding coastal ocean. The importance of this
mechanism is likely to grow given projected increases in surface melt of the ice sheet.

tained warming of both the atmosphere and ocean, have

brought into focus the significant role of ice sheets and gla-
ciers in mediating marine ecosystem processes in polar and subpo-
lar oceans"’. While the impact of increased freshwater export from
the Greenland Ice Sheet (GrIS) on the physical environment is now
appreciated’, recent studies have uncovered that some meltwater is
also rich in nutrients (for example, silica, iron) as a result of bio-
geochemical cycling and weathering at the ice sheet surface, inte-
rior and bed*'". These observations have led to the hypothesis that
the summer-enhanced discharge of nutrient-rich meltwater into
Greenland’s coastal waters®, particularly along the East Greenland
coast', may play an important role in sustaining primary produc-
tion downstream in the North Atlantic Ocean at a time when marine
ecosystems are nutrient and potentially light limited®'>". Projected
increases in Greenland melt could then drive an increase in nutrient
export to the coastal ocean, with repercussions for biogeochemical
cycling downstream.

Recent observations collected at the marine margins of glaciers,
however, suggest that meltwater may not be the sole nutrient con-
tributor along Greenland margins'*". For Greenland’s marine-ter-
minating glaciers'®", which drain an estimated 88% of the ice sheet
and have significantly contributed to the recent anomalous mass
loss'®", a substantial fraction of the meltwater is released hundreds
of metres below the ocean surface as subglacial discharge (SGD; sur-
face runoff routed to the ice-sheet bed and exported at the base of the
glaciers) and submarine meltwater (SMW; subsurface melt of glacial
ice by the ocean)”. Calved icebergs also contribute significantly to
SMW export as a result of melting during transit from the glacier
margin to the open ocean’’. These inputs of buoyant freshwater at
depth drive vigorous upwelling of deep ocean waters towards the
sunlit ocean surface at the glacial margin'”***, resulting in the for-

D ramatic changes in land ice at both poles, as a result of sus-

mation of glacially modified water (GMW), a new water mass that
contains both deep, ambient water masses and glacial sources**.
GMW formed in this manner has previously been observed in
Greenland glacial fjords as thick layers spanning the top 100-200 m
of the water column®-%. This suggests that previous observations
of nutrient enhancement of coastal waters may, in part, be due to a
neglected source—the buoyancy-driven upwelling of nutrient-rich
deep waters at the glacial margins'*'"". Biogeochemical observations
to quantify the relative contribution of nutrients from upwelling
versus those contained only in meltwater (that is, SMW +SGD)
have been unavailable until recently. In light of the observed and
projected increase in ice loss from Greenland”, constraining the
role of the ice sheet and deep ocean waters as nutrient sources to the
upper water column is critical to our ability to project future marine
ecosystem changes in the subpolar North Atlantic'""%.

Glacial water mass transformation

Here we investigate the nutrient sources within the GMW exported
from Sermilik Fjord, Southeast Greenland, by analysing the bio-
geochemical and physical properties of waters in the fjord and
on the shelf in a survey conducted in August 2015 (Fig. 1a). The
narrow (~6km), 100-km-long and 600-900-m-deep fjord links
Helheim Glacier, Greenland’s fifth largest outlet glacier by discharge
grounded 600 m below sea level's, to the Irminger Sea and the North
Atlantic. Sermilik’s deep sills (~500 m) allow for an unimpeded flow
of shelf waters to the glacial margins. Discrete water samples were
collected alongside continuous conservative temperature—absolute
salinity (@-S,) profiles at ten hydrographic stations inside and five
outside the fjord for analysis of water column dissolved macronutri-
ents (nitrate: NOj; silicate: Si(OH),; phosphate: POZ‘) and surface
total dissolvable iron (TdFe; comprising dissolved and labile par-
ticulate iron) (Fig. la). Given the east to west flow of the current
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Fig. 1| Sermilik Fjord study region and hydrography in August 2015. a, MODIS (Moderate Resolution Imaging Spectroradiometer) Terra image of Sermilik
Fjord collected on 9 August 2015 during the sampling period, showing the position of occupied stations. Note the presence of sea ice along the continental
shelf outside of Sermilik at the time of sampling. Stations are coloured by location for reference in b-d as well as Fig. 3a: stations upstream from the fjord
(blue), within the fjord (yellow) and downstream (red). The white lines inside the fjord and upstream indicates the along-fjord and shelf sections shown

in Fig. 2 and Supplementary Fig. 8, while the black line mid-fjord corresponds to the cross-shelf section used for fjord export calculations (Supplementary
Fig. 6). The white arrow outside of Sermilik indicates the path of the East Greenland Coastal Current (EGCC). Locations of glaciers terminating in Sermilik
are indicated by H (Helheim), F (Fenris) and M (Midgaard). The inset map indicates the general location of Sermilik Fjord. b-d, Profiles of conservative
temperature, @ (b), absolute salinity, S, (¢) and nitrate concentrations (d) for stations indicated in a.

across the mouth of the fjord***!, stations to the east of the fjord are
representative of continental shelf waters (that is, are upstream of
any glacier-induced modification within Sermilik’), while stations
to the west lie downstream of the fjord®.

Source waters entering the fjord from the continental shelf
are initially well stratified, with a layer of cold Polar Water (PW)
of Arctic origin in the top 200m (with endmember properties
©=-1.40°C, S,=33.41gkg™"), separated by a sharp pycnocline
from Atlantic Water (AW) of subtropical origin below (0 =3.21°C,
S,=34.89gkg™) (Figs. 1b,c and 2a and Supplementary Fig. 1). In
contrast, waters found in the top 250m of the fjord have proper-
ties that are distinct from those identified on the shelf. While near-
surface (<5m) waters in this layer are warmer (©=0.91+1.16°C)
and fresher (22.00+6.90gkg™) than surface waters upstream of
the fjord (©=-0.60+0.38°C, S,=28.75+0.74gkg™), subsur-
face waters (<250m) are warmer (@=1.53+0.83°C) and saltier
(33.96+0.55gkg™") than PW, yet colder and fresher than AW.
Earlier studies have identified these waters as GMW***'~*—a mix-
ture of upwelled AW, PW and different meltwater sources—formed
as a result of glacier, iceberg and ocean exchanges.

Observations of nutrient enrichment and transport

Differences in the physical characteristics of the fjord’s upper water
column are parallelled by a striking disparity in macronutrient
load. Fjord waters in the upper 250m are significantly enriched in
macronutrients (NO3 =12.0+0.84pM, Si(OH),=6.67 +0.65 M,
PO;~=0.72+0.05 uM) relative to waters found at similar depths on
the continental shelf (NO; =6.19+0.44 pM, Si(OH),=4.82+0.21 pM,
PO}~ =0.61+0.02pM; Figs. lc and 2c.e,g and Supplementary
Figs. 1 and 2), and instead have concentrations similar to those
of deep (>300m) shelf waters (NO; =12.3+1.20puM, Si(OH),=
6.22+0.77 uM, PO} =0.74+0.08 pM). While macronutrients are
drawn down in the euphotic zone (~30m throughout the fjord),
consistent with enhanced local (fjord-scale) primary and second-
ary productivity at tidewater glacier margins'*'>*, silicate and TdFe

concentrations remain elevated in surface waters <5m in the fjord
and, in the case of TdFe, downstream (Si(OH),=3.46+1.64 M,
TdFe=6.96 +4.68 nM; Supplementary Fig. 3). Nutrient enrichment
of this magnitude has previously been reported in the upper 100 m
of other Greenland glacial fjord systems'®'*!>*"%, Biogeochemical
modification within this major fjord are by comparison far more
extensive, spanning the entire upper 250 m of the water column and
the length of the 100-km-long fjord (Fig. 2).

To confirm that these nutrient-enriched waters are indeed
GMW, we examine along-isopycnal property anomalies relative
to upstream conditions (Fig. 2b,d,f;h), alongside ©-S, character-
istics of the water masses (Fig. 3). In this framework, water mass
modification as a result of interaction with the glacier (includ-
ing SGD) would be characterized by anomalies that decay away
from the glacial terminus®, and ©-S, properties consistent with
transformation of ambient water masses by addition of SGD and
SMW?*»* (Fig. 3a). Within the fjord, weak temperature and nutrient
anomalies are apparent below 250 m (apart from phosphate, which
shows strong negative anomalies associated with high turbidity at
depth, see Supplementary Fig. 4) (Fig. 3d,£h), with ©@-§, proper-
ties in this layer resembling a mixture of AW and PW (that is, the
ambient trend; Fig. 3a), suggesting that these waters are unmodi-
fied. Above 250 m, ©-S, properties instead fall between the ambient
trend and the melt (that is, SMW) and runoff (that is, SGD) mixing
lines***>*, with nutrient and temperature anomalies consistent with
the vertical redistribution of AW driven by mixing with SGD and
SMW. In addition, these observations are also consistent with noble
gas observations collected concurrently during the cruise”, whose
chemical signatures provide definitive evidence for the presence of
SMW and SGD in the upper layer of the fjord.

Previous studies have shown that this upper layer (<250m)
is exported to the shelf by the mean summer circulation®
(Supplementary Fig. 5). The vertical distribution and biogeochemi-
cal properties of GMW in the fjord show that summertime circula-
tion will drive the export of nutrient-rich GMW to the continental
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Fig. 2 | Shifts in upper water column physical and chemical properties resulting from glacially driven circulation. a,c,e,g, Along-fjord sections of
conservative temperature (a) nitrate (¢), silicate (e) and phosphate (g). Section axis is shown in Fig. 1a. Left panels show the properties along an upstream
shelf section including stations used as a reference for anomaly calculations. b,d,f h, Isopycnal anomalies for a, ¢, e and g, respectively, with respect to

the mean profile calculated from stations located upstream from Sermilik. Triangles in a and b show locations of hydrographic profiles. Circles in b-h
correspond to discrete water sampling depths, while open triangles indicate additional sampling depths below the axis limit of the graph. Bathymetry is
shown in all panels in dark grey, while black horizontal lines indicate the 6, (density) =24.6, 26.6, 27.6 kgm~3 isopycnals.

shelf (Supplementary Fig. 6). Observational evidence for this export
pathway along the Greenland margin is found in the temperature,
salinity, nutrient and noble gas® signature of subsurface waters found
16km downstream of the fjord mouth, which match the Sermilik
Fjord GMW properties (Figs. 1b-d and 3 and Supplementary
Fig. 7). This GMW layer appears between 130 and 150 m at the sta-
tion closest to the coast, but not the offshore station, indicating that
its horizontal extent is less than our coarse station spacing (4km).
The layer’s small scale and isolation from the surface also suggest
that complex turbulent processes mix the fjord waters into the East
Greenland Coastal Current in the mouth region of Sermilik.

Resolving water mass composition

The significant enrichment of nitrate (Fig. 1d), a macronutrient pres-
ent atlow concentration (<2 pM) in ice and meltwater'**"*, suggests
that the physical and biogeochemical properties of this modified
water mass are largely set by entrained deep fjord waters. We trace
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the source of nutrient enrichment in the upper water column by
quantitatively decomposing GMW into its water mass constituents
using optimum multiparameter analysis (OMP)* (see Methods).
We find that, owing to the large entrained AW content of glacially
modified waters” (>85% of GMW by volume; Supplementary
Fig. 8), and its high nutrient load, most of the dissolved macronutri-
ents in GMW below the euphotic zone are sourced from upwelled
ambient waters (contributing on average NO3 >96%, Si(OH), >
91%, PO}~ > 95% of the signal), as opposed to the injection of SGD
and SMW from the GrIS. While previous observational data have
suggested contributions from upwelling to nutrient enhancement
along Arctic glacial margins'*>*~*, our study quantitatively dem-
onstrates its dominance in a major glacial fjord by objectively pars-
ing and comparing meltwater and ocean contributions to observed
nutrient enrichment.

The consistency of anomaly maps, ©-S,-nutrient profiles,
and OMP results with known fjord circulation and glacial meltwater
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Fig. 3 | Evidence of subglacial discharge and submarine melt impacts on fjord waters. a, ©-S, plot showing water mass properties in Sermilik. Profiles
are colour-coded according to Fig. 1a. Dominant water masses (AW, PW and GMW) are labelled in black, along with submarine meltwater (dashed black)
and liquid runoff (solid black) mixing lines linking the oceanic AW endmember to SMW and SGD endmembers respectively (see Methods). b-d, Same as
a with colours indicating concentrations of nitrate (b), silicate (¢) and phosphate (d) for discrete water samples. e-h, ©-S, profiles are colour-coded with
anomalies of conservative temperature (e), nitrate (f), silicate (g) and phosphate (h) (see Fig. 2). Light grey contours in all panels indicate isopcynals.

32,35,47

distributions®** support our interpretation of GMW distri-
bution and sources in this region. We conclude that the nutrient
enrichment of GMW exported to the large-scale ocean from this
major Greenland glacial fjord are largely set by the upwelling of deep
water at the glacier margins, a previously neglected mechanism.
Sermilik Fjord and Helheim Glacier share physical characteristics
with a number of fjord systems along the GrIS margins****, includ-
ing Ilulissat Icefjord/Jakobshavn Isbree (Greenland’s largest glacial
fjord system) where water mass characteristics and distributions
similarly suggest that upwelled deep waters determine the nutrient
enrichment of exported GMW (Supplementary Fig. 9). Based on
these and previous field observations'*'>***, we expect our conclu-
sions to be broadly representative of other Greenland glacial fjords.

Nutrient exports from Greenland's glacial margins

Input of meltwater at glacier calving fronts drives a vertical trans-
port of ambient waters whose volume is 10-30 times larger than
the initial freshwater input***>***, For Sermilik Fjord, conservative
estimates of seasonal (May-October) nutrient transports associ-
ated with the upwelling of AW average 17.1+3.9 Ggyr™ for nitrate
(as N), 19.6+4.5Ggyr ' for silicate (as Si) and 2.4+0.5Ggyr' for
phosphate (as P; see Methods). Estimated transports for Ilulissat
Icefjord are by comparison 2-3 times larger (40.1+12.0Ggyr™
nitrate, 66.3+19.9Ggyr ™" silicate and 8.6 +2.6 Ggyr™' phosphate)
owing to the larger volume transport of runoff (SGD) into the fjord
(Supplementary Fig. 10). These transports are substantial, in some
cases equalling or exceeding nutrient exports by major rivers flow-
ing into the Arctic (for example the Mackenzie River: 24 Ggyr™
nitrate, 554 Ggyr™' silica, 3Ggyr™' total dissolved phosphorus®~’;
Table 1). Comparison of these ocean-sourced transports to total
nutrients exported in meltwater from the GrIS (31 GgNyr™ total
nitrogen®, 280-4,480 Ggyr silica® and 3.2 Ggyr™ soluble reactive

Table 1| Fjord nutrient transports

System N(Ggyr") P(Gg Si(Ggyr') References
yr™")

Sermilik Fjord 12.3 1.7 141 This study

(2015)

Sermilik Fjord 171+£39 24+05 196+45 This study

(2000-2016)

Ilulissat Icefjord 401+£120 86+2.6 663+199 Thisstudy

(2000--2016)

GrlS 31 3.2 280-4480 7,38,42

MacKenzie River  12.5-24 1-1.5 464-554 49,50,57

Yukon River 19-24 19-2 644-694 49,57,58

Yenisey River 8.7-29 5.4-14.3 200-1857 49,57

Comparison of Sermilik Fjord and llulissat Icefjord nutrient transports with published estimates
for the GrlIS as well as Arctic rivers draining the North American (MacKenzie and Yukon) and

the Eurasian Arctic (Yenisey River, the largest in terms of discharge and nutrient fluxes'**). All
transports are reported as elemental (that is as N, P, Si) with units of Gg (10° g) yr~', and represent
transports of dissolved nitrate, phosphate and silicate (fjords), total nitrogen, soluble reactive
phosphorus, silica (GrlS), and nitrate, total dissolved phosphorus, and silica (rivers). Note that
river export estimates are computed for the calendar year, while estimates for Sermilik and the
GrlS reflect fluxes associated with or stemming from meltwater discharge, and therefore on
average limited to the period between May and September. Averages and standard deviations are
presented for both Sermilik and Ilulissat Icefjord, as well as transport estimates for Sermilik for the
2015 season individually.

phosphorus’; Table 1) provides additional context. In the case of
nitrate and phosphate, contributions of upwelled nutrients from one
major glacial fjord alone rival that of the entire ice sheet, implying
that for these nutrients, upwelling of deep ocean waters constitutes
a dominant transport mechanism of nutrients to the surface ocean.
Considering that phytoplankton in this region are primarily nitrate
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and phosphate limited during summer months®’, this transport may
have a disproportionately larger impact on regional primary pro-
duction than meltwater nutrient export'*'. Conversely, depending
on the particulate form of exported silica®, glacial runoff may act as
a comparatively larger source to the ocean (Table 1), although our
combined transport estimate for Sermilik and Ilulissat still repre-
sents nearly 31% of the lower estimate for ice-sheet integrated melt-
water silica export. In aggregate, our transport estimates suggest
that Sermilik Fjord likely acts as a significant exporter of nutrients
to the continental shelf. Because Southeast Greenland, one of the ice
sheet’s most prominent freshwater export pathways”, is dominated
by deep glacial fjords with marine-terminating glaciers exposed to
AW*, we hypothesize that the combined export of nutrient-rich
GMW from these systems significantly contributes to regional
primary production. Given the potential long-range transport of
meltwater and GMW emanating from Southeast Greenland'!, this
nutrient transport may ultimately have repercussions for carbon
cycling farther downstream in the subpolar North Atlantic.

While the dominance of upwelling as a mechanism for nutrient
enrichment is consistent for macronutrients, these conclusions may
not hold for iron. Dissolved and particulate iron concentrations
in meltwater emanating from the GrIS have been shown to reach
micromolar concentrations (3-4 orders of magnitude higher than
typical ocean concentrations)®, implying that glacial exports could
instead dominate upwelling transports in the case of this micronu-
trient. However, significant uncertainty remains concerning the fate
of this iron in the marine environment**?, owing to its well-docu-
mented estuarine removal in coastal waters®>**. In Sermilik Fjord, we
find TdFe enhancement in the fjord and downstream surface waters
of 3-8 times the upstream concentration (Supplementary Fig. 3).
Yet, these concentrations are 1-3 orders of magnitude lower than
previously measured along coastal West Greenland®'’, highlighting
the high degree of spatial variability in iron concentrations along
the GrIS margins resulting from differences in the source material,
the chemical speciation of iron and its mode of export to the coastal
ocean. A TdFe profile collected at the innermost fjord station pro-
vides further evidence of enhancement of iron in GMW, with TdFe
concentrations below the euphotic zone strongly correlated with
water column particulate load and a maximum TdFe concentra-
tion (12.8 +£0.2nM) at the core of the GMW plume (Supplementary
Fig. 11). Concentrations in AW at depth are comparatively lower
(3.0+0.2nM), values consistent with properties of subtropical
source waters found offshore in the Irminger Basin®. This suggests
that the GMW TdFe budget may, unlike other nutrients, be domi-
nated by glacial iron transports. More detailed trace metal studies of
fjords and adjacent glaciers are needed to constrain the importance
of the GrIS for North Atlantic iron budgets and potential down-
stream effects on primary productivity®*.

Ecosystem response to glacially derived nutrient inputs ulti-
mately depends not only on the characteristics and distribution of
GMW (Figs. 1b-d and 2 and Supplementary Figs. 1 and 2), but also
on the timing of its release to the continental shelf. Export was evi-
dent well below the euphotic zone outside the fjord in mid August
2015 (Fig. 1b-d and Supplementary Fig. 7), which, along with the
Sermilik Fjord water mass distributions, suggests that a significant
fraction of GMW nutrients may reach the continental shelf unmod-
ified due to surface biological processes. The timescales over which
these nutrient-rich waters are exported to the continental shelf is
uncertain, though studies of the circulation in Sermilik Fjord sug-
gest that timescales are on the order of weeks or months****, in
agreement with recent numerical model estimates''. As a result
of the dynamic coupling between freshwater export and entrain-
ment”, our results suggest that an increase in glacial meltwater
discharge from the GrIS over the coming decade, due to sustained
warming of both atmosphere and ocean'®***, is likely to enhance
the export of nutrients from Greenland’s glacial margins to the
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continental shelf and large-scale ocean, with repercussions for
primary production. Several key uncertainties remain, however,
including the role of iceberg-driven upwelling and meltwater
release in biogeochemical cycling®, a nutrient transport that may
be out of phase with the seasonal cycle of meltwater release from
the GrIS, as well as the bioavailability of particulate nutrients (that
is P, Si, Fe), which constitute the largest solute exports from the ice
sheet’. Coordinated observations across the atmosphere, ice sheet
and ocean continuum?, linked to more sophisticated ocean models,
will be necessary to improve our understanding of the interactions
between large-scale ocean dynamics, fjord circulation and the ice
sheet, and determine the connection between GMW export and
lower-trophic-level growth in the North Atlantic Ocean.

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of data availability and asso-
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Methods

Field sampling. Samples and observations were collected from 3 to 11 August
2015 aboard the RV Adolf Jensen. Conductivity, temperature and depth (CTD)
profiles between the surface and 10 m above bottom were collected using a SBE
25plus Sealogger CTD (Sea-Bird Scientific) equipped with a Wetlabs ECO-Triplet
(chlorophyll a, chromophoric dissolved organic matter and backscattering at
700nm), a Satlantic PAR LOG 7000 m photosynthetically available radiation
sensor, and a SBE 43 dissolved oxygen sensor. We report temperature and
salinity as conservative temperature (@) and absolute salinity (S,), respectively
(http://www.teos-10.0rg).

Macronutrient sampling and analysis. Nutrient samples for quantification of
nitrate + nitrite, phosphate and silicate were collected using twelve 51 Niskin
bottles (Ocean Test Equipment) equipped with silicone o-rings and coated springs,
mounted on a Sea-Bird rosette and deployed from the ship using a Spectra line
(Honeywell). Samples were filtered through a sterile 0.22 pM Sterivex filter

and kept frozen at —20°C for later analysis at the Woods Hole Oceanographic
Institution Nutrient Analytical Facility. To allow for sufficient time for any silicate
polymers formed during storage to return to their reactive form, samples were
thawed in the dark at room temperature for 24 h (ref. ). Dissolved nutrient
concentrations were quantified using a SEAL AA3 four-channel segmented flow
analyser® using standard colorimetric methods®' for nitrate + nitrite (NOx G172-96),
phosphate (G-297-03) and silicate (G177-96). All samples were measured

in duplicate with precision for reported values of 0.7%, 6.8% and 1.4% for

nitrate + nitrite, phosphate and silicate, respectively. Measurement accuracy was
determined via analysis of the KANSO reference material for nutrients in seawater
(RMNS) certified standard RMIJ CRM 7602A. The measured/certified values for
nitrate + nitrite, phosphate and silicate were 1.004, 1.008 and 0.970, respectively.

Iron sampling and analysis. All bottles and plasticware were cleaned using trace
metal clean procedures outlined in the US GEOTRACES protocols™. Surface
samples for TdFe were collected using a trace metal clean sampler fixed to a
plastic pole. Samples were taken while the ship was steaming at approximately
1 knot to minimize contamination from the ship. Water column samples were
also opportunistically collected at the innermost fjord station using the Niskin
bottles mounted to the rosette (Supplementary Fig. 11). Unfiltered samples were
placed in separate trace metal clean 250 m1 low-density polyethylene bottles and
immediately acidified to pH 1.8 with 4ml1~' Optima HCI (Fisher Scientific) and
stored until analysis 4 months later in the lab at the Woods Hole Oceanographic
Institution. TdFe is operationally defined as comprising the total dissolved Fe and
labile particulate Fe”, and likely represents the most reactive, and perhaps the most
bioavailable, portion of the total Fe pool.

Analyses for TdFe were carried out by first filtering each sample with a clean
0.2 pm polycarbonate filter. The filtered samples were then slowly neutralized to
pH 8 with 1N Optima NH,OH (Fisher Scientific) and ultraviolet-oxidized for
1 hour in acid-cleaned quartz tubes using a temperature controlled UV Digester
909 (Metrohm). Then 50 pl of 1.5 M ammonium borate buffer (>99.99% boric
acid, Alfa Aesar; 0.4N optima ammonium hydroxide Fisher Scientific) was added
to each 10 ml sample aliquot (pH 8.2, NBS scale) along with 5uM salicylaldoxime
(Acros Organics, VWR) and left to equilibrate overnight. Samples were
subsequently measured in triplicate using standard addition methods and cathodic
stripping voltammetry on an Eco-Chemie p Autolab III coupled to a 663 VA stand
(Metrohm) and processed using NOVA 8.0 software. Instrument parameters were
set following a previous study*’.

Disko Bay observations. Hydrographic observations from Disko Bay were
obtained from the World Ocean Database at the National Oceanographic

Data Center (https://www.nodc.noaa.gov; cruise WOD13_DK001270) and

the International Council for the Exploration of the Sea (ICES) oceanographic
database (http://ocean.ices.dk; cruise 26AJ). These data are available as a
supplementary dataset, as well as via the aforementioned public databases. Samples
flagged as being of questionable or poor quality were omitted in this analysis.

Water mass properties. Physical and biogeochemical properties of distinct water
masses (that is AW, PW, Warm Polar Water) or of portions of the water column
(for example fjord waters between 30 and 250 m) are unless otherwise indicated
presented as mean + standard deviation.

Water mass analysis. OMP is a common water mass analysis technique that

uses known physical and chemical properties of water-type endmembers (that is,
source waters) to solve for their fractional contributions to a mixture (that is, a
particular water sample) assuming linear mixing®. Here we use OMP as employed
by ref. ** to quantify the composition of GMW along Sermilik Fjord. Formally this
technique amounts to solving a system of m linear mixing equations for each of m
observed tracers:

Zf,‘Aij:dobs,j 1)
i=1
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where 1 denotes the number of source waters, f; the fraction of the ith source water
in the mixture, A; the tracer value (for example temperature) for the particular
source water, and d,,; the jth observed water sample. An additional constraint is
placed so that the sum of fractions equals to one (that is a mass balance constraint).
This system of equations can be written as:

Ax—d=r (2)

where A is the (m + 1) X n matrix of the source-water tracer values (with the entries
in the last row set to 1 to denote the mass balance constraint), x is the n X 1 vector
of unknown fractions of source water in the mixture, d is a (m+ 1) X 1 vector of the
observed tracers in a sample, and r is the (m + 1) X 1 residual misfit between the
observed tracers and the combination of endmembers. This system of equations

is solved as a least squares problem (for example, minimizing ||r|| ) subject to the
requirement that there be as many or more constraining tracer equations than
unknown water-type fractions (that is m > n) and the constraint that the resulting
water mass fractions be non-negative®.

We define endmember properties (that is A), whose values appear in
Supplementary Table 1, following the method of ref. . For oceanic sources, we
examine temperature/salinity properties of upstream waters (the proximal source
waters for Sermilik Fjord), defining temperature and salinity endmember values
of three water masses—AW, PW and Warm Polar Water—based on particular
©-8, signatures identified in previous surveys*>*"*>*" (Fig. 3a). Source-water
nutrient concentrations are then defined by the properties of the water sample
closest in thermohaline space to the ©-S, definition of that water mass (Fig. 3b-d).
Following previous studies®, and because this analysis is both limited to the scale
of the fjord (<100 km) and focuses on properties of waters below the euphotic zone
(approximately 30 m), we treat macronutrients, alongside @ and S,, as conservative
tracers, ignoring biogeochemical modifications resulting from water mass aging or
primary production.

Properties for the two glacial source waters, SGD and SMW, are assigned
based on literature values. SGD, formed as a result of melting at the surface of the
ice sheet, is assumed to enter the fjord with a temperature of approximately 0°C.
SMW, formed as a result of ocean melting at depth, requires latent heat to be drawn
from the ocean during phase change® . In the framework of OMBP, this yields an
effective tracer temperature of —87°C (ref. *). Both water masses are assumed
to have 0 salinity. Glacial nutrient concentrations, which were not measured
during our survey, are estimated by averaging recent observations collected
from a range of West Greenland glacier-fjord systems for nitrate*"*, silicate®**"!
and phosphate®”'!.

Before solving equation (2), A and d are first normalized (subtracting the mean
and dividing by the standard deviation) to make parameters of different units and
magnitudes comparable, and then weighted to account for measurement accuracy,
our knowledge of true endmember properties and the spread of property values®.
Weighing ultimately reflects differences in the tracers’ abilities to distinguish
between water masses for a given observed water sample. Weights for each tracer in
matrix A are computed as:

%
Wi=— (3)
€j max

where o2 refers to the variance of the endmember tracer values (6,2: oy (A,j—Aj)z)

and g;,,,,, denotes the largest uncertainty in that tracer parameter across all
endmembers. Values of ¢;,,,,, used in this study appear in parentheses in
Supplementary Table 1. Large uncertainties are associated with glacial source-water
nutrient concentrations, given difficulties associated with measuring SMW directly
in glacial fjords and the large spatial and temporal variability in observed values
for SGD within and across sampling sites®”***"*2, Uncertainties for temperature
and salinity are set to match those of ref. », given similarities in physical systems
and sampling methods. Following previous studies*, we assigned the largest of our
calculated weights to the mass balance equation.

In our case, equation (2) was thus modified to include a (m+1) X (m+1)
diagonal weighing matrix W, whose entries W, are given by equation (3), and the

i
system solved by minimizing the norm of the residual (||r||?):

(Ax—d)"'W'W(Ax—d) =1"r (4)

where T denotes matrix transpose. Following ref. ** and others, we use water
mass conservation residuals as an indicator for the quality of the OMP results.
Low (high) water mass conservation residuals, typically <5%, suggest that
observations can be well (poorly) described as a combination of the specified
source-water types. We also compare OMP results computed as above to results
from an independent analysis of Sermilik water masses employing noble gases
as tracers’ (Supplementary Fig. 8). Data output from this analysis were obtained
from the authors.

GMW nutrient budget. Fractional water mass contributions derived from OMP
(Supplementary Fig. 8) combined with endmember nutrient concentrations
(Supplementary Table 1) allow us to apportion water column nutrients to glacial
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and oceanic water masses®’. For fjord waters where glacial contributions were
identified in OMP (that is SMW or SGD > 0), percent contributions to each
macronutrient load for each discrete sampling location (F;) was calculated as:

A
Fi:% (5)

obs,j
with f, A; and d,; as in equation (1). Nutrient budgets quoted in the text
represent the mean fractional contribution of each water mass to total nutrient
concentrations for GMW across the fjord.

Transports. Export of nutrients in the upper layer of the fjord at the time of
sampling was calculated by multiplying the along-fjord geostrophic velocity
section’ with the nutrient distributions (Supplementary Fig. 6), then integrating
across the fjord (black section in Fig. 1a) and from the surface to the bottom of the
GMMW layer (approximately above the 34.5 isohaline).

To derive annual estimates of vertical nutrient transports resulting from ice—
ocean interactions, we assume that upwelling is to a first order driven by the input
of subglacial discharge at the base of the glacier’>**“. We use daily estimates of
runoff at 1 km resolution derived from downscaled Regional Atmospheric Climate
Model (RACMO) v2.3.2 to estimate the SGD volume flux into Sermilik at the
margin of Helheim Glacier and into Ilulissat Icefjord at the margin of Jakobshavn
Isbre between 1959 and 2016 (Supplementary Fig. 10). Catchment basin definitions
were obtained from ref. " for Helheim and the National Snow and Ice Data Center
for Jakobshavn (http://nsidc.org/data/nsidc-0371)"""2. In estimating the volume flux
of SGD at the base of Helheim, we assume that surface runoff for a particular day
is immediately transferred to the bed and exported to the fjord at the glacier base,
implying that runoff is stored neither in the firn nor at the ice-sheet bed.

For Sermilik, we use a median entrainment ratio of % =7 for GMW in the
top 250 m, a value derived from OMP results that is consistent with ambient to
meltwater entrainment ratios previously observed in two West Greenland fjords*>*
as well as an independent estimate for Sermilik Fjord™, and calculate the volume
flux of AW into the upper water column by multiplying the SGD time series by 30.
For Ilulissat Icefjord, where both AW and PW comprise significant components
of GMW, we used entrainment ratios of 14 and 16 respectively, median values for
the upper water column derived from a previous noble gas-based OMP analysis of
GMW water mass composition® (Supplementary Fig. 9).

Dissolved nutrient transports for each year (that is, period between
approximately May and September of each year for which RACMO runoff for each
catchment basin is >0) are calculated from the product of the integrated oceanic
volume flux (either AW or AW + PW) and the endmember nutrient concentrations
(Supplementary Tables 1 and 2). Nutrient endmember concentrations for source-
water masses to Disko Bay most similar (in temperature-salinity space) to water
masses encountered during sampling in ref. * were obtained from an average
of properties of upstream source waters to the bay” (Supplementary Fig. 12
and Supplementary Table 2). Averages fluxes and standard deviations for the
2000-2016 period, as well as nutrient fluxes for 2015 for Sermilik individually, are
reported in the text and in Table 1.

Our approach for calculating nutrient transport uses a simplified model
that relies on the availability of time series runoff estimates. Because it ignores
the contribution of upwelling due to submarine melt (thought to be at least as
large as the volume flux of subglacial discharge in Sermilik’>**), for which long-
term estimates are unavailable, our volume fluxes of AW (here computed as
30 times SGD) are necessarily underestimated. Uncertainty estimates for daily
RACMO runoff are unavailable as part of model output®, although previous
model intercomparisons yield estimates on the order of 20% for the GrIS™”, with
uncertainties varying regionally. While runoff fluxes derived from RACMO for
both Helheim and Jakobshavn are overall similar to previous estimates reported
in the literature from another regional model”*’, estimates for our occupation of
Sermilik (265 +126 m*s™, Supplementary Fig. 13) are 2—4 times lower than those
calculated from in situ measurements of water mass distributions and geostrophic
velocities for the same time period (800 4500 m’s™"; ref. *?). This discrepancy can
be accounted for by an underestimation of model runoff exported at the base of
Helheim, or by considering that we ignore the impact of subglacial discharge from
the smaller but also deeply grounded Midgaard and Fenris glaciers (Fig. 1a), whose
combined catchment-scale subglacial fluxes into Sermilik (peaking seasonally at
approximately 1,000 m*s~"; ref. ') rival those of Helheim. Accounting for these
additional deep sources of freshwater would yield concomitant increases in the
volume of entrained ocean waters'”*>%, thereby significantly increasing nutrient
transport estimates.

Data availability

Continuous hydrographic (CTD) profiles are available from the National
Oceanographic Data Center (http://accession.nodc.noaa.gov/0171277), while
discrete nutrient measurements and CTD bottle data (https://doi.org/10.1594/
PANGAEA.887304), as well as discrete iron data (https://doi.org/10.1594/
PANGAEA.887324), are available from the PANGEA information system’”7*.
Ocean current data for Sermilik Fjord are publicly available from Data.gov(NODC
accession number 0126772 and NCEI accession number 0127325). Downscaled
RACMO2.3.2 data were provided by M. van den Broeke and B. Noé¢l and are
available from them upon request. Hydrographic data for the West Greenland
continental shelf (Supplementary Table 2 and Supplementary Fig. 12) are
available from K. Azetsu-Scott upon request. Other data supporting the findings
of this study are available as described in the Methods, and otherwise from the
corresponding author upon request.
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