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Silica Pump of Arctic Shelves: Evidence From the Laptev Sea
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R. S. Ganeshram1

1School of Geosciences, University of Edinburgh, Edinburgh, UK, 2Woods Hole Oceanographic Institution, Woods Hole,
MA, USA, 3Scottish Association for Marine Science, Oban, UK, 4Far East Division of the Russian Academy of Science, V.
I. Il'ichev Pacific Oceanological Institute (POI), Vladivostok, Russia, 5Tomsk State University, Tomsk, Russia

Abstract Arctic shelves receive a large load of nutrients from Arctic rivers, which play a major role in the
biogeochemical cycles of the Arctic Ocean. In this study, we present measurements of dissolved silicon isotopes
(δ30Si(OH)4) around the Laptev Sea and surface waters of the Eurasian shelves collected in October 2018 to
document terrestrial silicon modifications on shelves and their contribution to the Arctic basin. Nitrogen was
found to be depleted in surface waters and the limiting nutrient to primary production in the Laptev Sea,
allowing excess silicon export to the central Arctic Ocean. Heavy δ30Si(OH)4 in the water column was linked to
the strong biological removal of DSi on shelves, enabled by vigorous N recycling. From isotopically constrained
processes, we estimate that >50% of the silicon from riverine inputs is removed within the Lena River delta and
on the Laptev Sea shelf. Extrapolating this to major Siberian rivers, this leads to an export of 2.5± 0.8 kmol/s of
riverine silicon through the Transpolar Drift. An updated isotopic budget of the Arctic Ocean reproduces the
observed δ30Si(OH)4 signatures out of the Arctic Ocean and underlines the importance of biological processes
in modulating silicon export. Given that opal burial fluxes on Artic shelves are controlled by denitrification and
N‐limitation, these processes are sensitive to ongoing climate change. As a consequence of higher riverine DSi
inputs and shelf denitrification responding to productivity, it is inferred that silicon export from the Arctic
Ocean could increase in the future, accompanied by lighter δ30Si(OH)4 signatures.

Plain Language Summary This study focuses on key nutrients for algal production in areas of high
biological importance around the Arctic Ocean: the Eurasian shelves and particularly the Laptev Sea. We show
that major Siberian rivers provide large amounts of silicon to the surrounding shallow seas, which is required by
diatoms for growth. These shallow Arctic seas are depleted in nitrate and this limits the consumption of
available silicon by algae, regulating the sequestration of silicon and carbon in shelf sediments. This currently
allows an important fraction of riverine silicon to escape to the central Arctic Ocean. Climate change will lead to
increasing freshwater and nutrient loads from Siberian rivers, and modify biological cycles on the shallow
Arctic sea shelves. We can therefore expect increases in the output of silicon to the central Arctic Ocean and
export to the Atlantic, with far‐reaching impacts on productivity and ecology.

1. Introduction
The Arctic Ocean is a shelf sea and is also the ocean which receives the highest input of freshwater and organic
matter relative to its volume globally (Dittmar & Kattner, 2003). Shallow shelves primarily ranging between
0 and 50 m depth cover >50% of its total area (Jakobsson, 2002). It represents around 1% of the volume of the
world's oceans, yet receives >10% of global riverine discharge (Aagaard & Carmack, 1989; McClelland
et al., 2012), which supplies essential terrestrial material to the Arctic Ocean. Nitrate and dissolved silicon (DSi)
are key inorganic nutrients required for diatoms, which are important primary producers in polar ecosystems,
contributing to around 50% of primary production in the Arctic Ocean (Krause et al., 2019; Sakshaug, 2004).
Around three quarters of the primary productivity of the Arctic Ocean occurs on Arctic shelves, which also
account for >90% of opal production (Macdonald et al., 2010). This makes nutrient cycling in shelf ecosystems
disproportionately important for regulating the export of inorganic nutrients to the central Arctic Ocean and the
North Atlantic.

The Eurasian margin constitutes half of the Arctic Ocean's total shelf area (Jakobsson, 2002), and is important to
the silicon budget of the Arctic Ocean. While riverine influence is relatively low (200 km3/yr) on the extensive
Barents Sea (BS) shelf, the Kara, Laptev, and East Siberian Seas receive freshwater input from four major rivers,
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the Ob, Yenisey, Lena, and Kolyma rivers, which contribute to >1,700 km3/yr of freshwater to the surrounding
shallow shelf seas. These major rivers provide large supplies of carbon and DSi to the Arctic Ocean (Holmes
et al., 2012; Laukert et al., 2022). On the Laptev Sea shelf, diatoms are the predominant form of marine primary
producers and support a large settling flux of organic carbon and nutrients to the seafloor (Cremer, 1999; Fahl
et al., 1999).

Stable isotope measurements of DSi, δ30Si(OH)4, provide useful insights into DSi sources, drawdown and
export to surface waters within the Arctic Ocean (Brzezinski et al., 2021; Liguori et al., 2021; Varela
et al., 2016). Previous Si budgets and isotopic mass balance for the Arctic Ocean have struggled to reconcile the
net export of silicon from the Arctic to the Atlantic Ocean (Torres‐Valdés et al., 2013) with the heavy δ30Si
(OH)4 of polar waters compared to the global ocean (Brzezinski et al., 2021; Debyser et al., 2022; Giesbrecht
et al., 2022; Liguori et al., 2020, 2021; Varela et al., 2016). A hypothesis to reconcile this discrepancy is the
partial utilization of terrestrial DSi and implies burial of isotopically light opal over Arctic shelves (Brzezinski
et al., 2021; Debyser et al., 2022; Laukert et al., 2022). This mechanism can explain the export of residual DSi
and with heavy δ30Si(OH)4 after isotopically light Arctic riverine sources of DSi (Mavromatis et al., 2016;
Pokrovsky et al., 2013; Sun et al., 2018) are fractionated by diatom uptake (De La Rocha et al., 2000).
However, such fractionation also requires both large‐scale burial of silicon in the shallow shelves and large
terrestrial DSi inputs to close the Arctic Si budget (Laukert et al., 2022). Such processes remain to be docu-
mented and quantified in situ.

Understanding the removal of DSi over Eurasian shelves and near major river deltas is important as it ultimately
controls DSi fluxes and cycling in the central Arctic Ocean through its transport via the Transpolar Drift (TPD,
Charette et al., 2020; Liguori et al., 2021), and its net export to the North Atlantic. This study aims to document
and quantify silicon fluxes in the Eurasian shelf to delineate riverine inputs, biological uptake and regeneration
and potential burial through the use of δ30Si(OH)4. Additionally, we aim to understand the controls on DSi export
to the central Arctic through the TPD and elucidate how future climate change may affect this. In this study, we
present full depth profiles of δ30Si(OH)4 along a transect in the Laptev Sea, as well as surface measurements from
the Eurasian shelves. This, combined with hydrographic data, allows us to examine the importance of riverine
nutrient supply in the Arctic Ocean to evaluate the role of “Arctic shelf silica pump,” and develop an isotope
constrained budget of Si in the Arctic Ocean.

2. Materials and Methods
2.1. Study Area

Samples were collected in October 2018 during the 73rd expedition of R/V Akademik Mstislav Keldysh
(AMK73). The main transect is located in the Laptev Sea along the Lena estuary, shelf area and the upper part of
the continental slope. Underway samples were also collected during transit covering the Eurasian shelf (see
Figure 1). The stations were free of sea ice at the time of sampling.

On Eurasian shelves, the surface waters of the BS are dominated by warm, saline AtlanticWaters (AW) inflowing
from the North Atlantic through the BS Opening (Årthun et al., 2011; Rudels et al., 2004). The discharge from
major rivers forms freshwater plumes and freshened surface layers over wide areas of the Kara and Laptev seas
(Spivak et al., 2021), leading to buoyant, eastward‐traveling boundary currents (Osadchiev et al., 2020; Semiletov
et al., 2005). Much of this plume enters the TPD within 1–2 years and reaches the Fram Strait in 2–3 years
(Semiletov et al., 2000), undergoing periodic mixing with underlying AW and vigorous cycling of nutrients on the
shelves prior to transport (Thibodeau et al., 2017), before eventually being exported to the North Atlantic through
the TPD (Karcher & Oberhuber, 2002) along with terrigenous nutrients (Charette et al., 2020).

The Laptev Sea receives discharge from one of the largest rivers on earth, the Lena River, which supplies large
amounts of organic and inorganic nutrients to the surrounding shelf (Holmes et al., 2012; Stedmon et al., 2011).
Because of the influence of the Lena River, the hydrography of the Laptev Sea is characterized by large gradients
in physical and chemical properties within the water column (Kostyleva et al., 2020; Spivak et al., 2021). As
discharge from the Lena River enters the sea, the Lena Freshwater Plume (LFP) is formed. The buoyant fresh
water mass at the surface of the water column overlies saline waters, setting up a strong salinity gradient which
restricts mixing. These shelf waters gradually become more saline as they extend out toward the continental slope
where they meet the inflow of AW via the Norwegian Sea. The discharge of the Lena River varies strongly with
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seasonality as the lower reaches of the catchment freeze in winter contracting the extent of the plume on the shelf,
and subsequently expands in spring‐summer as the Lena discharge increases (Kostyleva et al., 2020; Pavlov
et al., 1996). Variations from the Lena discharge also affect the chemical and physical properties of the Lena
plume in the Laptev Sea. Underneath the plume, near‐bottom stagnant waters are found, constrained by local
bathymetry (Kostyleva et al., 2020; Létolle et al., 1993).

2.2. Physical Parameters

Seawater samples were collected from rosette‐mounted Niskin bottles equipped with sensors recording physical
parameters (conductivity, temperature, pressure and salinity). The relative fraction of freshwater (FFW) in a
sample was calculated as follows:

FFW = 1 − (Sobs / Smar)

where Sobs is the measured salinity of a given sample, and Smar = 34.92 psu (Bauch et al., 2010). While we
recognize that the oxygen isotope of seawater (δ18O‐H2O) can provide valuable distinction between riverine and
sea‐ice melt components of freshwater in the Laptev Sea (Bauch et al., 1995, 2010; Laukert et al., 2022), this data
set was not available for AMK73 at the time of publication.

2.3. Dissolved Nutrient Concentrations

Dissolved inorganic nutrient concentrations were determined onboard using an autoanalyzer following standard
colorimetric methods. The underway samples were immediately frozen on collection and subsequently analyzed
for nutrient concentrations at the Scottish Association for Marine Science using a Shimadzu TOC‐V analyzer and
reference materials from the University of Miami (Hansell lab) were run within each batch. The detection limits
for nutrient analysis was 0.1 and 0.03 μM for DSi and NOx (=NO3

− +NO2
− ) respectively. The tracers N* and Si*

were calculated from inorganic nutrient concentrations where N* = NOx − PO4
− * 16, adapted from Gruber and

Sarmiento (1997), and Si*= SiOH4 − NOx (Sarmiento et al., 2004). Both tracers are indicative of deviation from
typical Redfield ratio and average DSi:N ratios of marine dissolved nutrient ratios, respectively (DSi:N is defined
here as DSi:NOx).

2.4. Silicon Isotopes

250 ml water samples were collected from Niskin bottles onboard and from the ship's underway system and
filtered inline using Nuclepore polycarbonate membranes (0.4 μm pore size). The water samples were imme-
diately acidified with 0.1% v/v 12 M HCl for preservation and stored at 4°C until analysis. δ30Si was determined

Figure 1. Map showing the study area of this research and general surface circulation patterns of the Eurasian shelves. Red
arrows represent warm, saline current of Atlantic water. Orange triangles show the delta of major rivers within the study area,
which constitute the largest freshwater source to the Eurasian Arctic sector: the Ob, the Yenisey and the Lena rivers.
Discharge is in km3/yr. AMK73 CTD and underway sample locations are shown with red dots. Shaded red area highlights the
CTD section. Station numbers are labeled UW for underway samples and numbered for CTD stations. Map modified from
Ocean Data View.
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following the protocol described in Debyser et al. (2022) for low concentration determination (<10 μM),
following the Magnesium Induced Coprecipitation method described in Karl and Tien (1992), Brzezinski
et al. (2003), and Reynolds et al. (2006), using volumes of 40 ml of seawater for precipitation as per Debyser
et al. (2022).

Resulting solutions were analyzed on a Nu Plasma II MC‐ICP‐MS at the University of Edinburgh using a
standard‐sample bracketing protocol (Georg et al., 2006) and the primary isotopic standard NBS28. The internal
instrumental error is calculated from standard‐sample bracketing during an individual analytical session.
Following corrections in Debyser et al. (2022), δ29Si was converted to δ30Si using a theoretical conversion factor
of 1.96, as calculated from the kinetic fractionation law (Young et al., 2002). This correction was applied to avoid
interference on δ30Si measurements from the low concentrations (Fripiat, Cavagna, Dehairs et al., 2011; Fripiat,
Cavagna, Savoye, et al., 2011; Liguori et al., 2021).

The international solid standard Big Batch and both high and low concentration seawater standards Aloha1000 and
Aloha300 were used as reference materials for measurement precision and method reproducibility at low con-
centrations. Standards were measured with each sample batch. Average standard measurements for the period of
this study are: BigBatch = − 5.35‰ ± 0.04‰ (n = 8), Aloha1000 = +0.63‰ ± 0.05‰ (n = 8) and
Aloha300 = +0.84‰ ± 0.02‰ (n = 7) for δ29Si(OH)4, with converted δ

30Si(OH)4 as follow:
BigBatch= − 10.51‰± 0.08‰, Aloha1000= 1.25‰± 0.10‰ andAloha300=+1.66‰± 0.05‰, producing an
estimated long‐term reproducibility of ±0.10‰ for δ30Si(OH)4. All δ

30Si(OH)4 uncertainties reported in S3 are
for 1 SD of the long‐term reproducibility unless the internal instrumental error is larger. The measurements of the
standard reference material is within ±0.05‰ of δ30Si(OH)4 from inter‐laboratory measurements of Big-
Batch = − 10.48‰ ± 0.2‰, Aloha1000 = +1.25‰ ± 0.2‰, Aloha300 = +1.66‰ ± 0.35‰ (Grasse et al., 2017;
Reynolds et al., 2007).

3. Results
3.1. Eurasian Shelf Transect

Displayed on Figure 2 is the freshwater fraction of surface shelf waters, which increases fromWest to East (from
<5% in the BS to 20%–40% in the Laptev Sea). This illustrates the freshening of eastward‐traveling surface
boundary currents (Osadchiev et al., 2020) as they gradually pick up riverine discharge. Along the Ob and
Yenisey river mouth, riverine fractions reach >60%, and >80% near the Lena Delta, indicative of the riverine
freshwater plumes resulting from major Siberian rivers in the Kara and Laptev Sea (Spivak et al., 2021).

Peaks in DSi are observed at the inflows of the Ob and Yenisey (>20 μM) and the Lena Delta (>30 μM), with a
general increase in DSi from West to East, with concentrations of ∼5 μM in the BS increasing to >10 μM in the
East Kara Sea and the Laptev Sea, showing riverine discharge is increasing the DSi content as well as modifying
nutrient stoichiometry of surface shelf waters from DSi:N <10 to >15.

Positive δ30Si(OH)4 are measured and range from +0.74‰ to +2.41‰ across the transect. The isotopically
lowest measurements are found in the Lena Delta plume in samples that have the highest freshwater fraction
(+0.74‰ to +1.44‰), which aligns well with estimates of +0.86‰ ± 0.3‰ from Sun et al. (2018) for the
average signature of the annual Lena Delta δ30Si(OH)4 influx and summer δ

30Si(OH)4 measured in the Laptev
Sea. Lighter δ30Si(OH)4 are also measured in the Ob and Yenisey plume (+1.78‰ to +1.95‰), in agreement
with findings in Mavromatis et al. (2016) that the δ30Si(OH)4 of the Yenisey is isotopically heavier than other
Eurasian rivers due to deep underground flow through permafrost. Away from the freshwater plumes, a general
increase in δ30Si(OH)4 is observed from lower longitudes of the East Kara Sea to the East of the Laptev Sea,
increasing from ∼+1.8‰ to ∼+2.4‰ while DSi concentrations remain ∼12 μM.

3.2. Laptev Sea Transect

3.2.1. Hydrographic Structure

As shown in Figure 3, large salinity and temperature gradients are observed in the estuarine region across the Lena
delta and the continental slope of the Laptev Sea. Salinity varies from <10 psu in the upper 10 m of the water
column near the Lena Delta to >34 psu over the continental slope. Temperatures vary from 2 to 5°C around the
Lena Delta to 1°C in the upper 30 m of the continental slope, overlying cold (− 1°C), saline waters.
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The fresh, colder plume of water in the upper 15 m of the Lena Delta region (at latitudes of 72.5°–74.5°)
characterizes the core of LFP. During the expedition of AMK73 in October 2018, this extends out northward and
contributes to a Surface Freshwater Layer (SFL) in the upper 20 m of the water column, overriding denser, more
saline advected and modified AW. Under the LFP, colder, more saline (<1°C, >25 psu) waters are found,
characteristic of older shelf waters constrained locally by hydrography (Kostyleva et al., 2020; Létolle
et al., 1993). The LFP and SFL are strongly stratified in the summer months from the surrounding waters by steep
salinity gradients, restricting the exchange of nutrients, before mixing in the winter (Janout et al., 2020). LFP is
the least saline with >70% freshwater. The influence of riverine freshwater decreases in the SFL but is still high,
with a freshwater content between 20% and 50%. Old Shelf Waters (OSW) have >30% freshwater content,
indicating a strong influence from the overlying river plume.

Figure 2. Longitudinal transect of nutrient concentrations and isotopic measurements of underway samples of AMK73. Top
panel: Dotted black lines display surface concentrations of NOx (nitrate + nitrite, μM) concentrations, red line is ammonia
(μM), blue line is dissolved organic nitrogen (μM), and black line is N* (=NOx − 16 * PO4, μM) with longitude along the
Eurasian shelf. Middle panel: Displayed are surface concentrations of DSi (black dotted line, μM), δ30Si(OH)4 (red line, ‰)
and DSi:N (black line) with longitude along the Eurasian shelf. Bottom panel: Calculated freshwater contribution to
underway measurements along the transect. BS = Barents Sea, KS = Kara Sea, OB/YN = Ob and Yenisey river inflow,
LS = Laptev Sea, LD = Lena Delta inflows.
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3.2.2. Nitrogen Concentrations and Distribution

Figure 4 displays the distribution of NOx, dissolved organic nitrogen (DON) and N* across the Laptev shelf.
Overall, nutrient distribution largely follows the major hydrographic structure of the transect. In the LFP, NOx is
depleted (<1 μM), but DON concentrations are high (>10 μM), confirming that nitrogen supplied by the Lena
river is mostly in organic form in the summer (Holmes et al., 2012; Thibodeau et al., 2017). DON concentrations
rapidly decrease in the SFL, while NOx remains low. In the advecting AW, NOx concentrations are high
(>10 μM). In the OSW, NOx varies locally but generally the concentrations are higher near the bottom, potentially

Figure 3. Hydrography of the Laptev Sea in October 2018 along the CTD transect of AMK73. Left panels: Lena Delta. Right
panels: Laptev shelf and continental slope. Top panels show salinity and bottom panels show temperature (°C). LFP = Lena
Freshwater Plume, OSW = Old Shelf Water, AW = Advected Atlantic Water, SFL = Surface Freshwater Layer.

Figure 4. NOx (μM, top panels), dissolved organic nitrogen (μM, middle panels), and N* (=NO3 − 16 * PO4, μM, Gruber &
Sarmiento, 1997, bottom panels) along the Lena Delta (left panels) and over the continental slope (right panels) for AMK73.
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reflecting benthic remineralization of nitrogen and subsequent sedimentary supply to the water column (Sun
et al., 2021). N*, where positive values reflect the relative enrichment of nitrate in comparison to phosphate
(Gruber & Sarmiento, 1997), are highly variable over the section (bottom panels of Figure 4). In the LFP and the
SFL, N* is negative, indicating low N‐availability for uptake with respect to phosphate in freshwater. Combined
with the depleted NOx concentrations observed on the surface, this suggests that primary production on the shelf is
N‐limited. Negative N* values are observed down to the sediments and decrease offshore of the Lena Delta,
indicating that nitrogen deficit is not limited to the euphotic zone. Positive N* is observed in AW advecting over
the Laptev Sea shelf, indicative of its relatively N‐rich origins, while N* remains negative in the upper fresh water
layer of the continental slope.

3.2.3. Silicon Concentrations and Isotope Distribution

DSi concentrations, Si* and the δ30Si(OH)4 for the Laptev Sea transect are shown in Figure 5. DSi concentrations
largely follow salinity trends, with high values (>30 μM) in the LFP, which subsequently decrease in the SFL.
This follows previous findings that with exception to OSW, DSi concentrations are well correlated with riverine
influence from the Lena River (Kostyleva et al., 2020; Létolle et al., 1993). Over the continental slope, low DSi
concentrations are generally observed, reflective of AW poor in DSi owing to its origins in the North Atlantic. A
gradient is observed in Si* from South to North along the transect. Positive Si* (>20 μM) are observed close to the
Lena Delta, reflecting the high DSi:N stoichiometry of terrestrially supplied nutrients, with values gradually
decreasing to reach negative (<0) over the continental slope.

Positive δ30Si(OH)4 values are measured along the Laptev Sea transect, ranging from +1.43‰ to +2.55‰
(Figure 5). This is within the range of δ30Si(OH)4 measured in the Laptev Sea in 2013–2014 (+0.91‰ to
+3.82‰, Laukert et al., 2022). Measurements of δ30Si(OH)4 from Laukert et al. (2022) and measurements within
this study agree very well at comparable freshwater fractions and DSi concentrations (Figure 7), with regional
differences arguably arising from local hydrography and seasonal discharge as well as the extent of utilization by
seasonal diatom blooms, all depending on the timings of sampling, which largely dictates δ30Si(OH)4 distribution.
Generally, in our study, isotopically higher values are measured toward the surface in the LFP and SFL, with
decreased DSi concentrations, consistent with fractionation from biological uptake by silicifying species (i.e.,
diatoms) during growth. The average δ30Si(OH)4 for AW is +1.72‰ ± 0.16‰, which is consistent with

Figure 5. DSi (top panels), Si* (=DSi − NO3, μM, middle panels) and δ
30Si(OH)4 (bottom panels) along the Lena Delta (left

panels) and over the continental slope (right panels) for AMK73.
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Figure 6. Nitrogen species and their derived parameters with relation to freshwater content (Fraction_FW) of samples on
AMK73. Top left: NOx (μM), color scale is depth (m). Top right: dissolved organic nitrogen (DON, μM), color scale is nitrate
(μM). Bottom left: N* (=NO3 − 16 * PO4, μM), color scale is nitrate (μM). The dotted black line shows least square
regression. Bottom right: Si* (=DSi − NO3, μM), color scale is salinity (psu). Black line shows least square regression.
Circles show measurements from CTD casts and triangles are from the ship's underway system.

Figure 7. (a) DSi against freshwater fraction (left) and (b) δ30Si(OH)4 against freshwater fraction (right). Circles show
measurements from the CTD casts of this study (AMK73), and triangles are from the ship's underway system. Black squares
are measurements from the Lena river (Sun et al., 2018), gray diamonds are from Laukert et al. (2022) in the Laptev Sea for
inter‐annual and seasonal comparison of δ30Si(OH)4, and stars are from TPD stations (stations 30, 32, 38, and 43, depths
<500 m) in the central Arctic Ocean (Brzezinski et al., 2021). Color scale is depth (m). Dotted lines show the theoretical
conservative mixing line between the Atlantic Water endmember (defined here as freshwater fraction <0.1) and the Lena
river freshwater endmember at the main river outflow below the three main tributaries (from Sun et al., 2018). The
calculation of predicted δ30Si(OH)4 is described in Section 4.3.
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measurements of δ30Si(OH)4 of AW at Fram Strait (Debyser et al., 2022) and aligns closely with measurements of
waters from North Atlantic origin (Brzezinski & Jones, 2015; Souza et al., 2012), confirming that DSi in AW is of
Atlantic origin. In the LFP, δ30Si(OH)4 is variable but generally high (+1.95‰ ± 0.2‰) with high DSi con-
centrations (25 ± 2 μM), driven by diatom‐dominated utilization (Laukert et al., 2022).

4. Discussion
DSi concentrations and nutrient stoichiometry along the Eurasian shelf are strongly linked to the local hydrog-
raphy and display a particularly strong relationship with freshwater influence (Figures 2, 4, and 5), highlighting
the role of Eurasian rivers in modifying freshwater and nutrient budgets of Arctic shelves. Next, we focus on the
processes that transform riverine inputs as well as the controls on DSi removal and export to the central Arctic
Ocean.

4.1. Transformation of DSi Along the Eurasian Shelf

The δ30Si(OH)4 signatures of waters from Arctic origin are isotopically heavy. The origins of this enrichment
were initially associated with physical mixing processes and biological uptake in the central basins (Liguori
et al., 2020; Varela et al., 2016), although recent work points toward the partial utilization of DSi on Arctic
shelves instead (Brzezinski et al., 2021; Debyser et al., 2022; Laukert et al., 2022; Liguori et al., 2021). Surface
measurements from the Eurasian shelf in this study (Figure 2) show that rivers supply high DSi loads with
concentrations peaking near the proximity of rivers but rapidly decreasing away from deltas. We observe a
gradual modification Eastward over the Eurasian shelf of δ30Si(OH)4 in surface waters (+0.6‰) with an increase
of∼1 μM of DSi. Terrestrial sources of DSi to the Arctic Ocean are variable but generally isotopically lighter than
marine DSi (+0.4‰ to +1.9‰, Mavromatis et al., 2016; Pokrovsky et al., 2013; Sun et al., 2018) from
weathering of bedrock with low δ30Si(OH)4. While not present at the time of this study, sea ice can also play an
important role in vertically redistributing DSi in the water column across seasons (Laukert et al., 2022). Sea ice
brine, a potential source of DSi, has a δ30Si(OH)4 equal or heavier than surrounding waters (Fripiat et al., 2007,
2014) although evidence of this influence in the Arctic Ocean remains limited (Brzezinski et al., 2021; Debyser
et al., 2022). The small increase in DSi concentrations coupled with increasing δ30Si(OH)4 of surface waters
reflects the addition of terrestrial DSi coupled with biological consumption of DSi simultaneously occurring on
the shallow Eurasian shelves, thereby enriching δ30Si(OH)4. DSi is only partially utilized as NOx concentrations
are depleted (<1 μM), preventing further biological uptake of DSi and thereby fractionating δ30Si(OH)4 away
from light source values. A significant fraction of biological Si must be sequestered in the sediments for ambient
seawater signatures to remain enriched as sedimentary dissolution of biological Si would otherwise return δ30Si
(OH)4 toward source values. A study of porewater nutrient concentrations from Sun et al. (2021) highlights this
regionally, with high DSi concentrations in the sediments of the Laptev and East Siberian shelf (100–250 μM)
indicating significant sedimentary burial of Si.

In summary, the data show that the high DSi load from riverine sources is removed in the shelf as waters advect,
while N concentrations remain low (Figures 2 and 6). In the next section, we explore the cycling processes which
can enable substantial DSi removal in N‐limited conditions.

4.2. Nitrogen Dynamics in the Laptev Sea

Generally in the Arctic Ocean, primary production is N‐limited (Le Fouest et al., 2013; Tuerena, Mahaffey,
Henley, et al., 2021). This is exacerbated locally around river mouths by terrestrial inputs of nutrients from
Eurasian rivers that have a high DSi:N ratio (Holmes et al., 2012). This input further modifies nutrient stoichi-
ometry and inventories of shelf waters from marine endmembers, leading to a N‐deficit with respect to DSi
compared to the traditional ratio of ∼1:1 (Brzezinski, 1985; Tuerena, Mahaffey, Henley, et al., 2021). This is seen
through the relative increase of DSi:N ratio across the Eurasian shelf on Figure 2 and is also observed in the Lena
Delta, where DSi concentrations are high within the LFP and well in excess with respect to N (middle panel of
Figure 5). Additionally to high DSi:N terrestrial input, N is also actively removed on Eurasian shelves through
processes of sediment denitrification (Chang & Devol, 2009; Fripiat et al., 2018; Le Fouest et al., 2013). Recent
work shows substantial benthic N loss due to denitrification in the Laptev Sea (74 mmol N/m2/yr, Sun
et al., 2021). Thus, diatom production and biological DSi drawdown are controlled by the availability of N locally
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in this region. It also implies that N modulates the proportion of terrestrial DSi which is buried on Eurasian
shelves relative to what is exported into the TPD.

Nitrogen from Eurasian rivers is primarily supplied in the form of DON, particularly over the summer months
where nitrate represents only 20% of the total DON flux (Holmes et al., 2012). This trend is observed within our
study (Figure 4) with high (>10 μM) DON concentrations within the LFP, while nitrate concentrations are low
(<2 μM). While DON is not directly available to phytoplankton for uptake, it is quickly cycled to NOx on the
Laptev Sea shelf (62%–76% of DON released from the Lena River is removed within 2 months, Thibodeau
et al., 2017). Residence time of waters on Eurasian shelves is estimated to be 1–2 years prior to export through the
TPD (Semiletov et al., 2000), and 70% of terrestrial DON is consumed within a couple of years before reaching
the marine endmember (Letscher et al., 2013). We observe the conversion of DON to NOx in the Laptev Sea. For
instance, the top panels of Figure 6 show that lower DON at freshwater fractions <0.5 are characterized with
higher NOx, increasing the availability of N for primary production.

Despite this local supply from the conversion of DON, NOx concentrations in the study area remain very low
overall. In the LFP (top panels of Figure 4), NOx concentrations are depleted (<1 μM), with concentrations
varying between 0 and 8 μM over the shelf. As the average nitrate concentration of Eurasian rivers is 4.2 μM
(Holmes et al., 2019 from Charette et al., 2020), depletion of NOx to the concentrations observed in the shelf area
imply significant fast removal in the estuary or on the shelf through biological uptake and/or denitrification in
freshwater (Francis et al., 2023; Le Fouest et al., 2013; Thibodeau et al., 2017). Supply of additional N through
DON cycling appears to be rapidly utilized, with NOx concentrations quickly returning to near‐depletion at higher
freshwater fractions (Figure 6). The lack of a linear relationship between NOx concentrations and N*when plotted
against freshwater fraction in the subsurface (Figure 6; Left panels) also confirms that the N‐deficit is not
governed by dilution but through active N‐removal processes, with an excess of terrestrial‐originating phosphate
exported. As in previous studies, DSi behaves quasi‐conservatively when oceanic and riverine waters mix in the
coastal zone (Left panel of Figure 6, Létolle et al., 1993). Additionally, excess export of DSi from riverine sources
is also observed, as highlighted by the linear trend between Si* and riverine fraction (Figure 6; bottom right
panel), with Si* reaching 30 μM.

The DSi:N requirement for diatom consumption on Arctic shelves is estimated to be between 1.8 and 2.1
(Macdonald et al., 2010; Simpson et al., 2008; Tremblay et al., 2008). This is lower than the DSi:N ratio observed
along the Eurasian shelves owing to depleted NOx concentrations (Figure 2). The extremely low NOx concen-
trations and higher concentrations of phosphate and DSi confirm that N is the limiting nutrient for primary
production, limiting DSi drawdown and modulating its export to the TPD (Debyser et al., 2022).

Significant benthic efflux of nutrients is present on the Laptev shelf. Benthic DSi fluxes for the Laptev Sea were
estimated at 15% of the total riverine input, and 29% for NOx (Sun et al., 2021). This implies that terrestrial NOx is
recycled twice as much as DSi, fueling supplementary DSi utilization from recycled N, which has the potential to
increase net opal burial. Evidence for nutrient regeneration is observed locally in the OSW of the section, with
increased DSi and NOx concentrations (Figures 4 and 6) and isotopically lower δ

30Si(OH)4 by ∼0.4‰ relative to
waters outside the OSW (Figure 5). This could be indicative of sediment dissolution of biogenic and lithogenic Si,
as demonstrated by Ward et al. (2022b) in the BS where porewater δ30Si is isotopically light (− 0.51‰ to
+1.69‰), which could act to lower near‐benthic water δ30Si(OH)4 locally.

These fluxes illustrate that both water column and sediment N cycling is vigorous on the shallow Laptev sea shelf,
where N is recycled at least twice as much as Si (Sun et al., 2021). The differential recycling of N and Si allows
additional uptake of DSi by diatoms. Considering the processes of recycling and removal of nutrients illustrated
above on Arctic shelves, in the following section we aim to quantify the burial of terrestrial DSi on shelves
through isotopic constraints. Later, we evaluate whether the shelf processes characterized in this study allow us to
close the gap in the Arctic Ocean's isotope budget.

4.3. Calculating DSi Removal on the Laptev Shelf

We have established that nitrogen is the limiting nutrient to primary productivity in the Laptev Sea and modulates
the Si fraction that is removed on Arctic shelves. The data in Figure 7 (left panel) confirms this through the linear
trend in DSi concentrations, which is parallel to the AW‐freshwater theoretical dilution line. The offset from the
dilution line to lower DSi can be explained by biological uptake of nutrients. This uptake is evident in Figure 7

Global Biogeochemical Cycles 10.1029/2023GB007828

DEBYSER ET AL. 10 of 18

 19449224, 2024, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

B
007828 by U

niversity O
f E

dinburgh, W
iley O

nline L
ibrary on [13/05/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(right panel) through the deviation toward heavier values of δ30Si(OH)4 from their predicted isotopic mixing
signatures (black circles). Figure 7 also shows a comparison of δ30Si(OH)4 measured in the TPD (Brzezinski
et al., 2021). Surface waters of the TPD with high riverine influence (>0.1) meet the trend of increasing δ30Si
(OH)4 with DSi utilized on the Laptev shelf/slope (this study). δ

30Si(OH)4 signatures show mixing between AW‐
sourced DSi and isotopically enriched DSi sourced from Eurasian rivers and partially utilized on the Eurasian
shelves, illustrating that DSi from Eurasian shelves directly feeds into the export of inorganic nutrients to the
central Arctic Ocean, namely through the TPD. Findings from Liguori et al. (2021) and Laukert et al. (2022)
concur with direct evidence of isotopically heavy Eurasian shelf‐derived DSi in the TPD. This establishes that
geochemical cycling of nutrients on the Arctic shelves exerts important controls on the export of nutrients to the
central Arctic Ocean. Next, we attempt to quantify the proportion of DSi which is removed in the shelf area using
δ30Si(OH)4 and simple mixing models.

In Figure 7 (right panel), we present predicted mixing δ30Si(OH)4 signatures at freshwater fractions between the
Lena river and the Laptev Sea. The predicted δ30Si(OH)4 assumes changes in isotopic signatures are only
controlled by physical mixing between the two endmembers, and no modification via biological processes occurs
on the shelf, as described in Text S2 in Supporting Information S1. The endmembers used are AW
(DSi = 6.37 ± 3.04 μM, δ30Si(OH)4 = +1.73‰ ± 0.16‰; this study) and Lena waters (59.3 ± 3.3 μM, δ30Si
(OH)4 = +0.97‰ ± 0.24‰, Sun et al., 2018). All measured δ30Si(OH)4 with a freshwater fraction >0.1 were
heavier than predicted δ30Si(OH)4, enriched by up to 1.3‰. This implies removal of a significant proportion of
riverine Si through burial in the shelf sediments, along with the left panel of Figure 7 that shows a net deficit of
DSi compared to the theoretical mixing line. This removal of riverine Si on the Laptev shelf can be evaluated
using simple fractionation models.

We evaluated the proportion of riverine silicon removal on the Laptev shelf using δ30Si(OH)4 through closed and
open system models of fractionation. The equations and parameters for these models are fully described in Text
S2 in Supporting Information S1. As the LFP is strongly salinity stratified, we expect replenishment of nutrients
to the surface via mixing with underlying waters to be limited and estimate that closed system fractionation is a
good approximation of the physical conditions on the Laptev Sea shelf in late summer 2018.

Using a closed‐system model, the estimated mean shelf DSi removal from riverine input along the sector is
55% ± 14%. This is comparable with findings from Charette et al. (2020) who found that 43% of DSi is removed
in estuaries or over the shelf prior to transport in the TPD. A concentration‐only based assessment underestimates
opal burial (35% ± 22%, this study). This suggests that nutrient concentrations alone underestimate siliceous
primary productivity on the Laptev Sea Shelf, and highlights the role of recycled NOx within the water column to
sustain further drawdown of DSi. Isotopically based calculations are significantly more accurate compared to
deduction from concentration data, and sensitive to 30ε and the type of model used. The estimated removal goes up
to 76–77%± 27% based on an open system or Canadian Arctic 30ε= − 0.59‰ (Giesbrecht et al., 2022). However,
these parameters are less likely to describe the hydrographic conditions of the transect, leading to overestimation
of removal of DSi compared to the export observed through the TPD, and are not considered further.

The biological pump of the Laptev Sea sequesters a significant amount of opal (Laukert et al., 2022). On an annual
basis, 1.53 kmolSi/s is supplied from the Lena river (Holmes et al., 2012), and assuming 55% ± 14% removal as
per above, 0.69 ± 0.21 kmolSi/s is exported to the open sea from the shelf area. As much as 0.23 kmolSi/s is
resupplied from sediments through benthic efflux on the Laptev shelf (Sun et al., 2021), leading to fluxes of
biological uptake of 1.08 ± 0.21 kmolSi/s and burial of 0.84 ± 0.21 kmolSi/s. This leads to an isotopically
constrained estimate of burial of 78% ± 19% of the total opal production in the Laptev Sea into the sediments, as
illustrated in Figure 8.

Combined, the four major Eurasian rivers deliver 5.5 kmolSi/s (Holmes et al., 2012). Extrapolating the removal
observed on the Laptev Sea shelf to the Eurasian shelf, this would lead to a total terrestrial export of 2.5 ± 0.8
kmolSi/s or 5.8 ± 1.8 kmolSi/s if all pan‐Arctic rivers are considered (for a pan‐Arctic DSi riverine flux of 12.9
kmolSi/s, taken from Holmes et al., 2012). As we find isotopic evidence that DSi directly feeds into the TPD, we
can estimate the proportion of DSi from rivers transported within it. Estimated DSi concentrations in the TPD at
20% meteoric water are 12.5 μmol/L and the transport core rate of the TPD is 0.9 ± 0.4 Sv (Charette et al., 2020).
This leads to a total flux of DSi of 11.25 ± 5 kmolSi/s, which indicates that around 78 ± 65% of DSi transported
within the TPD is of marine origin. This estimation is likely an underestimate of terrestrial DSi export as it only
accounts for the four major Siberian rivers and assumes the same intense biological removal for all riverine input
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on less productive shelves such as the BS. This approximation, however, is of
the same magnitude as the export of excess DSi from the Arctic Ocean
(15.7 ± 3.2 kmol/s, Torres‐Valdes et al., 2013), highlighting the importance
of the Siberian rivers in Arctic DSi export, in parallel with findings from
Laukert et al. (2022) and Sun et al. (2021).

The use of isotopic tools allows for more accurate determination of DSi
export, and highlights the importance of Eurasian rivers as source of DSi to
the Arctic Ocean and the importance of shelf cycling in controlling the export
of inorganic nutrients. Nonetheless, we observe large variability in the range
of DSi export calculated, which is primarily associated with uncertainty in the
transport rate of the TPD (standard error is 44% of total rate, Charette
et al., 2020), and is sensitive to the annual DSi flux and isotopic signature
from rivers.

4.4. Constraining the Arctic Ocean Silicon Isotope Budget

Brzezinski et al. (2021) hypothesized that the burial of isotopically light Si on
Arctic shelves is necessary to reproduce the heavy isotopic signature of Arctic
outflows and balance the Si isotopic budget of the Arctic (Torres‐Valdés
et al., 2013). Gaps in the isotopic composition of key gateways such as Fram
Strait and the BS Opening increased the overall uncertainty, but recent studies

indicate that biological uptake and opal recycling are dominant processes in the DSi budget of the Arctic Ocean
(Brzezinski et al., 2021; Laukert et al., 2022), and that shelf production/removal is needed to balance the isotopic
budget of the Arctic Ocean.

We use the direct measurements of δ30Si(OH)4 on the Eurasian shelves presented in this study to update the DSi
isotopic mass balance of the Arctic Ocean from Brzezinski et al. (2021) with constraints of biological processes
on the Laptev Shelf. The budget also combines the recent data sets describing the δ30Si(OH)4 of Fram Strait
(Debyser et al., 2022), the BS Opening (Debyser, 2023) and recent advances in describing DSi cycling processes
(Giesbrecht et al., 2022; Liguori et al., 2020, 2021; Varela et al., 2016; Ward et al., 2022a, 2022b), further
described in Table 1.

The DSi budget presented in Table 1 uses the DSi fluxes across Arctic gateways from Torres‐Valdés et al. (2013)
and pan‐Arctic annual riverine DSi fluxes measured over a decade in Holmes et al. (2012) of 0.41 TmolSi/yr, with
an additional input of 0.01–0.04 TmolSi/yr from riverine opal leading to a total o.f 0.44 TmolSi/yr, assuming
around half of opal material dissolves within the water column (Carey et al., 2020; Tréguer et al., 2021). In the

Figure 8. Schematic of the Laptev shelf silica pump with riverine supply of
DSi (Holmes et al., 2012), export out of the continental shelf, opal burial, and
the internal cycling processes of biological uptake and benthic efflux (Sun
et al., 2021). The uncertainty in this simple model is derived from the error in
the removal term (±14%), applied to the total riverine DSi flux. In this
budget, riverine inputs = export to TPD + opal burial. Inside the dotted red
circle shows internal cycling processes. Water column dissolution of opal is
assumed to be negligible due to small water column depths (<50 m). All
fluxes are shown in kmolSi/s.

Table 1
Synthesis of the Silicic Acid and Modeled DSi Isotopic Budget for the Arctic Ocean Compared to Measured δ30Si(OH)4 Input and Outflux Through the Davis and Fram
Straits

Tmol Si/yr Range δ30Si(OH)4 Range Isotopic data source

Influx Bering Strait 0.66a +1.72 1.67–1.77 Giesbrecht et al. (2022), Brzezinski et al. (2021)

Barents Sea Opening 0.42a +1.67 1.67–1.79 Debyser (2023)

Fram Strait 0.85a +1.74 1.68–1.80 Debyser et al. (2022)

Rivers 0.44b 0.41–0.45 +1.3 1.00–1.60 Sun et al. (2018)

Observed Input 2.37 +1.64

Outflux Davis Strait − 1.35a +1.75 Giesbrecht et al. (2022)

Fram Strait − 1.08a +1.85 1.76–1.94 Debyser (2023)

Observed Outflux − 2.43 +1.79

Add. Outputs Removal—Open − 0.14c − 0.18 to − 0.10 +1.16 1.16–1.50 Brzezinski et al. (2021)

Removal—Shelf − 0.24 − 0.34 to − 0.19 +0.6 0.52–0.72 This study

Modeled Outflux 1.99 +1.80

Note. This model accounts for additional removal of riverine DSi on Arctic shelves. aTorres‐Valdes et al. (2013). bHolmes et al. (2012). cBrzezinski et al. (2021).
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Bering Strait, δ30Si(OH)4 was measured between +1.67‰ and +1.79‰ (Brzezinski et al., 2021; Gies-
brecht, 2019), leading to an average of +1.72‰. Fram Strait and the BS opening have inflow signatures of
+1.74‰ ± 0.06‰ (Debyser et al., 2022) and +1.67‰ (Debyser, 2023) respectively. Outflowing polar waters
have signatures of +1.75‰ (Giesbrecht, 2019) and +1.85‰ ± 0.09‰ (Debyser et al., 2022) for the Davis Strait
and Fram Strait, respectively.

Using DSi isotopes, we have evidence that a significant proportion of DSi is removed on the Laptev Sea shelf,
implying strong biological control over the DSi budget and significant burial on the shallow Eurasian shelves.
There are large associated uncertainties with opal burial. Previous estimates of opal burial for the Arctic Ocean are
of 0.16–0.30 TmolSi/yr (Brzezinski et al., 2021; März et al., 2015) based on opal content of 2% weight averaged
for the Arctic Ocean. Recently in the BS, opal content was documented to be particularly low (0.26%–0.52%
weight), and to be rapidly recycled near the surface of the seafloor (Ward et al., 2022b). Nonetheless, the average
of 2% weight can underestimate sedimentary opal content on Eurasian shelves around river deltas, where opal
content >3% and up to 13% have been measured in the regions of the Laptev and East Siberian Seas (Mam-
mone, 1998; Nürnberg et al., 1997).

Arctic primary production is highest around coastal areas and is sustained by rivers (Terhaar et al., 2021), and is
significantly increasing with climate change (Frey et al., 2021). Most of the Arctic's opal production occurs on
shelves, with the Laptev and Kara seas particularly favorable for diatom production (Macdonald et al., 2010).
Regional highs in productivity and zones of intense burial may significantly affect exported δ30Si(OH)4 on a
basin‐wide scale. Significant differences in nutrient cycling between the BS shelf and other Eurasian shelves may
also be observed as the BS Opening experiences strong mixing from tidal and frontal currents, and experiences
deep winter convection through its entire water column (Sundfjord et al., 2007), leading to low burial rates of opal
in the BSOpening (Ward et al., 2022b). This is not necessarily representative of nutrient cycling on other Eurasian
shelves (Tuerena, Hopkins, Ganeshram, et al., 2021). We propose a separate removal term for Arctic shelves
based on estimates from the Laptev Sea. Productive Arctic shelves account for 39% of the total Arctic Ocean area
(Jakobsson, 2002), leading to adjusted fluxes of 0.10–0.18 TmolSi/yr for opal burial in the open Arctic Ocean.

The net burial of Si is approximated from the removal of DSi and the benthic efflux measured by Sun et al. (2021).
This approximation is used as the shelf has a shallow water column and fast sedimentation rates, which should
lower the exposure time of opal for dissolution in the water column and at the sediment interface (Nelson
et al., 1995). We estimated in this study that 55%± 14% of DSi from riverine origins is removed on the Laptev Sea
shelf. Extrapolating this to pan‐Arctic river fluxes, we estimate an additional net shelf removal of DSi of 0.24
TmolSi/yr. As the source of DSi from rivers is isotopically lighter than marine‐sourced DSi, the isotopic signature
of opal buried on shelves (δ30Si‐BSiO2) from terrestrial origins is estimated using the Rayleigh model frac-
tionation for opal described in Varela et al. (2004):

δ30Si − bSiO2 = δ30Si(OH)4‐initial − 30ε(( f ln f )/ (1 − f ))

where δ30Si(OH)4‐initial is the δ
30Si(OH)4 in surface waters prior to utilization, here +1.30‰ for riverine‐sourced

DSi. Using a biological fractionation factor of − 1.07 as per Section 4.3 and a range of fraction of DSi remaining
(0.45 ± 0.14 as per Section 4.3), we calculate a δ30Si‐BSiO2 of +0.60‰ ± 0.08‰. Ward et al. (2022b) found
evidence of isotopically light opal in the BS under Arctic water influence (+0.82‰). Both our estimates and
Ward et al.’s (2022b)'s findings are substantially lighter than the δ30Si‐BSiO2 measured in the Canadian Arctic
(Giesbrecht et al., 2022; Varela et al., 2016) and the BS Opening under the influence of AW (Ward et al., 2022b).
This potentially reflects the formation of opal from isotopically lighter DSi sources (namely riverine), and its
subsequent burial into the sediments in freshwater influenced shelves.

From the inflow and removal terms described above, the δ30Si(OH)4 of outflowing waters from the Arctic Ocean
can be approximated using isotopic mass‐balance and assuming steady‐state:

Foutflow = Finflow − Fremoval

δ30Si(OH)4‐inflow = fremoval δ30Si(OH) 4‐removed + (1 − fremoval ) δ30Si(OH) 4‐outflow

Rearranging for δ30Si(OH)4‐outflow:
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Si(OH) 4‐outflow =
δ30Si(OH)4‐inflow − fremoval δ30Si(OH) 4‐removed

(1 − fremoval )

where F are the fluxes of Si in Tmol/yr, fremoval = Fremoval/Finflow (here 0.38 and 2.37 TmolSi/yr respectively,
Table 1), δ30Si(OH)4‐inflow is the flux‐weighted isotopic signature of inputs (inflow + rivers, 1.64‰) and
δ30Siremoved = 0.81‰, calculated as the flux‐weighted isotopic signature of Si removal processes from both the
shelf and open ocean. The above equations lead to a predicted outflow of 1.99 TmolSi/yr with an isotopic
signature of 1.80‰± 0.12‰, based on the ranges provided in Table 1. Using the mean δ30Si‐BSiO2 of+0.60‰,
modeled shelf burial of isotopically light opal contributes to an isotopic shift of around 0.1‰.

Extrapolating the net removal of nutrients to productive Eurasian shelves helps to close the isotope mass balance
of the Arctic Ocean and reproduces well the observed outflowing isotopic signature of the Arctic Ocean (mass‐
weighted modeled δ30Si(OH)4= +1.80‰ ± 0.12‰, Table 1). The output modeled δ30Si(OH)4 is sensitive to the
isotopic signature of riverine DSi, which needs to be further constrained through seasonal and annual observations
of major Arctic rivers to improve the Arctic Si budget. Our modeled budget simplifies internal cycling processes
and ignores potential additional sources of isotopically light DSi from hydrothermal vents (Edmonds et al., 2003;
Liguori et al., 2020) and lithogenic sources (Ward et al., 2022b). This could explain the underestimation of the
DSi outflow flux by 0.44 TmolSi/yr relative to the observations from Torres‐Valdes et al. (2013). Nonetheless,
this exercise highlights the sensitivity of the Arctic DSi budget to biological processes, highlighting the role of the
Arctic shelf silica pump in elevating the isotopic signature of Arctic DSi, as proposed by Brzezinski et al. (2021),
as well as regulating export out to the Atlantic Ocean.

4.5. Future Implications and Limitations

Climate change is significantly affecting the Arctic Ocean and its shallow coastal shelves. Considering its
connection to surrounding land, the Arctic Ocean is particularly sensitive to changes in its freshwater budget and
terrigenous supply of nutrients (Macdonald et al., 2015). Discharge from Eurasian rivers is increasing
(Mcclelland et al., 2006), permafrost thaw and degradation is increasing nutrient fluxes to the coast (Frey &
McClelland, 2009; Frey et al., 2007; Zhang et al., 2021), sea‐ice cover is decreasing (Notz & Stroeve, 2016) and
primary productivity in the Eurasian Arctic is increasing (Frey et al., 2018). These changes have knock‐on im-
pacts on phytoplankton dynamics in the Arctic Ocean (Ardyna & Arrigo, 2020) and the prevalence of diatoms is
changing (Blais et al., 2017). Changes in the flux and stoichiometry of nutrients delivered to Arctic shelves will
impact primary productivity locally but also change nutrient budgets and the export of DSi out of the Arctic Ocean
(Torres‐Valdés et al., 2013).

We still observe a discrepancy between the predicted and measured DSi at outflow gateways. This can be partially
linked to uncertainty within the measurement of fluxes or missing sources of DSi to the Arctic Ocean. Among
these suggested sources are hydrothermal vents and lithogenic silica from the benthos (Edmonds et al., 2003;
Liguori et al., 2020; Ward et al., 2022b). Kipp et al. (2018) have observed increased fluxes of shelf‐derived
materials from sediment‐exchange, which can significantly change the supply and balance of nutrients on
Arctic shelves and impact burial of DSi. Lithogenic supply of DSi could become increasingly important in the
future Arctic Ocean, highlighting the importance of further constraining this flux on a basin‐wide scale (Ward
et al., 2022b).

Nonetheless, the DSi and δ30Si(OH)4 isotope budget of the Arctic Ocean shows that biological cycling plays a key
role for the burial of opal and export of DSi in the Arctic Ocean. The Arctic shelf silica pump is currently limited
by nitrogen. Laukert et al. (2022) speculates that weakening stratification on Eurasian shelves will increase DSi
drawdown and reduce DSi export into the TPD. In this view, increased vertical mixing and the supply of marine N
fuel diatom production and burial over the shelves. However, it ignores the fact that any increase in productivity
over the shelf will also fuel N removal by denitrification as this process is shown to exacerbate organic matter
fluxes to sediments (Chang & Devol, 2009; Tuerena, Hopkins, Buchanan, et al., 2021; Tuerena, Mahaffey,
Henley, et al., 2021). In addition, increasing riverine discharge and permafrost degradation is likely to increase the
export of major nutrients (Zhang et al., 2021). Therefore, it is likely that mixing and riverine input will enhance
denitrification in the Eurasian shelf and acerbate N limitation, allowing a smaller proportion of the riverine DSi
flux to be buried on Eurasian shelves. This emphasizes the strong biological controls on the shelf silica pump, and
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could in turn lead to an increase in DSi export into the TPD, and lower isotopic signatures. Our mass‐balanced
isotope budget also shows that the δ30Si(OH)4 of exported DSi is extremely sensitive to the δ

30Si of biogenic Si
removed. To further constrain the DSi budget of the Arctic Ocean, better characterization of δ30Si of biogenic Si
and 30ε is needed, particularly within rivers and on Eurasian shelves. Characterization of removal in the East
Siberian Sea would also confirm the suitability of extrapolating removal in the Laptev Sea to the Eurasian shelf.

5. Conclusions
This study presents direct measurements of δ30Si(OH)4 along the Lena Delta and the Laptev Sea, as well as
providing surface measurements along a transect on the Eurasian shelves. A gradual increase in DSi, DSi:N ratio
and enrichment is found fromWest to East in the surface waters of the Eurasian shelf. This is attributed to nutrient
input from rivers, and partial utilization of DSi and subsequent burial of isotopically light δ30Si in the shelf
sediments.

Nitrogen was found to be strongly depleted on the Laptev Sea shelf, limiting the uptake of DSi. Through heavy
silicon isotopic signatures, we trace the partial uptake signal of shelf waters feeding over the continental slope to
the TPD, documenting the export of excess riverine DSi to the Arctic Ocean. From isotopic measurements, it is
estimated that >50% of DSi from riverine inputs is removed within the Lena River delta and on the Laptev Sea
shelf, leading to an export of 2.5 ± 0.8 kmol/s of riverine DSi through the TPD. This highlights the role of
Eurasian rivers in supplying nutrients to the Arctic Ocean and the importance of shelves which modify nutrient
stoichiometry on Arctic shelves.

An updated isotopic budget of the Arctic Ocean displays the importance of biological processes in controlling DSi
export and enriching the δ30Si(OH)4 of outflowing water masses from the Arctic Ocean. The study highlights the
role of nitrogen limitation in the shallow Arctic shelves in determining the DSi fluxes, which are highly sensitive
to ongoing climate change. As a consequence of changing biogeochemical cycles in the Arctic Ocean, it is
envisioned that changes in the DSi export out of the Arctic will increase and lighter δ30Si(OH)4 signatures of the
Arctic Ocean are expected in the near‐future.

Data Availability Statement
Maps and figures were produced using Ocean Data View. All data presented in this study are available from the
PANGAEA data set by Debyser et al. (2024), https://doi.org/10.1594/PANGAEA.965315. This data set has
also been included in Data Set S1.
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