
1. Introduction
The Arctic is experiencing some of the most rapid environmental changes as a result of global climatic change, 
with the Greenland Ice Sheet (GrIS) undergoing substantial mass loss. Arctic temperatures are rising at more than 
double the global average (Forster et al., 2021) and the significant ice mass loss from the GrIS has global impli-
cations via the impacts on oceanic circulation and biogeochemical cycles. Fjord environments act as the interface 
between the GrIS and the global ocean, largely influenced by increasing freshwater fluxes from land and marine 
terminating glaciers. Greenlandic glacial fjords are highly productive environments especially considering their 
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cold temperatures, with pronounced increases in summer productivity attributed to glacial meltwater discharge 
(Grønkjær et al., 2019; Meire et al., 2017).

Glacial meltwaters have been shown to be a significant source of dissolved and amorphous silicon (DSi and ASi, 
respectively), with estimated fluxes of 0.2 Tmol yr −1 from the GrIS (Hawkings et al., 2017). Elevated Si concen-
trations have been reported on the inner shelves of Arctic coastal regions, due to the high Si fluxes exported from 
Arctic rivers (Carmack & Macdonald, 2004). Silicon is key for marine biochemical cycling and the global carbon 
cycle, by fueling siliceous primary producers such as diatoms. Recent studies have shown that spring diatom 
productivity in the Arctic Ocean is controlled by Si supply and limitation (Giesbrecht & Varela, 2021; Krause 
et al., 2019) highlighting the need to include glacially derived Si into regional climate models.

There has been a recent focus on understanding how fluxes of glacially derived nutrients impact downstream 
ecosystems, given that meltwaters are enriched in micro- and macro-nutrients (e.g., Hawkings, 2021; Hendry 
et al., 2019; Martin et al., 2020; Vick-Majors et al., 2020). However, the role of fjords in the modulation and 
drawdown of glacially derived nutrients is still poorly understood. Fjord environments are highly heterogenous, 
with differences in hydrography, bathymetry and varying freshwater inputs all contributing differences in bioge-
ochemical processes (Hopwood et al., 2019). Dissolved and particulate nutrient fluxes are largely influenced by 
circulation dynamics in fjord environments (Hopwood et al., 2015; Meire et al., 2016), and there is a significant 
biological uptake of nutrients in order to sustain spring and summer phytoplankton blooms (Meire et al., 2017). 
Glacial meltwaters strongly enrich surface fjord waters in DSi, with a 20%–160% increase of DSi expected into 
Greenland coastal regions by the end of the century (Meire et al., 2016). This will potentially increase diatom 
abundance in fjord environments, dependent upon nutrient stoichiometry within these environments with impli-
cations for carbon cycling in the region. There are marked differences in biogeochemical cycling and resultant 
productivity between fjord environments, particularly due to the differences in glacial meltwater inputs between 
fjords fed by land- and marine-terminating glaciers, particularly due to the upwelling of nutrient rich bottom 
waters by subglacial discharge in fjords with marine-terminating glaciers (Meire et al., 2017). Previous work has 
also suggested that glacial meltwaters impact coastal ecosystems beyond the fjord environment, with satellite 
observations and models suggesting that meltwater could impact phytoplankton blooms off south-west Green-
land (Arrigo et al., 2017; Oliver et al., 2018). Furthermore, higher than expected diatom activities and elevated 
benthic fluxes off the west coast of Greenland in the Labrador Sea indicate rapid DSi cycling in these meltwater 
influenced coastal waters (Hendry et al., 2019).

Silicon is a useful tracer of glacial meltwaters in fjords and beyond, particularly when employing the combination 
of concentration and isotopic analysis. Silicon has three stable isotopes, and multiple biotic and abiotic processes 
within the fjord environment result in isotopic fractionation, alongside physical processes that shift isotopic 
values. Glacial meltwaters have a dissolved silicon isotopic composition (denoted by δ 30SiDSi) that is, on average, 
lighter than non-glacial rivers (average +0.16‰ compared to +1.38‰, respectively, Hatton et al., 2019a, 2019b). 
Glacial ASi has also been shown to be isotopically light, likely due to mechanochemical formation mechanisms 
within the subglacial system (Hatton et al., 2021), with average glacial amorphous silica isotopic values (denoted 
by δ 30SiASi) reported as −0.54‰ (−0.85‰ to −0.05‰, Hattonet al., 2019a, 2019b). Isotopic fractionation of Si 
occurs during the biological uptake of Si to biogenic silica (BSi) and abiological processes such as the formation 
of secondary weathering products (i.e., ASi) and the adsorption of Si onto iron and manganese oxide phases 
(Delstanche et al., 2009; Pickering et al., 2020). The changes in δ 30SiDSi within fjord systems, from glacial inputs 
to the fjord mouth and beyond the ocean shelf can therefore inform hypotheses on the biogeochemical processes 
and modification of waters in these environments.

There is a need to better understand the role of glaciated fjords in processing meltwaters to fully constrain how 
and when glacially derived nutrients may reach the coastal ocean and impact global nutrient cycles. To address 
this knowledge gap, we present biogeochemical data, including silicon isotopic data, from two contrasting fjord 
systems in south-west Greenland; Nuup Kangerlua (NK) and Ameralik Fjord (Figure 1). We present data from 
two years (June 2018 and September 2019) to compare and contrast the different processes occurring in both 
fjords with significantly different glacial inputs and hydrological systems. Our investigation of silicon isotope 
data from both fjords allows us to assess whether glacial waters biogeochemically modify coastal waters. Addi-
tionally, we can consider the impact of changing meltwater influences at differing times during the melt season 
on fjord silicon biogeochemical cycling. Finally, we combine silicon and radium isotopic data to determine 
the importance of these temporal differences in relation to the export timing from the fjord environment. This 
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detailed investigation into silicon cycling of these two fjord environments via isotopic analysis will enable a 
better assessment into how these environments modify coastal waters and therefore will allow us to consider the 
exchange of glacially derived nutrients beyond the fjord system.

2. Materials and Methods
2.1. Sampling Locations

Sampling of NK (also commonly referred to as Godhåbsfjord (GF) in the literature) and Ameralik (AM) in 
south-west Greenland was carried out in July 2018 and September 2019 (Figure 1). Sampling was undertaken 
on board Greenlandic commercial vessels, MV Kisaq in July 2018 and MV Tulu in September 2019. Sampling 
locations approximately matched the stations regularly sampled by the Greenlandic Institute of Natural Resources 
(Mortensen et al., 2011) and we have followed the same station naming system for simplicity, hence will refer to 
stations by GF-“number” throughout the publication.

NK is one of the largest Greenlandic fjords by surface area (Mortensen et al., 2020), with a 190 km main fjord 
branch. It is fed by three marine-terminating glaciers (Kangiata Nunaata Sermia, Akullersuup Sermia, and Nars-
sap Sermia) and proglacial rivers from three land-terminating glaciers (Qamanaarsuup Sermia, Kangilinnguata 
Sermia, and Saqqap Sermersua). It has a main sill depth of 170 m at the fjord mouth, with two further sills 
in-fjord at 250 and 277 m depth, within 47 km of the main sill (Mortensen et al., 2011). Sampling stations GF7 
to GF15 lie upstream of these inner sills. This fjord system has been well-studied, with a range of data available 
for contextualizing our data; including circulation processes, biogeochemistry and nutrient export (e.g., Arendt 
et al., 2010; Juul-Pedersen et al., 2015; Meire et al., 2017; Mortensen et al., 2018).

In comparison, AM is less well studied with respect to biogeochemistry, with a detailed consideration of fjord 
hydrography only being completed recently (Stuart-Lee et al., 2021). AM is fed by one land-terminating glacier 
(via the river Naajat Kuuat) at the head of the fjord and non-glacial meteoric water sources. The main fjord is 
approximately 75 km long, with an area of around 400 km 2 (Stuart-Lee et al., 2021).

Upper coastal waters outside both fjords have a summer temperature around 0°C and salinity of 33 and are 
defined as Southwest Greenland CW, originating from the Arctic Ocean, traveling through the Fram Strait 
(Rysgaard et al., 2020). This upper layer is intermediately modified by colder, more saline water originating from 
Baffin Bay and the layer below is of Atlantic origin, which is warmer and more saline (Mortensen et al., 2022).

Figure 1. Map of sampling locations from July 2018 (red circles) and September 2019 (black circles) in Nuup Kangerlua (GF labeled stations) and Ameralik Fjord 
(AM labeled fjords). Purple squares highlight the location of glacial inputs from land-terminating glaciers and blue squares show glacial inputs from marine-terminating 
glaciers.
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2.2. Sample Collection

A RBR concerto Conductivity, Temperature, Depth (CTD) profiler with cable attached Seapoint Tu sensor and 
Turner Cyclops chlorophyll fluorometer was deployed at each station. These CTD casts recorded depth profiles 
of conductivity, temperature, pressure, turbidity, and chlorophyll a (Chl-a) in continuous mode (Ruskin software 
v2.3.1, frequency 6 Hz). Data from the downcast only is reported, and the instrument was kept a minimum of 5 m 
above the bed to avoid sediment disturbance.

Surface (0–5 m) sampling was completed using a Towfish system, where acid-cleaned reinforced PVC tubing 
was attached to a plastic vane and weighed down with 24 kg of plastic-coasted dive weights. Water was pumped 
onboard via a pneumatic Teflon bellows pump (A2CH1 F8 AstiPure II, Saint Gobain). Depth samples were 
collected using a 10 L Niskin bottle, with samples collected deepest to shallowest. Water for oxygen isotope 
(δ 18O) analysis was collected directly into acid-cleaned 30 ml HDPE bottles. Water for all other dissolved param-
eters was filtered via 0.2 μm Acropak filter cartridge into acid-cleaned HDPE or LDPE bottles. Samples for nutri-
ent analysis were frozen at −20°C until analysis. Samples for stable silicon isotopes were kept refrigerated in the 
dark until analysis. Suspended sediments were collected by filtering a known volume of water via polycarbonate 
filters (0.22 μM) and stored frozen at −20°C until analysis.

2.3. Laboratory Analysis

Inorganic nutrients (NO3, NO2, PO4, and Si(OH)4) were analyzed using a high resolution colorimetric 5-channel 
segmented flow autoanalyser at Plymouth Marine Laboratory, with analytical techniques reported by Woodward 
and Rees (2001), and by using the recognized GO-SHIP nutrient sample defrosting technique (Becker et al., 2020) 
prior to analysis. Typical uncertainty was 2%–3%. δ 18O analysis was completed at the British Geological Survey 
(Keyworth) using the CO2 equilibration method. Internal standards were calibrated against international reference 
standards VSMOW2 and VSLAP2, with errors typically ±0.05‰ (See Hendry et al. (2019) for full methodolo-
gies). Meltwater fractions were calculated using water δ 18O composition and salinity mass balance, following the 
method outlined in Hendry et al. (2019) and references therein.

Dissolved stable silicon isotopes (δ 30SiDSi) were measured at Bristol Isotope Group, University of Bristol. 0.22 μm 
filtered samples were re-filtered in the laboratory via 0.02 μm syringe filters (see Table S1 and Figure S1 in 
Supporting Information S1) prior to pre-concentration using Mg-induced co-precipitation (de Souza et al., 2012) 
and purification cation exchange resin (Biorad AG 50 W-X12, Georg et  al.  (2006)). Samples were analyzed 
using a Thermo Fisher Scientific™ Neptune multi-collector inductively coupled plasma mass spectrometer 
(MC-ICP-MS), using a dry plasma introduction system (Apex-IR). Standard-sample bracketing (NBS-28, NIST 
RM8546), intensity-matched Mg doping and H2SO4 doping were used to correct for internal mass bias and anionic 
matrix mass bias (Georg et al., 2006; Hughes et al., 2011). Samples were measured in triplicate, where sample 
volume allowed, with an average external error of 0.12‰ (2SD). Reference materials were analyzed alongside 
samples, with δ 30Si Diatom reported as +1.26‰ ± 0.14‰ (n = 43) and LMG-08 reported as −3.46‰ ± 0.15‰ 
(n = 50), which agree well with published values. Additionally, seawater standard ALOHA1000 was analyzed 
during each measurement session with an average value of +1.33‰ ± 0.16‰ (n = 10), which is in agreement 
with published values (Grasse et al., 2017). All standards and samples filtered via 0.02 μM filters demonstrate 
mass dependent fractionation, with a gradient of 0.5119 for a three isotope plot (Figure S1 in Supporting Infor-
mation S1, Reynolds et al., 2006).

Suspended sediments from polycarbonate filters were analyzed for amorphous and BSi concentrations 
(ASi + BSi, hereafter termed ASi) and δ 30SiASi. Sequential leaching was used to determine ASi concentrations 
(Michalopoulos & Aller, 2004; Pickering et al., 2020), where HO2O2 digestion of organic matter was followed by 
a HCl leach to remove authigenic minerals, then a Na2CO3 extraction was completed following DeMaster (1981). 
Sediments were prepared for δ 30SiASi analysis via a 0.2 M NaOH extraction (Hatton et al., 2019a, 2019b) and 
the subsequent solution was purified using cation exchange resin and analyzed using MC-ICP-MS, following the 
same methodology as dissolved samples. Unfortunately, the current common consensus of methodologies do not 
allow for ASi and BSi fractions to be separated and analyzed individually, preventing assessment of lability of 
the total ASi pool currently.

 21698961, 2023, 7, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JG

007242 by T
est, W

iley O
nline L

ibrary on [21/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Biogeosciences

HATTON ET AL.

10.1029/2022JG007242

5 of 17

2.4. Silicon Isotope Fractionation Model

We used a simple fractionation model (Varela et  al.,  2004) as a thought experiment to consider the in-fjord 
processes impacting the silicon isotope composition of surface waters. Closed (Equation 1) and open (Equation 2) 
models were run with a range of initial parameters and fractionation factors (ε) to consider a range of potential 
δ 30SiDSi when considering the role of diatom utilization in fjord waters, using an isotope mass balance approach.

𝛿𝛿30Siseawater = 𝛿𝛿30Siinitial − 𝜀𝜀 ln(𝑓𝑓 ) (1)

𝛿𝛿30Siseawater = 𝛿𝛿30Siinitial − 𝜀𝜀(1 − 𝑓𝑓 ) (2)

Where;

δ 30Siinitial = prescribed set of initial conditions based upon either; 100% glacial, 100% seawater, or mixed condi-
tions at 15 PSU.

ε = diatom fractionation factor.

f = the remaining fraction of Si remaining when compared to the initial conditions.

Each model was run using three different fractionation factors (ε), based on the Si fractionation by various diatom 
species, including the commonly accepted average −1.1‰, plus specific ε values for polar diatoms Thalassiosira 
antarctica (ε = −0.74‰) and Thalassiosira pseudonona (ε = −1.21‰), as reported by Sutton et al. (2013). These 
species were selected from the study by Sutton et al. (2013) as the Thalassiosira spp. characterize NK, making 
up an average of 73% of the community (Krawczyk et al., 2014), whereas the Fragilariopsis (also reported in 
Sutton et al. (2013)) is in much lower abundances in NK due to the relatively warm summer surface temperatures.

Initial conditions were varied to simulate source water from 100% glacial sources, 100% seawater source and a 
mixed source (a mix of glacial and seawater endmembers at 15 PSU). Glacial DSi concentrations and δ 30SiDSi 
values ranged from 20.7 to 49.4 μM and −0.58‰ to +0.51‰, respectively (Table S2 in Supporting Informa-
tion S1). As there are no published data for glacial streams directly feeding NK or AM, we took values from 
a range of glacial rivers to best represent the potential variation in DSi concentration and δ 30SiDSi values from 
glacial rivers (Table S2 in Supporting Information S1, Hatton et al., 2019a, 2019b). Seawater values for initial 
conditions were derived from a range of values of outflow water from the Fram Strait. DSi concentrations ranged 
from 8.8 to 11.9 μM and δ 30SiDSi values ranged from +1.64% to +1.92% (Table S3 in Supporting Information S1, 
Brzezinski et al., 2021). These values were selected as the CW outside of the two fjords originates mostly from 
Southwest Greenland CW, which originates via the Fram Strait (Rysgaard et al., 2020).

We compared the model simulations to a “Local Surface Seawater” value, which was measured in 2017 during 
the DY081 cruise close to the coast near the Nuuk fjords (63°57′12.888″N, −52°55′0.5592″W). The sample was 
taken at 1.3 m depth, with a DSi concentration of 0.85 ± 0.07 μM and δ 30SiDSi composition of +1.82‰ ± 0.2‰, 
so provides a useful comparison between surface waters within the fjord system and beyond the shelf break.

Surface δ 30SiDSi values from NK were also plotted in Figure 5 to compare to the model simulations. The f value 
was derived by calculating the Si remaining for each fjord sample compared to an average DSi concentration from 
the initial conditions of each model scenario. This varied for the three scenarios (100% glacial, 100% seawater 
and mixed source), as the DSi concentration of each set of starting conditions was dependent on the water source.

3. Results
3.1. Hydro-Chemical Data

Both fjords show pronounced surface freshening in summer, resulting from the input of glacial meltwaters, with 
the lowest salinities in the upper 5 m closest to glacier outputs. NK has been well studied and our observations 
match well with previous sampling campaigns (e.g., Meire et al., 2017), with the inner fjord containing low salin-
ity waters above 5 m depth, stratified from deeper, more saline waters by a pycnocline. Surface waters remain 
fresher further out-fjord in 2019 compared to 2018, likely due to the presence of icebergs in NK, in addition to the 
later season sampling and increased glacial melt throughout the summer prior to September sampling compared 
to July.
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Surface water temperatures were warmer in 2018 compared to 2019 in both fjords, owing to the difference in 
sampling time between the two years. Water temperatures were also higher in AM compared to NK, particularly 
at the surface due to the addition of cold, fresh iceberg melt in NK.

It is important to note that GF-Inlet is not located within the main section of the fjord, but rather in a small fjord 
branch, with a shallow sill depth. This branch is fed by runoff from a land terminating glacier, which flows 
through Lake Tasersuaq before reaching the fjord branch. There was also substantial runoff entering the area 
from the steep valley sides of the fjord, potentially carrying large amounts of terrestrial material. The shallow 
nature of this site (maximum depth ∼30 m) and its location within a branch off the main section of the fjord, 
exhibits differing hydrological dynamics to the main fjord, and must be treated separately when considering the 
downstream export of material to the fjord mouth and beyond.

3.2. Dissolved Nutrients

Nutrient ratios highlight an excess of DSi relative to NO3 and PO4 in low salinity waters, where elevated DSi is 
being transported into the fjords by glacial meltwaters (Figure S3 and Table S4 in Supporting Information S1). 
However, the majority of samples where NO3:DSi ratios fall below the 1:1 line are in surface waters, where 
diatom activity is expected to be minimal. Samples from the Chla-max (10–20 m deep) fall above the 1:1 ratio 
line and therefore NO3 is not assumed to be the limiting nutrient for diatoms. There is excess PO4 with respect 
to NO3 throughout the water column (Figure S3 in Supporting Information S1), which is also seen in other fjord 
systems (Santos-Garcia et al., 2022), due to the rapid uptake of NO3 by primary producers and the low NO3 
concentrations contributed by glacial meltwaters.

Dissolved silicon (DSi) concentrations were highest in surface waters (<5 m depth) further in-fjord for both 
fjords (Figure 2), with a significant positive correlation between DSi concentration and salinity in both fjords 
(NK; p = 3.4 × 10 −6, AM; p = 1.1 × 10 −12, Figure S2 in Supporting Information S1). There was a drawdown of 
surface DSi concentrations in both fjords toward the fjord mouth, which was more rapid in AM where there is 
only one point source of glacial meltwater at the head of the fjord (Figure 2). Low salinities, high DSi and high 
turbidity were recorded at AM12, but waters were already well-mixed with much higher salinity (31) by AM10. 
Surface DSi concentrations remained elevated in a large portion of NK until around GF7, owing to a greater 
volume of discharge from glacial sources.

Surface dissolved silicon isotope (δ 30SiDSi) compositions were lightest in waters with lowest salinity and greatest 
glacial melt input in both fjords (Figures 2 and 3, Figure S4 in Supporting Information S1), likely owing to the 
isotopically light DSi signature expected from glacial meltwaters. The δ 30SiDSi values in both fjords fall below 
the simple water mass mixing line (Figure 4), highlighting a source of isotopically light DSi into both systems, 
which is discussed in further detail in Section 4.1. The deep water δ 30SiDSi values were similar in both fjords, with 
no significant differences between melt seasons. Unfortunately, no δ 30SiDSi data are available from the Chl-a max 
due to the low DSi concentrations and complex organic material leading to matrix interferences during analysis 
(Hughes et al., 2011).

Patterns of DSi concentrations and δ 30SiDSi were relatively similar across the two melt seasons in AM, with 
the highest DSi concentrations and the isotopically lightest composition at AM12 in both years, with a rapid 
drawdown of DSi by AM10 (Figure 2). The proportion of glacial meltwater reaching AM10 was greater in 2018 
compared to 2019, with lower salinity, higher DSi, higher turbidity at AM10 in 2018 (Figures 2 and 3).

In comparison, in NK the glacial meltwater signature was evident further down fjord in 2019 compared to 2018. 
The glacial melt fraction at the surface was similar at GF12 and GF13 across both years, and the δ 30SiDSi compo-
sition of surface waters was similar (+0.54‰ in 2018 and +0.38‰ in 2019, Table 1). Whereas the glacial melt 
fraction was substantially lower at GF10 in 2018 when compared to 2019. This was accompanied by lower DSi 
concentrations at GF10 in 2018 and higher δ 30SiDSi composition in surface waters (+1.53‰ in 2018 compared 
to +0.36‰ in 2019).

3.3. Particulate Concentrations

Stations with the greater freshwater input also had higher turbidity concentrations at the surface, which is particu-
larly evident in AM (Table  2). Waters at AM12 were extremely turbid during both 2018 and 2019 and had 
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correspondingly high ASi concentrations. ASi concentrations were higher at the surface and the Chlorophyll 
maximum (∼15 m, based on fluorescence data) in AM in 2018 compared to 2019 at all stations, except for 
AM12. ASi concentrations generally decreased down-fjord at the surface and at the Chlorophyll maximum until 
a slight increase at AM3. In contrast, Chl-a concentrations increased down-fjord at the surface in AM in 2019 but 
peaked mid-fjord (AM7) at the Chl-a max. The highest Chl-a concentrations of AM were in 2018, at the inner 
fjord stations.

Figure 2. Scatter plots showing key dissolved geochemical parameters from (a–d) Nuup Kangerlua (NK) and (e–h) Ameralik Fjord (AM). Data from 2018 to 2019 is 
combined in each plot. Open circles represent surface data (>5 m), gray (NK) and orange (AM) circles represent samples taken from a depth of 10–20 m, and filled 
black (NK) and red (AM) circles represent deep water samples (>100 m).
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The waters at GF11-Inlet in NK were extremely turbid in both 2018 and 2019, with elevated concentrations of 
ASi (Figure 3). In the main fjord trunk, ASi concentrations were highest at the Chl-a maximum at all stations, 
with the highest concentration at GF11 in 2018 and GF15 in 2019 (Figure  3). Elevated ASi concentrations 
coincided with elevated Chl-a concentrations in both years, with higher Chl-a concentrations generally in early 
summer samples (2018). Surface turbidity was elevated in 2019 compared to 2018 in NK, despite lower Chl-a 
concentrations in 2019, suggesting higher loads of abiotic suspended sediments coinciding with greater propor-
tions of glacial melt in 2019.

Figure 3. Scatter plots showing key particulate geochemical parameters from (a–d) Nuup Kangerlua (NK) and (e–h) Ameralik Fjord (AM). Data from 2018 to 2019 
is combined in each plot. Open circles represent surface data (>5 m), gray (NK) and orange (AM) circles represent samples taken from a depth of 10–20 m, and filled 
black (NK) and red (AM) circles represent deep water samples (>100 m). Note the different scales required for on the y-axis of the plots, due the differences between 
NK and AM.
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The isotopic composition of ASi (δ 30SiASi) was analyzed in 2019 for NK and 
AM. The δ 30SiASi values in surface waters were lower than at the depth of 
the Chl-a maximum and deep samples for all stations in NK, with the excep-
tion of GF-Inlet (Figure 3), highlighting the different source of suspended 
sediment material outside of the main fjord branch. The surface isotopic 
composition was lightest further in-fjord, coinciding with greater glacial melt 
percentage and increased toward to fjord mouth in both NK and AM. Deep 
water δ 30SiASi values in AM were lower at AM10 compared to AM7, poten-
tially highlighting the greater proportion of glacial particles settling closer to 
the glacial source, with a lighter isotopic composition.

4. Discussion
4.1. Modification of Coastal Waters

The role of glacial meltwaters in fjord biogeochemical cycling is still debated, 
with unanswered questions regarding the role of meltwaters in modifying 
coastal waters versus simple water mass mixing, especially considering the 
rapid drawdown of glacial nutrients in fjord environments. For example, 
glacial meltwaters have been found to enrich nearshore coastal waters with 
DSi (and other macronutrients) in an East Greenland fjord and the Canadian 
Arctic primarily through the stimulation of upwelling processes, supplying 
marine-sourced nutrients to the surface (Bhatia et al., 2021; Cape et al., 2019; 
Williams et al., 2021). We can use a combination of DSi concentrations and 
isotopic compositions to consider how saline and freshwater endmembers 
mix within these south-west Greenland fjord systems and assess the role of 
glacially derived Si within the fjord environment and beyond. DSi concentra-
tions are highest in low salinity waters, with both fjords becoming depleted 
in DSi in surface waters toward the fjord mouth. Low DSi concentrations 

Station GF15 GF13 GF12 GF-inlet GF11 GF10 GF7 GF5 GF3 GF2

2018

Salinity (PSU) – – 12.9 20.5 25.4 29.0 30.2 – 31.8 –

Turbidity (FTU) – – – – 1.46 0.84 0.75 – – –

Glacial melt fraction (%) – – 62 48 46 18 14 – 9 –

Chl-a (μg L −1) – – 2.36 2.06 1.47 2.22 1.23 – 1.34 –

DSi (μM) – – 7.50 13.4 7.93 7.52 1.14 – 1.23 –

ASi (μM) – – 8.11 49.0 11.2 10.8 4.57 – 7.35 –

δ 30SiDSi (‰) – – 0.54 0.46 – 1.53 – – – –

δ 30SiASi (‰) – – – – – – – – – –

2019

Salinity (PSU) 18.1 18.6 – 16.2 – 20.5 26.1 27.1 30.4 29.8

Turbidity (FTU) 1.56 3.26 – 438 – 2.68 1.36 0.93 0.82 0.91

Glacial melt fraction (%) 47 63 – 61 – 43 31 – 12 –

Chl-a (μg L −1) 0.26 0.38 – 0.30 – 0.18 0.72 0.74 1.31 0.45

DSi (μM) 5.26 7.91 – 14.3 – 10.1 2.62 1.43 3.05 1.06

ASi (μM) 9.66 13.9 – 2018 – 15.2 39.6 – 23.3 –

δ 30SiDSi (‰) +0.50 +0.37 – +0.24 – +0.36 +1.03 +1.59 +1.79 –

δ 30SiASi (‰) −0.11 −0.19 – +1.37 – −0.29 −0.01 – +0.84 –

Table 1 
Summary of Key Surface (<5 m) Geochemical Parameters From Nuup Kangerlua in July 2018 and September 2019

Station AM12 AM10 AM7 AM3

2018

Salinity (PSU) 0.15 26.3 30.9 32.4

Turbidity (FTU) – 9.51 0.81 0.75

Glacial melt fraction (%) 100 26 – 6.8

Chl-a (μg L −1) 1.30 2.83 0.41 2.80

DSi (μM) 24.7 2.64 0.51 0.42

ASi (μM) 70.2 2.85 1.09 2.52

δ 30SiDSi (‰) +1.07 +0.63 – –

δ 30SiASi (‰) – – – –

2019

Salinity (PSU) 0.5 30.7 29.9 31.0

Turbidity (FTU) – 2.38 1.82 1.14

Glacial melt fraction (%) 100 16.1 17.9 12.7

Chl-a (μg L −1) – 1.06 0.74 0.23

DSi (μM) 24.2 1.34 3.10 1.37

ASi (μM) 128.2 0.78 0.59 13.9

δ 30SiDSi (‰) +0.65 – +0.45 –

δ 30SiASi (‰) +0.69 −0.17 +0.37 +0.83

Table 2 
Summary of Key Surface (<5 m) Geochemical Parameters From Ameralik 
Fjord in 2018 and 2019
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toward the fjord mouth are not unexpected considering the degree of vertical stratification and biological uptake, 
combined with limited lateral flux of nutrient-rich glacial meltwater down-fjord and mixing of surface coastal 
waters low in DSi (Mortensen et al., 2020). This is particularly true of NK, which is a highly productive fjord, 
with spring and summer phytoplankton blooms directly impacting elevated productivity in higher trophic levels 
throughout the summer period (Meire et al., 2017). Diatoms account for up to 90% of primary producer biomass 
in NK (Meire et al., 2016), due to the high DSi availability, thus the low DSi concentrations down-fjord can be 
largely attributed to biological uptake, particularly considering strong spring bloom activity within this fjord 
(Meire et al., 2017). The conversion of DSi to BSi via diatom uptake leads to isotopic fractionation, with resultant 
BSi enriched in lighter Si isotopes, due to the preferential uptake of  28Si by diatoms. The residual fjord waters 
therefore have lower DSi concentrations, with a higher δ 30SiDSi value.

Therefore, if water mass mixing was conservative within the fjord environment and diatom uptake of DSi to BSi 
was the key biogeochemical process occurring, then we could expect the δ 30SiDSi composition of fjord waters to 
increase as DSi concentration decreased concomitant with increasing salinity. While there is a positive relation-
ship between δ 30SiDSi values and salinity (Figure 3), we can demonstrate that the δ 30SiDSi composition of fjord 
waters is too low to be explained by a combination of simple water mass mixing and biological uptake of DSi 
(Figure 4). Oceanic waters likely feeding into the fjords around Nuuk have a similar δ 30SiDSi composition to 
surface fjord waters in NK, but they are elevated in DSi concentration compared to NK. The Southwest Green-
land CW feeds the fjords sampled in this study and this water mass flows via the Fram Strait Outflow (Rysgaard 
et al., 2020), which has δ 30SiDSi values of between +1.64‰ and +1.92‰ and DSi concentration of 8–12 μM 
(Brzezinski et al., 2021). Similarly, waters from the Labrador Sea at a depth of 499 m (Geotraces Station 64, 
Sutton et al., 2018) has a δ 30SiDSi value of +2.01‰ and DSi concentration of ∼8 μM. Meanwhile, a local surface 
seawater site proximal to the Nuuk fjords was reported to have δ 30SiDSi composition of +1.82‰, but a low DSi 
concentration of only 0.85 μM (see methodology). These values are similar to those at the outer NK fjord stations 
GF5 and GF7, with δ 30SiDSi composition of +1.59‰ and +1.79‰, respectively and DSi concentrations of less 

Figure 4. Scatter plots of dissolved silicon isotope composition (expressed as δ 30SiDSi) for Nuup Kangerlua (black) and Ameralik Fjord (red). Open circles represent 
data from 2018 and closed circles represent data from 2019. Errors represent 2 S.D calculated from triplicate sample measurements where possible. If less than 
triplicate measurements were analyzed then an average sample and standard 2 S.D value of 0.12‰ was used. Yellow stars in panels (a, b) represent the isotopic 
composition of surface waters at a seawater location sampled proximal to the fjords (depth = 1.3 m), with 2 SD error included within the size of the symbol. Gray 
dotted lines in panels (a, b) represent simple mass mixing lines between an average glacial meltwater δ 30SiDSi composition (Hatton et al., 2019a, 2019b) and the 
measured local surface seawater δ 30SiDSi composition.
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than 3.1  μM. Considering the DSi higher concentrations of potential seawater endmembers (e.g., Southwest 
Greenland CW) entering NK, we can assert that processes beyond simple water mass mixing are occurring to 
account for lower concentrations of DSi in surface and 10–15 m of fjord waters. The lower DSi concentrations 
along fjord do suggest biological uptake by primary producers, but the surface water δ 30SiDSi values suggest addi-
tional processes must also be occurring to maintain a relatively light isotopic composition.

Whilst drawdown of glacial waters is clearly much faster in AM, based on the steep salinity and DSi gradients 
at the head of the fjord, the same hypotheses can also be used to explain the patterns in δ 30SiDSi values. Surface 
waters contain isotopically light DSi after the increase in salinity and decrease in DSi concentrations, in both 

Figure 5. Plots showing outputs from (a–c) closed to (d–f) open system Fractionation Model (based on Varela et al. (2004)). Black circles in all plots represent actual 
observed silicon isotopic composition from Nuup Kangerlua in 2018 and 2019. Yellow circle is the isotopic composition from surface seawater in a proximal location to 
the sampled fjords. Each line is a result of the model with different fractionation factor (solid = −1.1‰, dashed = - 0.74‰, and dotted = −1.21‰). Shaded areas show 
model uncertainty when a range of starting endmember values were used (see Supporting Information S1 for further information). (a, d) Blue lines use 100% glacial 
endmembers as starting conditions, (b, e) orange lines use 100% seawater endmember conditions, and (c, f) gray lines use a mixed glacial-seawater endmember with a 
starting salinity of 15.
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2018 and 2019 (Stations AM10 and AM7, Figure 4b), suggesting that the initial drawdown of DSi was not simply 
biological uptake or secondary weathering formation, as this would have been accompanied by an increase in 
δ 30SiDSi. Therefore, despite clear differences in fjord dynamics as a result of the differing glacial inputs (e.g., 
Meire et al., 2017), the same process supplying isotopically light Si may be occurring in both fjords in order to 
explain the decrease in DSi concentrations and while δ 30SiDSi values also remain low.

We can further demonstrate the requirement of an isotopically light source of Si to explain the δ 30SiDSi varia-
tion within surface waters in NK by conducting a simple thought experiment via a basic fractionation model 
(modified from Varela et  al.  (2004)). Here we model the drawdown of Si via diatom utilization, taking into 
account a range of biological isotopic fractionation factors and endmembers for glacial and seawater isotopic 
composition (see methodology for details). We have considered both scenarios where (a) biological uptake rates 
greatly exceed the rate of DSi input resulting in an essentially “closed” system, or (b) where DSi input rates are 
sufficiently high to result in an isotopically “open” system. Neither system reflects the complexity of the fjord 
surface, and it is likely that the environment represents a dynamic hybrid of “open” and “closed” systems that is 
heterogeneous in space and time, depending on numerous factors for example, water column stratification due 
to freshwater input and the upwelling of nutrients via subglacial discharge (Stuart-Lee et al., 2021). Instead, the 
purpose of this two-endmember model is to highlight that complex, non-conservative processes have to be occur-
ring in order to explain the isotopic composition of DSi, rather than pseudo-conservative mixing behaviors in 
surface waters (Hopwood et al., 2019). We have modeled the δ 30SiDSi composition of surface waters using three 
fractionation factors for diatom uptake. It is commonly accepted that the fractionation factor for diatom uptake 
(ε) is −1.1‰ (de la Rocha et al., 1997). However, diatom fractionation has been shown to be species dependent 
(Sutton et al., 2013), so we have therefore considered a range of ε from −1.21‰ to −0.71‰ to reflect the likely 
dominance of polar species. We use a range of starting conditions, where we consider the δ 30SiDSi composition 
if the Si input is solely glacially sourced, seawater-sourced or a mixed source (with a salinity of 15 PSU, which 
equates to approximately 57% glacial input). In the closed system scenarios (Figures 5a–5c), the model is unable 
to recreate the local surface seawater isotopic composition regardless of whether starting conditions reflect 100% 
glacial water (Figure 5a), 100% seawater (Figure 5b) or a mixed composition of glacial and seawater (Figure 5c): 
in all scenarios, the model-derived δ 30SiDSi is heavier that the observed value at the corresponding DSi concentra-
tions. This suggests a source of light DSi into the fjord surface waters is missing from the model. The open system 
model is more successful in replicating observed data, particularly scenarios where the starting water mass is 
100% glacial (Figure 5d) and a mixed water source with a salinity of 15 (Figure 5f). The 100% seawater open 
system scenario (Figure 5e) still fails to produce δ 30SiDSi values as low as the observations, highlighting that there 
must be influence from glacial meltwater within the fjord environment and out into the coastal waters to explain 
the observed δ 30SiDSi data. Whilst there is upwelling of deep, nutrient rich bottom-waters in near the terminus of 
marine-terminating glaciers, this is unlikely to impact the surface waters much further down fjord, especially due 
to biological uptake. This means that the open system model is probably less likely to be successfully replicating 
the true surface processes at the lower DSi concentrations within the model.

The models with starting conditions of 100% glacial meltwater are unlikely scenarios, as the proportion of melt-
water in the fjord environment usually much lower, simply due to water mass mixing. There is clearly glacial melt-
water input into the fjords, so the 100% seawater endmember is also an unrealistic scenario. However, it is useful 
to highlight these extreme scenarios to consider what potential inputs would be required to reach the observed 
δ 30SiDSi values in NK. The 15 PSU endmember requires 57% glacial meltwater and glacial melt fractions over 
50% are only recorded in surface waters in NK at GF13 (Table 1), which is in close proximity to a glacial  outlet, 
so this is an unlikely scenario for fjord waters further down fjord where the proportion of glacial water is much 
lower. Even despite the high glacial influence, the 15 PSU model is unable to recreate the observed δ 30SiDSi 
values in the closed system model (Figure 5b), particularly the local seawater endmember from just outside the 
fjord system. This model performs better for using open system configuration, however it is unlikely that there 
is enough DSi replenishment in the true fjord environment for this model to be considered realistic. Given that 
non-glacial riverine input would be isotopically heavier than glacial input (Hatton et  al.,  2019a,  2019b), any 
change in the freshwater isotopic composition in the model would worsen the mismatch with observations. By 
using these simple models to consider the fate of DSi and associated isotopic composition with biological uptake 
in the fjord environment, we can hypothesize that there is a clear modification of coastal waters, with a source 
of isotopically light DSi contributing to the Si cycling within the water masses. We postulate that the observed 
δ 30SiDSi composition in both NK and AM cannot be explained by simple water mass mixing, as more complex 
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modification of fjord biogeochemistry by glacial meltwaters must be occurring to explain the silicon cycling in 
these fjords.

In order to balance the isotopic fractionation associated with biological uptake of DSi in these fjords, there must 
be another source of Si that undergoes dissolution, with a light isotopic composition. We suggest a reactive form 
of particulate Si is influencing the δ 30SiDSi values within surface waters. Sediment efflux has been shown to be 
a significant source of DSi in the region (Ng et al., 2020), which could help to explain some of the elevation in 
particulate concentrations combined with isotopically light DSi. However, porewater δ 30SiDSi values in glaciated 
fjords are generally very high (Ng et al., 2022) Therefore, the most realistic explanation remains the dissolution 
of isotopically light ASi, derived from glacial meltwaters. Glacially derived ASi from a range of glaciers has 
been shown to be enriched in  28Si, with an average δ 30SiASi composition is −0.39‰ (range: −0.01‰ to −0.86‰, 
Hatton et al., 2019a, 2019b). It is most plausible that DSi uptake by diatoms is occurring concurrently with the 
dissolution of isotopically light ASi, thus the overall DSi concentration remains low. Dissolution of this ASi in the 
surface fjord environment would lead to the maintenance of lower δ 30SiDSi values, despite the uptake and resultant 
fractionation of DSi by diatoms. Hawkings et al. (2017) demonstrated the potential for rapid dissolution of glacial 
ASi across the salinity gradient via leaching experiments, highlighting the potential for such material to impact 
biogeochemical cycles. We recognize that not all fjord environments show the high dissolution potential as seen 
by Hawkings et al. (2017), with an average Si enrichment of 13% found from a range of glacial fjords (Hopwood 
et al., 2020). However, only a relatively small fraction of overall glacial ASi would be required to undergone disso-
lution in order to impact the overall isotopic composition of surfaces waters, considering average ASi concentra-
tions of 58 μM (Hatton et al., 2019a, 2019b). As a further thought experiment, we can consider the proportion of 
ASi required to undergo dissolution in NK surface waters to close the isotope balance between the modeled and 
observed δ 30SiDSi values. We show the concentration of ASi required for the open and closed models with mixed 
water (15 PSU) are realistic considering likely ASi dissolution (Table S5 in Supporting Information S1). Between 
1.6 and 18.1 μM of ASi is required for the closed system model and between 0.2 and 14.7 μM of ASi for the open 
system model (for a fractionation factor of −1.1‰). This equates to 2.8%–31% and 0.04%–25% of the average 
ASi concentrations measured from a range of glacial catchments (Hatton et al., 2019a, 2019b), which is a realistic 
amount of dissolution, given the rapid dissolution potential with increasing salinity (Hawkings et al., 2017). We 
postulate that this dissolution would be accompanied by concurrent diatom utilization, leading to a cycling of DSi 
concentration and δ 30SiDSi composition change, thus a couple biogeochemical model of fjord environments is key 
to fully consider a robust prediction of these complex, highly dynamic environments.

It is also possible that desorption of Si from reactive iron and manganese phases that originate from subglacial 
sediments could also release isotopically light DSi into the water. Given adsorption results in very strong frac-
tionation, preferentially taking up the lighter Si isotopes (Delstanche et al., 2009; Pickering et al., 2020; Ward 
et al., 2022), release of this Fe (and Mn)-bound Si could have a significant impact on surface water isotopic 
composition. Abiotic desorption or inorganic phosphorus is observed in estuarine environments and experimental 
processes (Deborde et al., 2007), with an increase in dissolved inorganic phosphorus along the salinity gradient 
and we could expect Si to behave in a similar way. However, more work is required to identify and quantify 
such Si desorption processes with estuarine environments, especially because this mechanism holds a potentially 
important source of isotopically light DSi for these systems.

By using a combination of concentration and isotopic data we highlight the requirement of glacial waters to modify 
coastal waters within these fjord environments, thus providing evidence of the importance of glacial meltwater 
export on biogeochemical cycling within and beyond the fjord environment in both land- and marine-terminating 
glacier fjords.

4.2. Coastal Exchange Timescale More Important Than Early and Late Summer Changes

4.2.1. Subtle Changes in Si Biogeochemistry Between Early and Late Summer

Silicon isotopic data strongly suggest a large influence of glacial meltwater in modifying coastal waters, thus 
the timing of glacial melt export into the fjords could have a significant influence on biogeochemistry in the 
region. Studying both fjords at two different points in the melt season allowed us to assess any differences in the 
processes impacting biogeochemical cycling and glacial melt impact between early and late summer. Seasonal 
evolution of fjord ecosystems has been documented previously, via spring and summer blooms for example, 
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(Meire et al., 2017). Therefore, we expected to document differences in the biogeochemistry of the fjord waters 
between July and September, particularly in the more productive NK. A glacial meltwater fingerprint, based 
on the light isotopic composition in surface waters, was observed further out-fjord in 2019 in NK compared to 
2018 (Table 1, Figure 3a), with surface δ 30SiDSi values similar at GF10 in July compared to GF5 in September. 
This is the opposite to what may be expected, with cumulatively more biological uptake by September, after the 
summer bloom, compared to June when samples were collected in 2018. However, the lower δ 30SiDSi composition 
further out fjord is likely explained by the greater cumulative meltwater discharge by September, and delivery of 
isotopically light DSi and ASi, providing support for the importance of glacial waters modifying the fjord bioge-
ochemistry. In addition, a larger proportion of the freshwater signal in July is likely attributed to snowmelt, rather 
than glacial meltwaters routed via the subglacial environment. This freshwater source would not be expected to 
have an isotopically light signature, as expected from subglacial waters, which could help to explain the temporal 
differences in isotopic composition of the surface waters.

The differences between early and late summer in AM are less pronounced, most likely owing to the lower primary 
productivity within the fjord and the steep salinity gradient. However, there are some small-scale differences that 
could be indicative of changes in meltwater input. There were greater glacial melt proportions combined with 
higher DSi concentrations in surface waters at AM10 and AM7 in 2018, compared to 2019 (Table 1, Figure S4 in 
Supporting Information S1). This is the opposite to NK and again highlights the contrasting processes between the 
fjords. Productivity in AM is relatively low, likely due to the limitation of macronutrients, as there is no upwelling 
of nutrient rich bottom waters from buoyant submarine plumes, unlike in fjords with marine-terminating glaciers 
(Meire et al., 2017). Therefore, the DSi concentrations and isotopic composition are more likely a direct indicator 
of glacial inputs, without such complexity in the isotopic fingerprint from diatom utilisation. So, the higher DSi 
concentrations further down-fjord in July compared to September potentially reflects peak meltwater input into 
the fjord from Narssap Sermia, compared to September when meltwater fluxes are lower, although we must note 
that physical contributions from wind mixing events can also play a role in the distribution of waters within these 
fjord environments.

4.2.2. Exchange Between Fjord and Coastal Waters

The opposite trends in the relationship between DSi and isotopic composition between the two fjords highlight 
the heterogeneity of fjord environments and the complexity of upscaling to wider fjord environments. However, 
such subtle changes in the fjord biogeochemical cycling between the early- and late-summer season may not be 
critical when considering the overall trend of isotopically light Si within these systems, due to the timescales 
involved in exchange between fjord and coastal waters. Radium (Ra) isotope geochemistry can be used to trace 
the fate of lithogenically sourced solutes, due to its similar source (continuous production from thorium) and 
known decay rates. The shortest-lived Ra isotope ( 224Ra) has a half-life (λ) of 3.66 days and showed no correlation 
with salinity at coastal waters sites sampled at the shelf-break, suggesting that the export of material occurs on 
longer timescales than can be resolved by this isotope (i.e.,: >20 days; Hendry et al., 2019). There was a weak but 
significant correlation between  223Ra and salinity (Hendry et al., 2019), the persistence of which suggests a transit 
time of not more than 2–3 months between the terrestrial source within the fjords and the coastal environment.

This demonstrates a relatively slow exchange between fjord and coastal waters, which suggests changes between 
early and late summer are less important when considering the role of glacial meltwaters beyond the fjord 
environment.

5. Conclusions
We use silicon isotope geochemistry to highlight that the role of glacial meltwaters in two Greenlandic fjords 
goes beyond the delivery of rapidly drawn down DSi to surface waters. We demonstrate that fjord environ-
ments actively modify coastal waters, resulting in isotopically deplete surface waters with respect to silicon, 
both in-fjord and across the shelf break. Our results provide evidence for the dissolution of ASi, and potentially 
desorption of Si from Fe and Mn phases, within fjords that is then utilized for biological production. Despite these 
release mechanisms, this biological uptake results in very low DSi concentrations of the waters at the mouth of 
the fjords suggesting that very little biologically available Si reaches ecosystems further downstream. However, 
there needs to be a better understanding and quantification of the role of reactive particulate phases in the supply 
of silica to coastal waters, within the glacially derived sediments that escape into the shelf environments.
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While we observe differences in biogeochemical patterns and processes between the contrasting fjords and 
between time periods, the isotopically light composition of DSi is consistently observed despite decreases in 
DSi concentration as salinity increases. We also highlight that whilst seasonality is important for in-fjord bioge-
ochemical cycling, such as the timing of diatom blooms, it may be less important when considering the export of 
material beyond the fjord, considering the relatively slow transport times across the shelf break.

We can use these findings to begin to understand potential export of glacially derived nutrients in fjord environ-
ments and beyond, although we recognize that any upscaling attempts require caution considering the complex 
and heterogenous nature of fjord environments. However, we highlight the importance of investigating nutri-
ent cycles beyond simple surface concentration data and suggest silicon isotopic geochemistry can provide real 
insights when attempting to better understand the role of glacial meltwater export on downstream ecosystems, 
within and even beyond the fjord environments.

Data Availability Statement
The data used in the study are available from the Pangaea data repository (Hatton et al., 2023) via https://doi.
pangaea.de/10.1594/PANGAEA.930217.
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