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The silicon isotope composition of silicic acid, δ30Si(OH)4, in the deep Arctic Ocean is
anomalously heavy compared to all other deep ocean basins. To further evaluate the
mechanisms leading to this condition, δ30Si(OH)4 was examined on US GEOTRACES
section GN01 from the Bering Strait to the North Pole. Isotope values in the polar
mixed layer showed a strong influence of the transpolar drift. Drift waters contained
relatively high [Si(OH)4] with heavy δ30Si(OH)4 consistent with the high silicate of riverine
source waters and strong biological Si(OH)4 consumption on the Eurasian shelves.
The maximum in silicic acid concentration, [Si(OH)4], within the double halocline of the
Canada Basin formed a local minimum in δ30Si(OH)4 that extended across the Canada
Basin, reflecting the high-[Si(OH)4] Pacific source waters and benthic inputs of Si(OH)4 in
the Chukchi Sea. δ30Si(OH)4 became lighter with the increase in [Si(OH)4] in intermediate
and deep waters; however, both Canada Basin deep water and Eurasian Basin deep
water were heavier than deep waters from other ocean basins. A preliminary isotope
budget incorporating all available Arctic δ30Si(OH)4 data confirms the importance of
isotopically heavy inflows in creating the anomalous deep Arctic Si isotope signature,
but also reveals a surprising similarity in the isotopic composition of the major inflows
compared to outflows across the main gateways connecting the Arctic with the Pacific
and the Atlantic. This similarity implies a major role of biological productivity and opal
burial in removing light isotopes entering the Arctic Ocean from rivers.

Keywords: nutrients, biogeochemical cycles, diatoms, silicon isotopes, Arctic Ocean, GEOTRACES, stable
isotope Si30

INTRODUCTION

Silicon is an essential nutrient for the growth of diatoms and other siliceous plankton. Diatoms
are thought to dominate the marine silicon cycle and they account for up to 30% of global marine
primary production (Tréguer et al., 2021) creating a strong link between diatom Si demand (Lewin,
1962) and the global carbon cycle (Nelson et al., 1991; Tréguer and van Bennekom, 1991; Nelson
and Brzezinski, 1997; Brzezinski et al., 1998, 2001). The discovery that diatoms fractionate isotopes
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of Si during silicification (De La Rocha et al., 1997) led to
natural variations in the isotopic composition of Si becoming
a new tool that expanded the spatial and temporal scales for
assessing diatom silica production and productivity in the present
(e.g., Fripiat et al., 2011) and in the past (e.g., De La Rocha
et al., 1998) and their implications for climate (De La Rocha
et al., 1998; Beucher et al., 2007; Hendry and Brzezinski, 2014;
Dumont et al., 2020).

The isotope models used to infer silica production from the Si
isotope composition of diatom frustules in marine sediment or
from the water column all depend on knowledge of the isotopic
composition of the silicic acid, δ30Si(OH)4, in upwelling water
masses (Varela et al., 2004). That dependence inspired efforts to
understand ties between Si isotope dynamics and the meridional
overturning circulation (de Souza et al., 2012a; Brzezinski and
Jones, 2015; Closset et al., 2016; Sutton et al., 2018). Numerical
models that combine large-scale ocean circulation with biological
fractionation of isotopes of Si in surface waters together with the
dissolution of biogenic silica (bSi) in the water column are able to
simulate global Si isotope distributions with high skill (Reynolds,
2009; de Souza et al., 2014, 2015; Holzer and Brzezinski, 2015;
Gao et al., 2016) suggesting that this relatively simple conceptual
framework captures the main relevant processes.

The silicon isotope composition of the deep waters of the
Canada, Makarov, and Amundsen Basins (Figure 1) are all heavy
relative to the rest of the global ocean (Varela et al., 2016; Liguori
et al., 2020). The mechanisms leading to a heavy silicon isotopic
signature of the deep Arctic Ocean remain unclear. Varela et al.
(2016) proposed that the relatively shallow sills that separate
the Arctic Ocean from the Atlantic and Pacific Oceans (Rudels,
2009) play a major role. Because Si isotope values are generally
inversely related to silicic acid concentration throughout the
ocean (Cardinal et al., 2005; de Souza et al., 2014; Brzezinski
and Jones, 2015). Si isotope values become progressively heavier
toward the surface in the upper 2 km of the water column
following the decrease in silicic acid concentration through the
main thermocline. Thus shallow sills increase the contribution of
heavy signals from shallower layers and restrict connectivity with
lighter deep waters. Varela et al. (2016) evaluated their hypothesis
using a simple box model of the global ocean that successfully
simulated a heavy Si isotopic composition for the deep Arctic
compared to other ocean basins.

A study of Si isotopes focused on the Eurasian Basin by Liguori
et al. (2020) revealed the importance of water mass mixing as
a major control on Si isotope distributions within the central
Arctic Ocean. Liguori et al. (2020) argue that water mass mixing
plays a larger role in Si isotope dynamics within the Arctic Ocean
than do processes associated with bSi production and dissolution.
That argument is consistent with the low rates of productivity
and low bSi concentrations in the Arctic (Fahl and Nöthig, 2007)
and the strong role of processes on the shelves in the formation
of halocline, intermediate, and deep waters of the central Arctic
(Schauer et al., 2002; Rudels, 2009, 2012). The redistribution
of isotopes of Si within the Arctic Ocean with the formation
and mixing of water masses has important consequences for the
isotopic composition of major Arctic outflows that influence the
composition of North Atlantic deep water, NADW. Outflows

from the Canada Basin through the Canadian Archipelago
and Davis Strait influence the composition of Labrador Sea
water (LSW), while outflows from the Eurasian Basin through
the Fram Strait flow into the Greenland and Norwegian Seas
are incorporated into overflow waters through the Denmark
Strait (DSOW) and Iceland Scotland Ridge (ISOW; Dickson
and Brown, 1994). Liguori et al. (2020) point to differences in
δ30Si(OH)4 reported for the Canada, Makarov and Amundsen
Basins to suggest that these outflows contribute a diversity of
end-member isotopic compositions to NADW.

Evaluating both the effect of inflows on Arctic Ocean Si isotope
distribution and the influence of the Arctic Ocean outflows
on NADW composition is currently difficult due to the lack
of information on the isotopic composition of end member
water masses entering or leaving the Arctic Ocean. Only a few
δ30Si(OH)4 measurements are available for inflows of Pacific
Ocean water through the Bering Strait (Giesbrecht, 2019) and
measurements are completely lacking for Atlantic Ocean waters
that enter through the Fram Strait and over the Barents Sea.
Giesbrecht (2019) provides values for the isotopic composition
of outflows through the Canadian Archipelago and the Davis
Strait that influence LSW, but no data are available for outflows
through the Fram Strait that ultimately influence the composition
of ISOW and DSOW. Measurements of the isotopic composition
of overflow waters are available (de Souza et al., 2012b; Sutton
et al., 2018), but mechanistically linking their composition back
to the diversity of isotope compositions of Arctic Ocean water
masses is currently difficult (Liguori et al., 2020).

The US GEOTRACES expedition, GN01, offered an
opportunity to further test and develop these concepts by
expanding the Si isotope data set in the Amerasian Basin of the
Arctic Ocean, including sampling of the isotopic composition
of Pacific inflows through the Bering Strait. Comparison with
previous data sets allows a more comprehensive analysis of
the relative importance of physical and biological processes in
controlling δ30Si(OH)4 in the central Arctic and the construction
of a preliminary Si isotope budget for the Arctic Ocean.

MATERIALS AND METHODS

Sample Collection
Seawater samples for δ30Si(OH)4 measurement were collected
from 15 of the 66 stations sampled during GEOTRACES section
GN01 aboard the icebreaker CGC Healy (HLY1502) from August
to October, 2015 (Figure 1). After sampling in the Bering
Strait and Chukchi Sea, sample collection generally followed a
westerly meridian to the North Pole and then returned to the
Canadian margin following a more easterly meridian (Figure 1).
All samples were collected using the conventional GEOTRACES
rosette/CTD package that included a 24 – place rosette fitted with
12 – liter Niskin bottles. Three liters of seawater were filtered
directly from each Niskin sampler through silicone tubing using
a trace – metal – grade HCl – rinsed inline AcroPak R© 500 capsule
filter containing dual 0.8 and 0.45 µm Supor membrane filters.
Capsule filters and collection bottles were well rinsed with sample
water prior to sample collection. Filled sample bottles were tightly
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FIGURE 1 | Map of the Arctic Ocean showing the location of stations sampled during US GEOTRACES GN01, Canadian GEOTRACES GP02 and Canadian
Distributed Biological Observatory cruise DBO15, German GEOTRACES GN04, and Canadian IPY-GEOTRACES (ArcticNet 0903). Red lines denote major exchange
gateways of the Bering Strait, Davis Strait, Fram Strait, and Barents Sea used to determine the Arctic Ocean silicic acid budget (Torres-Valdés et al., 2013). Dotted
lines approximate the position of the Alpha and Mendeleev Ridge (AR and MR) separating the Canada Basin (CB) and the Makarov Basin (MB), the Lomonosov
Ridge (LR) separating the Makarov Basin and the Amundsen Basin (AB), and the Gakkel Ridge (GR) separating the Amundsen Basin and the Nansen Basin (NB).
Red arrows indicate the approximate flow path of the transpolar drift (TPD).

capped and stored at room temperature without preservative.
AcroPak capsule filters were kept refrigerated between samplings
and replaced periodically.

Sample Processing
For most samples the silicic acid within seawater was prepared
for Si isotope analysis by conversion to BaSiF6. Briefly,
subsamples containing 5–30 µmol of Si were reacted with
triethylamine-ammonium molybdate to precipitate the silicic
acid as triethyamine-silicomolybdic acid (De La Rocha et al.,
1996; Brzezinski et al., 2006). The precipitate was collected by
filtration, rinsed, dried, and combusted to form solid SiO2. The
SiO2 was then dissolved in HF and precipitated as Cs2SiF6 by
the addition of CsCl (Brzezinski et al., 2006). The precipitate
was rinsed with ethanol and dried. Then a solution of BaCl2 was
added and left for 48 h to allow for quantitative conversion of

Cs2SiF6 to BaSiF6. BaSiF6 was similarly rinsed and dried and its
isotopic composition analyzed through thermal decomposition
of BaSiF6 to solid BaF2 and SiF4 gas using a NuSil inlet system
coupled to a Nu Perspective IRMS mass spectrometer at the
University of California Santa Barbara (UCSB). Si isotopes were
measured as SiF3

+ ions produced by electron bombardment of
SiF4 gas at m/z 85, 86, and 87. The secondary standards, Big
Batch and Diatomite, and the NIST primary standard NBS-28
(RM8546), were analyzed at the start and end of every run of
50 samples. The reference seawater ALOHA1,000 (Grasse et al.,
2017) was included in nearly every run. Seawater samples were
analyzed in duplicate or triplicate with each analysis performed
on a separate analytical run of the mass spectrometer.

Isotope values were calibrated against the international
standard NBS28 and the well-characterized secondary
standards Big Batch and Diatomite (Reynolds et al., 2007;
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Grasse et al., 2017) using the multipoint calibration method of
Paul et al. (2007). For calibration, the measured δ30Si values
for all three reference materials (δ30Simeasured) are regressed
against their consensus δ30Si values with NSB = 0h, Big
Batch =−10.48h, and Diatomite = + 1.26h (Reynolds et al.,
2007). Standardized sample values are calculated from the
regression line:

δ30Si = slope× δ30Simeasured + intercept (1)

The regression approach produces a smaller normalization error
than the single-point normalization to NBS28 as it is more
robust against random error in the analysis of any one standard
(Paul et al., 2007). In the multipoint regression approach, the
value obtained for NBS is dictated by the regression rather than
being assumed to be zero as done in the single – standard
approach using NBS28. The regression approach for 20 randomly
chosen calibrations predicts a value of NBS of +0.03 ± 0.01h
(1σSE = 1σSD ÷ n1/2; unless otherwise labeled all uncertainty
terms hereafter are standard errors, 1σSE, corresponding to
our best estimate of the uncertainty on our estimate of the
true population mean) compared to the assigned value of zero
with the difference being well within the analytical precision of
current single-sample δ30Si measurements (Reynolds et al., 2007;
Grasse et al., 2017).

Low concentration samples with <5 µmol kg−1 silicic acid
along with nine intercalibration samples with 13–40 µmol kg−1

silicic acid were processed and analyzed at the Swiss Federal
Institute of Technology (Eidgenössische Technische Hochschule,
ETH) Zurich, Switzerland following the methods of Reynolds
et al. (2006) and Georg et al. (2006) as modified by de Souza et al.
(2012b). Briefly, Si was pre-concentrated from 13 to 150 mL of
seawater by inducing the precipitation of seawater Mg as brucite,
Mg(OH)2, through addition of NaOH (Suprapur, Merck); the
resulting scavenging of Si onto the brucite allows separation of
the analyte from the bulk of seawater salts by centrifugation. For
samples with Si concentrations below 14 µmol kg−1, the brucite
pellet was re-dissolved in a small volume of fresh sample and the
pre-concentration procedure repeated. Yields of the procedure,
monitored by photospectrometric analysis of Si concentrations
in the supernatant after centrifugation, were always≥97.65% and
were generally ∼99%. Following dissolution of the brucite pellet
by addition of double-distilled 6 M HCl, samples were diluted
with ultrapure water (≥18.2 M� cm) to 1.8 ppm Si, and Si
separated from Mg and other seawater cations by passing the
solution through a chromatographic column containing 1 mL
of the cation-exchange resin AG50W-X8 (BioRad Laboratories).
The resulting solutions, with a concentration of 0.6 ppm Si, were
analyzed by high-resolution multicollector-ICP-MS (NuPlasma
1700) using a standard – sample bracketing protocol (Georg et al.,
2006). Each δ30Si analysis comprises five measurements (each
consisting of 1 block of 36× 5 s integrations) of the isotopic ratios
in the sample bracketed by measurements of the isotopic ratios
in the primary isotopic standard NBS28 (seven measurements
of NBS28). Secondary standards and reference materials were
analyzed with each batch of samples to monitor accuracy and
provide an estimate of external reproducibility.

Seawater nutrient analyses (phosphate, silicate,
nitrate + nitrite, and nitrite) were performed at sea
on a Seal Analytical continuous-flow Auto Analyzer 3
following Hydes et al. (2010).

ANALYTICAL PRECISION AND
INTERCALIBRATION

Reference Materials and Sample
Precision
The analysis of secondary standards at both UCSB and ETH
gave values that were all within 0.06h or better compared
to consensus values. The analysis of the secondary standard
Diatomite at UCSB and ETH gave values of +1.24 ± 0.01h
(n = 73) and +1.28 ± 0.07h (1σ, n = 1), respectively, in good
agreement with the consensus value of +1.26± 0.01h (Reynolds
et al., 2007). Analysis of the Big Batch standard at UCSB gave
a mean value of −10.42 ± 0.01h (n = 118), compared to the
consensus value of −10.48 ± 0.02h (Reynolds et al., 2007). The
sponge spicule secondary standard LMG08 was analyzed at EH
yielding a mean value of −3.36 ± 0.02h (n = 8) versus the
consensus value of −3.37 ± 0.02h (Hendry et al., 2011). Long-
term external reproducibility at ETH is documented by analyses
of Diatomite over a period of ∼2 year preceding the analyses
reported here, which yields +1.26± 0.07h (1σ, n = 32).

Both UCSB and ETH analyzed the reference seawater
ALOHA1,000 yielding an average value of +1.29 ± 0.01h,
n = 44 at UCSB and +1.26 ± 0.02h, n = 7 at ETH with
both values being slightly heavier than the consensus value of
+1.24 ± 0.03h (Grasse et al., 2017). Seawater samples measured
by each laboratory had excellent and similar precision. Replicates
at UCSB had an average precision of 0.05h (min = 0.0001h,
max 0.20h, 2 σSD = 0.06h, and n = 203). The low silicic
acid concentration samples measured at ETH had an average
precision of 0.08h (min = 0.04h, max 0.15h, 2 σSD = 0.06h,
and n = 27). When averaging across several samples, e.g., for
determination of water mass averages, the associated error of the
average was always taken to be the larger of 1σSDsamples ÷ n1/2

or 1σSD_ALOHA ÷ n1/2, where n is the number of samples
averaged, such that errors are not underestimated in cases where
1σSD_samples is small by coincidence.

Crossover Stations and Intercalibration
To intercalibrate the results from UCSB and ETH nine samples
from four stations along GN01 (stations 32: 1 sample, 46: 3
samples, 52: 3 samples, and 57: 2 samples) that had silicic acid
concentrations between 13 and 40 µmol kg−1 were analyzed
by both laboratories. The average of the absolute value of the
differences in δ30Si values for these samples was 0.03 ± 0.01h
(1σSE, n = 9). The high variance relative to the mean is due to
a single difference of 0.13h. The median difference that is less
sensitive to this outlier was 0.016h.

Two crossover stations with other GEOTRACES cruises
were occupied for intercalibration during GN01. Station 56 of
GN01 (75◦N, 148.8◦E; 29 September 2015, Figure 1) was also
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occupied by CCGS Amundsen during Canadian GEOTRACES
cruise GN03 (Station CB4, 15 September 2015), just 14 days
earlier. Samples from GN03 were collected by the University
of Victoria, Canada (D. Varela/K. Giesbrecht) and analyzed at
ETH Zurich. The second crossover station was GN01 Station 30
(87.5◦N, 180◦E; 01/02 September 2015, Figure 1) in the Makarov
Basin, occupied about 10 days later during GN04 aboard the FS
Polarstern, PS94 (Station 101, 13/14 September 2015). Samples
from PS94 were analyzed at the University of Oldenburg,
Germany (C. Ehlert). Samples from GN01 crossover stations
were analyzed by the University of California Santa Barbara,
United States (M. Brzezinski) and are presented in this study.

Technical difficulties during GN01 restricted sampling at
crossover station GN01 56 (GN03 station CB4) to depths below
600 m. The δ30Si(OH)4 data from the two laboratories are in
excellent agreement, with an average of the absolute differences
between laboratories of 0.13 ± 0.08h (1σSE, n = 4) when all
data are paired by closest common depth and 0.05 ± 0.03h
(1σSE, n = 3) for samples from waters >1,200 m. Sampling
at GN01 Station 30 (GN04 station 101) extended from 20 m
to near the sea floor. However, considering the large gradients
in isotope values in surface waters (0–200 m) that could bias
differences when samples are paired by closest sampling depth,
the comparison of crossover station data used samples from
>200 m. The δ30Si(OH)4 data analyzed in Oldenburg were always
lighter than comparison samples analyzed in Santa Barbara.
When the data are paired by the closest common depth sample
values differ by 0.17 ± 0.06h (1σSE, n = 12) for all samples
below 200 m and by 0.18 ± 0.06h (1σSE, n = 4) for deep
waters below 1,200 m. Considering the very short time between
sampling of this location on GN01 and GN04 (10 days) natural
variations of this magnitude seem unlikely, especially in deep
waters. A similar offset of 0.19h was observed between these
same two laboratories during the international study to establish
the ALOHA reference seawaters for isotopes of Si (Grasse et al.,
2017). Thus, the offset observed likely reflects inter-laboratory
differences resulting from some combination of the different
methods used for chemical sample preparation, including
preconcentration and purification methods, and isotopic analysis
on different mass-spectrometer types, i.e., the Neptune MC-
ICP-MS (Thermo FisherTM, Germany) used, e.g., in Oldenburg,
and the NuSil and Nu Perspective IRMS (Nu Instruments,
United Kingdom) used in Santa Barbara. We note, however,
that the chemical preparation methods used in Oldenburg are
identical to those applied at ETH Zurich (where subsequent
analysis is by MC-ICP-MS, a NuPlasma 1700) for which excellent
agreement with Santa Barbara data was reported above, such that
there is likely no single simple cause of such inter-laboratory
differences (see also discussion in Grasse et al., 2017).

STUDY SITE

Water Masses and Hydrography
The Arctic Ocean is a semi-enclosed sea with nearly
equal areas of shallow shelves and deep basins that
receives considerable freshwater input relative to its size

(Carmack and Wassmann, 2006; Wassmann, 2015; Carmack
et al., 2016; Figure 1). Ridges rising from the sea floor divide
the Arctic Ocean into a series of sub – basins. The Lomonosov
Ridge nearly bisects the central Arctic Ocean, separating the
western Amerasian Basin from the eastern Eurasian Basin and
restricting free advective exchange between the two to water
depths of <1,800 m (Björk and Winsor, 2006). The Alpha and
Mendeleev Ridges further subdivide the Amerasian Basin into
the Canada and Makarov Basins. The geographic North Pole
lies adjacent to the Lomonosov Ridge in the Amundsen Basin
on the Eurasian side where the Gakkel Ridge separates the
Amundsen and Nansen Basins. Sampling for Si isotopes on
GN01 mainly sampled the Canada Basin, with two stations in
the Makarov Basin (stations 30, 38) and a single station at the
pole in the Amundsen Basin (St 32). Station 43, located above
the Alpha Ridge at 2,200 m water depth, displayed hydrographic
and nutrient characteristics of the Canada Basin. GN01 did not
sample the Nansen Basin (Figure 1).

The Bering Strait is the sole connection between the Arctic and
Pacific Oceans, while flows through the Canadian Archipelago,
Fram Strait, and Barents Sea connect the Arctic and the Atlantic
Oceans (Figure 1). Exchange through the Bering Strait is
restricted by a sill depth of only 50 m. Outflows through the
Canadian Archipelago are also relatively shallow (<250 m), as is
exchange across the Barents Sea (200–300 m), while the 2,500 m
Fram Strait allows deeper communication with the Greenland
and Norwegian Seas. The Greenland-Scotland Ridge to the
south of the Fram Strait at the southern end of the Norwegian
Sea near Iceland (not shown) restricts communication with
the North Atlantic to 600–800 m. Overall, Arctic Ocean
circulation bears similarity to that of the Mediterranean Sea
with deep waters having only limited communication with the
Atlantic Ocean through the Fram Strait and no direct exchange
with the Pacific.

Advection of the Arctic inflows, their mixing and their
interaction with freshwater inflows and shelf sediments
influences biogeochemical properties in both the Amerasian
and Eurasian Basins. A key hydrographic feature that dictates
water mass dynamics in the Arctic Ocean is the strong shallow
halocline present in the upper 100–300 m that extends across
the central Arctic Ocean. Halocline waters form on the shelves,
increasing in salinity and density due to brine rejection during
sea ice formation, thus creating a strong link between shelf
processes and the hydrography of the central Arctic Ocean. The
halocline prevents deep convection such that lateral advection
through the subduction of inflows modified by sea ice formation
on the shelves plays a major role in deep water ventilation of the
central Arctic Ocean (Rudels, 2009).

There are several schemes used to define water masses of the
Arctic Ocean based on physical and nutrient properties. The
definitions used here are presented in Table 1. We adopt the
scheme of Rudels (2009, 2012) for deeper waters to be consistent
with Si isotope data published for the Eurasian Basin by Liguori
et al. (2020). The scheme of Jensen et al. (2019) is adopted
for shallower waters including the halocline. Stations in the
Bering Strait and Chukchi Sea (<70 m water depth) are classified
separately from the other stations that sampled deep basins.
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TABLE 1 | Water mass definitions.

Water mass Abbreviation Definition

Shelf waters

Bering Strait BS Latitude < 66.5◦N
Bottom depth < 60 m

Chukchi Sea CS Latitude > 66.5◦N
Bottom depth < 75 m

Surface waters

Polar mixed layer PML σθ ≤ 27.7
bottom depth > 800 m

Polar mixed layer (Trans polar drift) TPD Latitude > 84◦N
% meteoric water ≈ 15%
CDOM ≈ 0.13 V
z < 60 m

Halocline waters

Canada Basin

Upper halocline layer UHL θ = −1.5 to +0.4◦C
S = 31.0 to 33.1
[Si] <18 µmol kg−1

Upper halocline layer (Pacific) UHLP θ = −1.5 to +0.4◦C
S = 31.0 to 33.1
[Si] >18 µmol kg−1

Lower halocline layer LHL θ = −1.5 to +0.3◦C
S = 33.1 to 34.7

Makarov Basin

Halocline layer HM θ = −1.5 to +0.7◦C
S = 31.0 to 34.3

Amundsen Basin

Halocline layer HA θ = −1.8 to +1.6◦C
S = 32.7 to 34.7

Intermediate waters I (27.7 < σ θ ≤ 27.97)

Atlantic water AW θ > 2◦C

Arctic Atlantic water AAW 0◦C < θ ≤ 2◦C

Intermediate waters II (σ θ > 27.97, σ 0.5 ≤ 30.444)

Dense Arctic Atlantic water DAAW θ > 0◦C

Upper polar deep water uPDW θ ≤ 0◦C

Deep waters (σ 0.5 > 30.444)

Eurasian basin deep water EBDW θ ≤ −0.6◦C
S > 34.915

Canada basin deep water CBDW θ > −0.6◦C
S > 34.915

Shelf waters are defined based on geographic location and bottom depth. Surface
and halocline waters as described by Jensen et al. (2019) based on Jones and
Anderson (1986), Rudels (2012), and Rudels et al. (2015). Transpolar drift surface
waters as described in Charette et al. (2020). Intermediate and deep waters as
defined by Rudels (2012).

The shallow halocline limits the vertical extent of well – mixed
surface waters, known as the polar mixed layer (PML), to the
upper 60 m or less. The PML at the more northerly stations
sampled on GN01 (>84◦N latitude) lies within the transpolar
drift (TPD) based on both meteoric water content and CDOM
concentration (Shimada et al., 2005; Charette et al., 2020). The
Drift carries waters from the Eurasian shelves across the Arctic
Ocean where they then exit through the Fram Strait (Figure 1).

The structure of the halocline underlying the PML varies
among basins as a function of the extent of Pacific water
influence. Atlantic waters contribute to the halocline across
the entire central Arctic Ocean. In the Canada Basin, water

from the Pacific forms an upper halocline that overlies the
halocline formed by Atlantic waters, creating a double halocline.
This upper halocline layer (UHL) forms in the Chukchi Sea
where salt added by brine rejection during sea ice formation
increases density (Timmermans et al., 2003; Shimada et al., 2005;
Woodgate et al., 2005). The denser waters sink to the depth of the
UHL and spreads across much of the Canada Basin.

The Pacific waters of the UHL are distinguished by a
subsurface maximum in silicic acid concentration that reflects
both the water’s origin in the Pacific and the input of regenerated
silicic acid from sediments in the shallow Chukchi Sea (Jones
and Anderson, 1986; Nishino et al., 2009, 2015; Kipp et al.,
2020). For this study, the UHL defined by potential temperature
(θ) and salinity (S) is further subdivided based on silicic acid
content, with waters containing >18 µmol kg−1 silicic acid (twice
the average silicic acid concentration in the PML) considered
representative of the isotopic composition of the Si maximum
associated with Pacific waters in the central Arctic Ocean
(denoted as UHLP, Table 1). In contrast to the UHL, the Atlantic
waters of the lower halocline layer (LHL) in the Canada Basin
are modified through brine rejection on the Eurasian shelves,
ultimately mixing with water of Pacific origin during subduction
in the Canada Basin (Jones and Anderson, 1986).

Intermediate waters in all Arctic Ocean basins originate in
the Atlantic Ocean (Woodgate et al., 2001; Schauer et al., 2002).
Intermediate waters lie above ridge top depths, allowing inter-
basin exchange and lateral mixing. In the Makarov and Canada
Basins the Atlantic layer extends from the base of the halocline
to about 1,100 m. The Atlantic layer can be further subdivided
into a shallow (350–800 m) Fram Strait Branch (FSB; θ > 0◦C,
S 34.86) and the deeper Barents Sea branch (BSB; θ > −0.15 to
0◦C, S 34.88, Woodgate et al., 2001; Schauer et al., 2002). The
FSB consists of Atlantic waters that entered the Arctic Ocean
through Fram Strait and is warm and fresh compared to the
deeper BSB (800–1,150 m) that consists of Atlantic inflows that
are altered in the shallow Barents Sea and on Eurasian shelves
before subducting to depth.

For the Eurasian Basin, Rudels (2012) defines two layers of
intermediate waters each with two sublayers based on density
and potential temperature (Table 1). Relatively warm Atlantic
Water (AW, θ > 2◦C) as defined by Rudels (2012) is transformed
into Dense Arctic Atlantic Water (DAAW) before reaching the
Amerasian basins and was not observed on GN01. Arctic Atlantic
Water (AAW) and DAAW occupy the same overall depth range
as FSB and BSB, respectively, (Woodgate et al., 2001; Schauer
et al., 2002), and were both present along the GN01 section.
Upper polar deep water (uPDW) present in the Nansen and
Amundsen Basins becomes modified in the Canada and Makarov
Basins (Rudels, 2009) and corresponds to the transition layer
defined by Swift et al. (1997). Here we maintain the definitions
and naming scheme given in Table 1, including uPDW, to
facilitate comparisons with previously published data on Arctic
Si isotope distributions by Liguori et al. (2020).

Deep waters of the Arctic also originate in the Atlantic
Ocean. The ridge system restricts exchange among deep basins,
leading to increasing water age between Eurasian Basin deep
water (EBDW) in the Amundsen Basin (∼250 years), and the
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Canada Basin deep water (CBDW) found in both the Makarov
(∼300 years) and Canada (∼400 years) Basins (Schlosser et al.,
1997; Tanhua et al., 2009). EBDW is slightly colder and fresher
than is CBDW due to a stronger influence from the Nordic Seas
(Rudels, 2009). GN01 sampled EBDW at one station, station 32,
at the pole in the Amundsen Basin. One of the two stations
that sampled in the Makarov Basin, station 38, had a bottom
depth of 2,500 m and thus did not sample deep water masses.
The remaining stations with water depth >1,000 m were in
the Canada Basin or right above the Alpha Ridge and sampled
CBDW (Figure 1).

RESULTS AND DISCUSSION FOR GN01

Shelf Waters of the Bering Strait and
Chukchi Sea
Shallow bottom depths of ∼50 m cause nutrient distributions
in the Bering Strait and Chukchi Sea to be strongly influenced
by interactions between processes in the water column and in
bottom sediments. All stations in the Bering Strait and Chukchi
Sea were ice – free during sampling. Isotope values were relatively
uniform at stations 4 and 5 in the Bering Strait. Si(OH)4
concentrations were relatively uniform with depth at station 4 but
increased with depth at station 5. Stations 4 and 5 in the Bering
Strait represent the Pacific end member with high silicic acid
concentrations (20–40 µmol kg−1) and δ30Si(OH)4 values of +1.6
to +1.8h; mean +1.72 ± 0.02h (n = 8) throughout the water
column (Figure 2). Station 6 in the Chukchi Sea shows stronger
surface (<20 m) silicic acid depletion and correspondingly
elevated δ30Si(OH)4 due to biological fractionation. Both silicic
acid and isotope values at depths near the bottom at station 6 in
the Chukchi Sea are more similar to those at stations 4 and 5 in
the Bering Strait.

The other two stations in the Chukchi Sea, station 66 (35 m
bottom depth) in the eastern region and station 61 at the Chukchi
shelf break (72 m bottom depth), were sampled on the southward
leg from the pole ∼50 days after sampling stations 4, 5, and 6,
allowing us to assess the impact of seasonal progression here. At
station 66, silicic acid had been drawn down to <5 µmol kg−1

throughout the water column and isotope values had increased to
> + 3.0h (Figure 2). A strikingly different pattern was observed
at station 61 at the shelf break where properties in the upper 20 m
were similar to those at station 66, but silicic acid concentrations
near the bottom (55–73 m) were as high as 58 µmol kg−1 with
isotope values of < + 1.5h (Figure 2). These are the highest
silicic acid concentrations and lightest isotope values observed
on GN01 (Figure 3); concentrations in the bottom 20 m are
nearly twice those of any waters in the Chukchi Sea or in the
Canada Basin suggesting that these unusual properties are not a
transported signal. Near-bottom waters at station 61 also had the
lowest value of N∗∗ observed on the cruise (−14.9 µmol kg−1).
N∗∗ is defined here as [0.87× ([DIN] – 16 [PO4

=] + 2.79)] where
DIN is the sum of nitrate + nitrite concentrations. In the Chukchi
Sea negative values of N∗∗ are diagnostic of sediment pore waters
that have experienced denitrification and/or anammox (Aguilar-
Islas et al., 2013). The extreme negative N∗∗ values near the

bottom at station 61 are indicative of a likely benthic source for
the observed high silicic acid concentrations and light isotope
values consistent with GN01 observations of similar inferred
benthic regeneration sources for both Cd and Zn in the Chukchi
Sea (Jensen et al., 2019; Zhang et al., 2019).

Silicic acid derived from the dissolution of bSi from settled
diatom frustules likely dominates the efflux although dissolution
of mineral phases and metal oxyhydroxides may also contribute.
Silicic acid derived from the dissolution of diatoms would be
relatively light due to biological fractionation (De La Rocha
et al., 1997) as would the Si from the dissolution of primary
minerals (typical δ30Si values <0h, Frings et al., 2016) or
oxyhydroxides, which are enriched in light isotopes of Si
(Delstanche et al., 2009; Zheng et al., 2016). In contrast, processes
such as authigenic clay formation (Opfergelt and Delmelle, 2012;
Ehlert et al., 2016) and Si adsorption onto ferric hydroxides
(Delstanche et al., 2009; Zheng et al., 2016) within sediments
can preferentially remove lighter isotopes, increasing pore water
δ30Si(OH)4. Assuming that the near bottom waters at station 61
[58 µmol kg−1 Si(OH)4, δ30Si(OH)4 = + 1.47h] are a mixture
of adjacent waters from similar depth [Station 57, 20 µmol kg−1

Si(OH)4, δ30Si(OH)4 = + 1.75h] with 58–20 = 38 µmol kg−1

[Si(OH)4] from pore waters, mass-balance yields an estimated
isotopic composition of the pore water Si(OH)4 of +1.32h,
similar to unpublished values for Barents Sea shelf pore waters
(+1.16± 0.11h, Table 2).

The Polar Mixed Layer of the Central
Arctic Ocean
All stations located at latitudes <77.5◦N were free of sea ice
at the time of sampling (stations 52 through 61, Figure 4).
The marginal ice zone (MIZ), the transition between open
ocean and contiguous sea ice, was encountered between 77.5
and 79.0◦N latitude (DiMento et al., 2019). Contiguous ice
was present at all stations located north of 80◦N in the
Canada, Makarov, and Amundsen Basins (stations 30–46, ibid).
Silicic acid concentrations in the PML of <5 µmol kg−1 and
δ30Si(OH)4 > + 3.0h extended from the Chukchi Sea/Canada
Basin shelf break, across the open water of the Canada Basin,
through the MIZ and under the ice as far north as the Alpha Ridge
at station 43 (85.1◦N, Figure 4).

Surface waters north of 84◦N latitude were part of the TPD
as determined from the percent meteoric water derived by
Charette et al. (2020) from salinity and δ18O values according
to Newton et al. (2013). Silicic acid concentrations in TPD
waters were significantly higher compared to other PML waters
and isotopically much heavier than other waters with similar
[Si(OH)4] (∼10 µmol kg−1, Figure 3). Those differences may
arise from a combination of a strong river influence on Drift
waters combined with active Si(OH)4 consumption on shelves.
Paffrath et al. (2021) note that in 2015 the TPD was heavily
influenced by the Lena River and secondarily by the Yenisei
and Ob Rivers based on dissolved neodymium isotopes and rare
earth element concentrations. These rivers have high dissolved
Si content (discharge-weighted average annual concentrations of
66, 93, and 81 µmol kg−1 for the Lena, Ob, and Yenisei Rivers,
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FIGURE 2 | Profiles of silicic acid concentration (open circles) and δ30Si(OH)4 (filled circles) for stations in the Bering Sea (stations 4 and 5) and Chukchi Sea
(Stations 6, 61, and 66).

respectively; Holmes et al., 2021) compared to Atlantic waters
that have <10 µmol kg−1 (Torres-Valdés et al., 2013). Charette
et al. (2020) estimate that [Si(OH)4] in the source waters feeding
the TPD sampled during GN01 was 47 µmol kg−1 which would
represent the net result of river inputs, benthic efflux, mixing, and
biological consumption on the Eurasian shelf.

We are able to evaluate the influence of several of these
sources on the δ30Si(OH)4 of PML waters in the TPD. Sun
et al. (2018) found the Si isotopic composition of the Lena River
to vary seasonally from +1.17 ± 0.09h (2σSD) in autumn to
+1.65 ± 0.09h (2σSD) in winter declining to values between
+0.58 ± 0.09h (2σSD) and 1.04 ± 0.08h (2σSD) during peak
spring flow that accounts for 60–80% of the annual discharge of
Si (Holmes et al., 2012; Pokrovsky et al., 2013; Sun et al., 2018).
Sun et al. (2018) estimate that the annual average δ30Si(OH)4
for the major river input to the Arctic Ocean is +1.3 ± 0.03h
(Table 2). Dissolved Si in sediment pore waters also tends to be
isotopically light relative to overlying waters (Ehlert et al., 2016;
Table 2) such that benthic efflux would also add light isotopes to
shelf waters. The average δ30Si(OH)4 of PML waters in the TPD of
+2.29± 0.06h is heavy in comparison to both river and sediment
inputs which, together with the relatively high [Si(OH)4] in the
Drift, implies that Drift waters have evolved from water with
initially high [Si(OH)4] that experienced considerable biological

depletion and fractionation. This possibility is reinforced by
the relationship between δ30Si(OH)4 and the percent meteoric
waters. A plot of δ30Si(OH)4 versus% meteoric water content
for all samples with >2% meteoric water contribution shows no
clear pattern across all samples (Figure 5A); however, when data
are separated by geographic location a linear relationship with a
positive slope is seen in both the TPD and in the Canada Basin
(Figure 5A) indicating that meteoric waters increase δ30Si(OH)4
rather than leading to a decrease as would be expected from the
input of unaltered river water.

The positive relationship between percent meteoric waters and
δ30Si(OH)4 in the PML of the Canada Basin has a steeper slope
than in the TPD (Figure 5A). The Canadian Basin waters also
have lower [Si(OH)4] (Figure 5A). This pattern could arise if
freshwater source waters flowing into the Canada Basin have
a heavier Si isotopic composition compared to those affecting
PML waters in the TPD and/or if they become relatively more
depleted and thus more highly fractionated in the Canada Basin
than in the Drift. The Mackenzie River (Figure 1) dominates
freshwater inflows into the Canada Basin (McClelland et al.,
2012) although inputs from the Siberian shelves (Alkire et al.,
2017) and the Yukon River via the Bering Strait also occur.
The only Si isotope data from the Mackenzie River are from a
single study conducted during summer (Pokrovsky et al., 2013).
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FIGURE 3 | Bivariate plot of δ30Si(OH)4 and silicic aid concentration for water masses within the Arctic Ocean measured on GN01. Symbols represent means and
uncertainty bars are one standard error of the mean. Color coding denotes water masses as follows: Green symbols denote data from the Bering Strait (BER) and
Chukchi Sea (CHK) where samples from the Chukchi Sea are separated into those sampled early (CHKE) and late (CHKL). Blue symbols represent near bottom
samples from the Chukchi Shelf break at station 61 (CHKShelf). White symbols are surface waters of the deep basins separated into the Polar Mixed Layer (PML)
outside the Trans Polar Drift and PML waters within the Drift (TPD). Red symbols are halocline waters from the Amundsen Basin (HA), Makarov Basin (HM) and the
upper and lower halocline of the Canada Basin, UHLP, and LHL, respectively, where the ULHP denotes UHL waters with >18 µmol kg−1 silicic acid. Light purple
symbols denote intermediate waters as follows: Arctic Atlantic Waters (AAW) Deep AAW (DAAW) and upper Polar Deep Water (uPDW) and deep waters: Canada
Basin Deep Water (CBDW) and Eurasian Basin Deep Water (EBDW).

The reported average δ30Si of +1.36 ± 0.19h is comparable to
values in Eurasian rivers on the Siberian Shelf from the same
season, when δ30Si values tend to be 0.5–1.0h higher than during
peak flow (Pokrovsky et al., 2013; Sun et al., 2018; Paffrath
et al., 2021). Those data suggest that differences in Si isotopic
composition of the freshwater end members cannot explain the
difference in slopes as the Mackenzie River appears to have a
Si isotope composition similar to the Lena River that was the
dominant influence on the TPD during GN01 (Paffrath et al.,
2021). Dissolved Si concentrations also seem similar between the
Mackenzie and Lena Rivers. Dissolved Si concentrations in the
Mackenzie River average 50–60 µmol kg−1 (Emmerton et al.,
2008) with a discharge-weighted average annual concentration of
56 µmol kg−1 (Holmes et al., 2021). The discharge-normalized
annual average dissolved Si concentration for the Lena River

(66 µmol kg−1, Holmes et al., 2021) is only about 20% higher.
The similarity of both the isotopic composition and the [Si(OH)4]
of the Mackenzie and Lena Rivers combined with the lower
[Si(OH)4] of waters with >2% meteoric water content in the
Canada Basin (Figure 5A) suggest that the steeper slope of
the relationship between meteoric water content and Si isotopic
composition in the Canada Basin is driven by greater relative
Si(OH)4 depletion in the Canada Basin than in the TPD. The
drivers of the implied difference in productivity are unclear,
but may be related to a higher prevalence of open water in
the Canada Basin versus more persistent contiguous ice in the
TPD (Figure 4).

The trend of increasing δ30Si(OH)4 with increasing percent
meteoric waters observed in the Canada Basin and in the
TPD on GN01 is opposite of the inverse relationship between
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FIGURE 4 | Distribution of δ30Si(OH)4 (color map) relative to line contours of silicic acid concentration in µmol kg−1 (left panels) and N** in µmol kg−1 (right panels)
in the upper 400 m (top panels) and from surface to the sea floor (lower panels) on GN01 as a function of section distance. Section distance runs from station 61 in
the Chukchi Sea to station 32 at the pole and then to station 32 in the Makarov basin (Figure 1) crossing the Lomonosov Ridge twice. Station numbers, station
latitude, ice cover, and the location of the Marginal Ice Zone (MIZ) are indicated above each upper panel. Abbreviations denote the Canada Basin (CB), Makarov
Basin (MB), and Amundsen Basin (AB). Bathymetric features include the Alpha Ridge (AR) and Lomonosov Ridge (LR).

these parameters in the Chukchi Sea (Figure 5A). An inverse
relationship was also observed by Varela et al. (2016) in a section
from the shelf offshore of the Mackenzie River to the central
Canada Basin in August–September, 2009 (Figure 1). The reason
for these differences is unclear. For GN01 the fractionation
associated with the observed strong biological consumption of
silicic acid (section “Shelf waters of the Bering Strait and Chukchi
Sea”) may have overwhelmed the influence of the modest levels
of meteoric waters in the Chukchi Sea. For the Mackenzie River
section, the shift in the relationship may be related to the known
seasonal variability in Mackenzie River discharge or to changing
diatom productivity on the shelf.

Values of δ30Si(OH)4 were not related to the percent sea ice
melt (%SIM) determined for GN01 by Charette et al. (2020)
from salinity and δ18O measurements (Newton et al., 2013).
%SIM in the upper 500 m was negative under the contiguous
ice from 80◦N to the pole indicating the input of brine from
sea ice formation rather than fresher water from ice melting.
δ30Si(OH)4 values show little relationship to %SIM over this
depth range (Figure 5B). There is a weak positive relationship
between δ30Si(OH)4 and %SIM for samples within the PML
(<65 m water depth, Figure 5B). Sea ice tends to be low in silicic

acid (Tovar-Sánchez et al., 2010; Fripiat et al., 2017) reducing the
impact of ice melt on upper water column δ30Si(OH)4. Silicic acid
in brine has a Si isotopic signature that is heavier than or nearly
the same as the underlying seawater (Fripiat et al., 2007). The
lower δ30Si(OH)4 in waters with negative %SIM runs counter to
this trend, suggesting that the correlation does not reflect a causal
connection. The increasing δ30Si(OH)4 with %SIM in the PML is
also likely fortuitous with higher levels of productivity and silicic
acid depletion in the more open waters within and south of the
MIZ being the ultimate driver of the trend rather than any direct
effect of ice melt.

Halocline Waters
The silicic acid maximum within the UHL (i.e., the UHLP,
Table 1) extended from the Chukchi Shelf to the Alpha and
Mendeleev Ridges separating the Canada and Makarov Basins
(Figure 4). This maximum is often used to define the location
of Pacific waters and reflects, in part, the high [Si(OH)4] of the
Bering Strait inflow. The Si(OH)4 maximum also tracks the depth
horizon of a minimum in N∗∗ (Figure 4). As reinforced by our
observations at station 61, low N∗∗ waters in the Chukchi Sea can
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FIGURE 5 | (A) δ30Si(OH)4 as a function of the % meteoric waters for surface
waters in the transpolar drift (circles), the Canada Basin (squares), and in the
Chukchi Sea (triangles). Shading of symbols is by silicic acid concentration as
indicated in the legend. Solid, dashed, and dotted lines are linear regressions
for the data in the transpolar drift, the Canada Basin and the Chukchi Sea,
respectively. (B) δ30Si(OH)4 as a function of the % sea ice melt for waters in
the transpolar drift (circles), the Canada Basin (squares), and in the Chukchi
Sea (triangles). Open symbols are for surface water <65 m. Filled symbols are
for waters from 65 to 500 m.

indicate input of Si(OH)4 from sediment pore waters (Aguilar-
Islas et al., 2013) although the dissolution of resuspended from
sediments may also play a role, as has been inferred for other
biogeochemical processes in the region (Uchimiya et al., 2016;
Xiang and Lam, 2020). The silicic acid concentrations and
isotopic signature within the >18 µmol kg−1 [Si(OH)4] water
of the UHLP falls between the averages for the Bering Strait

and the early occupation station in the Chukchi Sea, reflecting
contribution from both sources (Figure 3).

The pronounced maximum in [Si(OH)4] within the UHL has
been shown to be associated with a minimum in δ30Si(OH)4
(Varela et al., 2016). That minimum was not strong during
GN01. Samples within the UHLP have a silicon isotope value
of +1.77 ± 0.02h (n = 18) and an average [Si(OH)4] of
29.5 ± 1.6 µmol kg−1 compared to LHL waters of Atlantic
origin with an average δ30Si(OH)4 of +1.79 ± 0.05h (n = 5) and
average [Si(OH)4] of 18.2 ± 3.7 µmol kg−1. The higher UHLP
would be expected to have a lower δ30Si(OH)4 value given the
general inverse relationship between dissolved Si concentration
and Si isotope values in the sea (De La Rocha et al., 2000;
Reynolds, 2009). Instead the UHL and LHL together form a
broad minimum in δ30Si(OH)4 between the heavier PML waters
in the surface and the less pronounced subsurface maximum in
δ30Si(OH)4 that corresponds to AAW (Figure 3). The minimum
is most pronounced at stations in the central Canada Basin
(stations 46, 48, and 52; Figure 6).

The relative uniformity in δ30Si(OH)4 across the UHL and
LHL lies in sharp contrast to the large (>20 µmol kg−1)
range in [Si(OH)4] within the UHLP – LHL double halocline
(Figures 4, 7). This pattern could be explained by mixing between
the LHL and underlying AAW as both the Si isotope signature
and silicic acid concentration of LHL lies between those of the
UHL and AAW (+1.82± 0.01h, 6.6± 0.2 µmol kg−1, Figure 3).
Such mixing is evident when using Ga as a tracer of Pacific
water in the Canada Basin (Whitmore et al., 2020) and has been
invoked to explain the distribution of both dissolved Zn (Jensen
et al., 2019) and DIC (Brown et al., 2016) in the halocline of
the Canada Basin.

For the stations sampled for Si isotopes on GN01, the single
halocline in the Makarov and Amundsen Basins lies below PML
waters that are part of the TPD. Those halocline waters have
meteoric water content of between 0.7 and 3%, suggesting some
influence of the TPD drift in the halocline. In the Makarov
Basin a peak in [Si(OH)4] and a minimum in δ30Si(OH)4 occur
just below the PML (Figure 7), suggesting penetration of Pacific
waters into the Makarov Basin, although Alkire et al. (2019) argue
that these waters formed on the East Siberian Shelf. In contrast,
the opposite occurs in the Amundsen Basin where a minimum in
[Si(OH)4] and maximum in δ30Si(OH)4 are present at the depth
where the percent contribution of meteoric waters first declines
beneath the TPD (Figure 7).

Silicic acid concentrations in the halocline of both the
Makarov and Amundsen Basins are half or less than those in
the UHL and LHL of the Canada Basin, with the lowest average
halocline concentration of 3.7 ± 0.2 µmol kg−1 observed in
the Amundsen Basin (Figures 3, 7). The average Si isotope
composition of the halocline in the Makarov Basin is nearly
identical to that in the LHL in the Canada Basin while it is heavier
in the Amundsen Basin (Figure 3). The observation that the
halocline in the Makarov Basin has the same isotopic signature
as LHL in the Canada Basin, but lower [Si(OH)4], implies a
lower concentration source water contributing to the halocline
in the Makarov and/or one with a higher δ30Si(OH)4 signal,
consistent with a stronger influence of less modified Atlantic
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FIGURE 6 | Profiles of silicic acid concentration (open circles) and δ30Si(OH)4 (filled circles) for stations in the Canada Basin (stations 46, 48, 52, 56, and 57),
Makarov Basin (stations 30, 38), and Amundsen Basin (Station 32).

waters in the Makarov basin. The halocline in the Amundsen
Basin is influenced by shelf and river waters from the Kara Sea
(Paffrath et al., 2021). The heavy δ30Si(OH)4 signature (+2.4h)
and low [Si(OH)4] (<4 µmol kg−1) observed in the halocline
of the Amundsen Basin (Figure 7) imply strong productivity
leading to significant silicic acid depletion of such shelf waters
prior to subduction.

Intermediate and Deep Waters
Overall, profiles of potential temperature, salinity and [Si(OH)4]
from the base of the halocline (250 m) to near the sea floor cluster
tightly for stations in the Canada Basin (Figure 8). Data from the
two stations in the Makarov Basin generally track the properties
observed in the Canada Basin, but contain slightly less Si(OH)4
above 1,000 m and then again below 2,500 m (note that one
station in the Makarov Basin has a bottom depth of 2,500 m,
Figure 8). The one station in the Amundsen Basin is unique, with
warmer saltier water and less Si(OH)4 in the Atlantic layer than
in the other two basins, and colder fresher bottom water that also
has lower Si(OH)4 (Figure 8).

The subsurface δ30Si(OH)4 maximum in the warm saline
AAW in the central Canada Basin was mentioned above.
However, across all stations silicon isotopes in intermediate and
deep waters show a general trend of a weak linear decrease
δ30Si(OH)4 with depth below the halocline, with no strong
difference apparent among basins in the composite profile
(Figure 8). The Atlantic water (both AAW and DAAW) and
waters with uPDW characteristics lie above the ridge depths

separating the three basins sampled. When samples from each
water mass are averaged, AAW and DAAW show nearly
identical average [Si(OH)4] and δ30Si(OH)4 values (Figure 3).
Isotope values decline and silicic acid concentrations increase
in uPDW and these depth trends continue in both EBDW and
CBDW (Figure 3). Although less Si(OH)4-rich, EBDW has a
slightly lower δ30Si(OH)4 than does CBDW (Figure 3) which is
statistically significant (t-test, p = 0.04; χ2, p = 0.001).

SYNTHESIS

Comparison With Previous Data
Varela et al. (2016) report [Si(OH)4] and δ30Si(OH)4 values along
a section from the Mackenzie River across the shelf into the
deep Canada Basin from the 2009 Canadian IPY-GEOTRACES
expedition, ArcticNet 0903 (Figure 1). Offsets of 0.09–0.16h in
δ30Si(OH)4 are seen between isotope values measured for the
same water mass from the present study and those of Varela et al.
(2016) when using the definitions in Table 1. Such offsets have
been reported before (Brzezinski and Jones, 2015; Liguori et al.,
2020) and may arise in part from methodological and analytical
differences between laboratories. In principle, the influence of
these biases can be removed through normalization of each data
set to seawater reference waters for Si isotopes (Grasse et al., 2017;
see below). This approach cannot be applied to the data of Varela
et al. (2016) as that study occurred before reference seawaters for
Si isotopes were available. Instead the ArcticNet 0903 and GN01
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FIGURE 7 | Properties in the upper 500 m at station 48 in the Canada Basin, station 30 in the Makarov Basin, and station 32 in the Amundsen Basin. (A) Silicon
isotope values, (B) silicic acid concentration, (C) salinity (squares) and potential temperature (circles), and (D) % meteoric waters. Horizontal lines denote the
approximate boundaries of the UHL and LHL.

datasets were normalized using results from intercalibration
stations by first determining the average difference in Si isotope
values for samples from common depths in deep waters between
2,700 and 3,000 m where temporal changes should be minimal.
The average offset (ArcticNet 0903 minus GN01) of−0.11± 0.04
h (always ± 1σSE) was then applied to Si isotope samples from
all depths in the ArcticNet 0903 data set.

The minimum in δ30Si(OH)4 associated with Pacific waters
within the halocline of the Canada Basin is similar in both data

sets. The adjusted UHLP average δ30Si(OH)4 for ArcticNet 0903,
+1.71± 0.05h (n = 10), [Si(OH)4] of 27.4± 1.4 µmol kg−1, and
the adjusted LHL average of +1.72± 0.05h (n = 7), [Si(OH)4] of
19.0± 4.0 µmol kg−1, are both within 0.07h of GN01 values for
the same features. The major difference is in the underlying AAW
that is on average 0.16 ± 0.06h (n = 16) heavier in the adjusted
ArcticNet 0903 data set than observed on GN01. Upon closer
examination, that difference is driven by an onshore-offshore
gradient in the adjusted δ30Si(OH)4 signature of AAW in the
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FIGURE 8 | Profiles of water column properties below 250 m. (A) Silicic acid concentration, (B) δ30Si(OH)4, (C) potential temperature, and (D) salinity. Colors denote
stations in the Canada Basin (gray symbols), Makarov Basin (orange symbols), and the Amundsen Basin (blue symbols).

ArcticNet 0903 data set from +2.02 ± 0.04h (n = 6) at station
L1.1 closest the coast, to +1.97 ± 0.05h (n = 4) at station L2,
to +1.82 ± 0.06h (n = 4) at station L3 furthest offshore in the
Canada Basin in 3,000 m water depth (Figure 1). The value at
station L3 matches the average δ30Si(OH)4 for AAW on GN01
at stations 46, 48, and 52 (mean = + 1.84 ± 0.03h, n = 10)
which are also located in the central Canada basin where water
depth exceeds 3,000 m. The offshore gradient in the isotopic
composition of AAW may be related to circulation. The gradient
occurs in a region where Atlantic waters from the FSB (AAW)
flow from the west to the east after having crossed the Eurasian
Shelf and Chukchi Sea Borderlands (Li et al., 2020 and references

therein, Figure 1). The flow is concentrated in two jets that
follow the 1,000–1,500 and 2,500–3,000 m isobaths, with both
jets displaying significant interannual variability in alongshore
velocity (Li et al., 2020).

In addition to complementing the ArcticNet 0903 data
set, the GN01 data adds to silicon isotope measurements
in the Bering Strait and Chukchi Sea during the Canadian
Distributed Biological Observatory program cruise DBO15
(Giesbrecht, 2019), during GEOTRACES GN03 in the Canada
Basin (Giesbrecht, 2019) and during GEOTRACES GN04 in the
Makarov, Amundsen, and Nansen Basins (Liguori et al., 2020;
Figure 1). Together data from DBO15, GN01, GN03, and GN04
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allow a more thorough assessment of the isotopic composition of
key water masses. To standardize the data from each expedition,
given evidence for inter-laboratory offsets (section “Crossover
Stations and Intercalibration”), we take advantage of the values
reported in each study for the Si isotope reference seawater
ALOHA1,000. Both the present study, Giesbrecht (2019) and
Liguori et al. (2020) report the average value for this material
from analyses conducted alongside the analysis of seawater
samples from GN01, GN03, DBO15, and GN04. Here we
use the difference between the average δ30Si(OH)4 value for
ALOHA1,000 obtained by each laboratory and the consensus
value for ALOHA1,000 of +1.24 ± 0.03h, n = 11 (Grasse
et al., 2017) to normalize each data set to this value, leading
to adjustments of −0.05 ± 0.03h for δ30Si(OH)4 values from
GN01, −0.05 ± 0.05h for those from GN03 and DBO15 and of
+0.07± 0.11h for values from GN04.

Giesbrecht (2019) found conditions in the Bering Strait and
Chukchi Sea in July 2015 (DBO15) that were very similar to
those observed during GN01 in September of the same year.
ALOHA1,000 – adjusted δ30Si(OH)4 values for stations from the
Bering Strait on DBO15 averaged +1.76± 0.05h with [Si(OH)4]
of 31.0 ± 1.6 µmol kg−1 compared to +1.67 ± 0.04h and
[Si(OH)4] of 30.5± 2.3 µmol kg−1 on GN01. In the Chukchi Sea,
very similar Si(OH)4 concentrations were observed at stations
sampled on DBO15 and those sampled in September on GN01
(26.9 ± 3.7 and 26.4 ± 5.7 µmol kg−1 for DBO15 and GN01,
respectively), although adjusted isotope values were higher on
DBO15 (+2.18 ± 0.12h) compared to GN01 (+1.78 ± 0.10h),
possibly reflecting the variability in the balance between silicic
acid regeneration, consumption and benthic influence in this
highly productive and shallow region. This variability is also
consistent with the differences observed during GN01 when
comparing stations from the Chukchi Sea sampled 50 days apart
(section “Shelf Waters of the Bering Strait and Chukchi Sea”).

Comparisons within the central Arctic Ocean are restricted
to the halocline and greater depths as GN03 did not sample the
upper 50 m and the data reported for GN04 by Liguori et al.
(2020) are all from depths >∼200 m. The minimum in adjusted
δ30Si(OH)4 values within the >18 µmol kg−1 silicic acid waters
of the UHLP in the Canada Basin was somewhat more intense on
DBO15/GN03 (+1.60± 0.06h) than on GN01 (+1.72± 0.04h)
despite similar average silicic acid concentrations (29.4 ± 3.1
versus 29.5 ± 1.5 µmol kg−1 on GN03 and GN01, respectively).
The difference likely reflects the variability resulting from coarse
resolution spatial sampling across very strong depth gradients
(Figure 4) and the effect of small sample size (n = 4) for UHLP
waters for the DBO15 data set compared to that for GN01
(n = 15).

The adjusted data for GN01, GN03, DBO15, and GN04 show
the same systematic trends among intermediate and deep water
masses (Table 3). The data from each cruise was subdivided based
on the water mass definitions in Table 1, and thus the reported
values differ slightly from the end member estimates presented
by Liguori et al. (2020) for GN04 and by Giesbrecht (2019) for
GN03 and DBO15 that used slightly different definitions. The
AW found in the Eurasian basin during GN04 has a δ30Si(OH)4
value slightly lighter than AAW in the Amerasian Basin. Along
its cyclonic flow path around the Arctic Ocean (Aksenov et al.,

2011), AW cools and freshens through sea ice interactions on
the shelves, transforming into AAW (Schauer et al., 1997; Rudels
et al., 2005; Rudels, 2012). Silicic acid concentrations increase in
AAW relative to AW, possibly reflecting the inputs of dissolved Si
from shelf sediments and rivers. However, those sources all have
δ30Si(OH)4 values lower than that of AW and thus the increase
in δ30Si(OH)4 between AW and AAW (Table 3) likely arises
through fractionation during partial biological consumption of
the silicic acid added to the water mass on shelves (see section
“The Polar Mixed Layer of the Central Arctic Ocean”).

The adjusted isotopic signature of DAAW is the same as
that of AAW while [Si(OH)4] is slightly lower (Table 3).
The decline in [Si(OH)4] is mainly due to the differences
in concentrations in the water mass between the Eurasian
and Amerasian Basins (Table 3), suggesting that DAAW gains
silicic acid during advection. From DAAW to greater depths
δ30Si(OH)4 progressively declines and [Si(OH)4] progressively
increases (Figure 8 and Table 3). Both EBDW and CBDW
are isotopically lighter than overlying intermediate waters with
EBDW being the lightest and slightly lower in Si(OH)4 relative
to CBDW on both GN01 and GN04. The isotopic difference is
statistically significant for data from GN01, but not for GN04
(Liguori et al., 2020). However, given the consistency of the
pattern between studies, the decrease in δ30Si(OH)4 between
CBDW and EBDW is likely robust.

The adjusted deep water values for CBDW and EBDW are
both lighter than the value of +1.88± 0.12h reported for CBDW
by Varela et al. (2016) by about 0.2h (see discussion above).
Nonetheless, the adjusted δ30Si(OH)4 of deep waters observed
during both GN01 and GN04 are considerably heavier than the
+1.2 to +1.4h values typical of other deep ocean basins (Cardinal
et al., 2005; Reynolds et al., 2006; Beucher et al., 2011; de Souza
et al., 2012b) and thus support the conclusion of Varela et al.
(2016) that the Arctic Ocean contains the heaviest deep waters in
the global ocean. To further assess the mechanisms leading to the
heavy isotopic signature of the deep Arctic the Si budget of the
Arctic Ocean is examined below, in order to identify the major
processes that impact isotope dynamics.

Arctic Ocean Silicon Budget
Silicon budgets for the Arctic Ocean extend back to the 1970s
(Codispoti and Lowman, 1973; Codispoti and Owens, 1975).
Most assessments indicate that the major marine Si inflows and
outflows in the Arctic Ocean are in balance (Jones and Coote,
1980; Anderson et al., 1983) or nearly balanced (Torres-Valdés
et al., 2013). The most recent analysis by Torres-Valdés et al.
(2013) examined Si fluxes across the major Arctic gateways
of the Bering Strait, Davis Strait, Fram Strait, and Barents
Sea (Figure 1) and concluded that the Arctic Ocean is a
slight net exporter of Si(OH)4. Here the silicic acid budget
of Torres-Valdés et al. (2013) is used to inform a first-order
Si isotope budget.

Table 2 shows the Torres-Valdés et al. (2013) Si(OH)4 budget
together with estimates of other inputs and outputs of Si derived
from the literature. Silicic acid inputs through the major marine
Arctic gateways are dominated by inputs from the Pacific Ocean
through the Bering Strait and from the Atlantic Ocean over
the Barents Sea shelf, with the contribution of the Pacific water
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TABLE 2 | Silicic acid and Si isotope budget for the Arctic Ocean.

Gateway Tmol Si a−1a δ30Si(OH)4 (h)b Isotope data source

Davis Strait −1.35 ± 0.16 +1.75 ± 0.07 Giesbrecht, 2019f

Fram Strait −0.22 ± 0.19

Input +1.74e Liguori et al., 2020

Output +1.79 ± 0.09 This study, Table 5

Barents Sea 0.42 ± 0.07

Bering Strait 0.66 ± 0.08 +1.67 ± 0.04 This study

+1.76 ± 0.05 Giesbrecht, 2019

Total −0.50 ± 0.20

Additional inputs

River discharge dissolved Si 0.41 +1.3 ± 0.3 Sun et al., 2018

River discharge Biogenic Silica 0.02–0.08k

Additional outputs

Opal burial −0.16l +1.16 ± 0.10g Liguori et al., 2020

−0.30l

Totali −0.14 – −0.35

DSOW +1.56 ± 0.28h

ISOW +1.60 ± 0.07h

LSW +1.68 ± 0.10h

Internal cycling

Net silica production 3.6d

Gross silica production 7.2j

Benthic efflux 0.39c +1.16 ± 0.11m Ward and Hendry, pers. comm.

a Inputs and outputs through Gateways and river discharge of dissolved Si from Torres-Valdés et al. (2013).
bSeawater δ30Si(OH)4 normalized using deviations from ALOHA1,000 consensus value. Errors are standard errors.
cMidpoint of range of 0.35 to 0.42 Tmol Si a−1 given by März et al. (2015).
dMacDonald et al. (2010).
eAtlantic water inflow through Fram Strait.
fδ30Si(OH)4 in Canadian Archipelago, +1.77 ± 0.07h reported by Giesbrecht (2019).
g Average δ30Si(OH)4 of biogenic silica in the water column at depths >500 m (Liguori et al., 2020).
hALOHA1,000 adjusted values from Sutton et al. (2018) and de Souza et al. (2012b).
iAssumes half of the biogenic silica entering from rivers dissolves (Tréguer et al., 2021).
jAssumes a silica dissolution:production ratio of 0.50 (Tréguer and De La Rocha, 2013).
kCarey et al. (2020).
l0.16 Tmol Si a−1 from main text; 0.30 Tmol Si a−1 estimate from MacDonald et al. (2010).
mAverage of pore water measurements (0–0.5 cm) from nine cores collected from three sites in each of 3 years.

entering through the Bering Strait being about 60% larger.
Dominant outflows are through the Davis Strait that drains the
Canadian Archipelago followed by the East Greenland current in
the Fram Strait. Inflows (1.08 Tmol Si a−1) are less than outflows
(1.57 Tmol Si a−1), leading to a net outflow of about 0.5 Tmol Si
a−1 to the North Atlantic.

One Si removal term that has not been part of past Si budgets
for the Arctic Ocean is opal burial. Arctic sediments are opal poor,
with generally <5% opal (März et al., 2015). Early estimates of
sediment accumulation rates of a few mm ka−1 implied negligible
opal burial in the Arctic Ocean (Backman et al., 2004); however,
revised age models increased accumulation rates to 1–3 cm ka−1

(ibid). Assuming an average sedimentation rate of 2 cm ka−1,
an average opal content of 2% and a bulk density of 1.70 g
cm−3 (ibid) across the Arctic seabed (Table 4) yields an estimate
of the annual opal burial rate of 0.16 Tmol Si a−1 (Table 2).
A second estimate is obtained by applying the same opal content
of 2% to the total bulk sediment burial rate for the Arctic Ocean
of 1,008 Mt a−1 (MacDonald et al., 2010), yielding an opal
burial of 0.30 Tmol Si a−1 (Table 2). Thus, burial plus outflows

lead to an annual net removal of 0.66–0.80 Tmol Si a−1 from
the Arctic Ocean.

River inputs of dissolved Si have a stronger influence in the
Arctic compared to the rest of the global ocean. The global ocean
outside of the Arctic receives about 5.4 Tmol Si a−1 of dissolved
Si from rivers, compared to a total global ocean inventory of Si of
120,000 Tmol (Tréguer et al., 2021). By comparison, river inputs
of dissolved Si to the Arctic have been estimated to be 0.41 Tmol
Si a−1 (Table 2) against an estimated inventory of 196 Tmol
(Table 4). Thus, the impact from rivers on the Si budget is 50
times greater in the Arctic Ocean than in the ocean as a whole.

In addition to dissolved silicon, Arctic rivers discharge 0.02–
0.08 Tmol Si a−1 as particulate bSi into the Arctic Ocean
(Carey et al., 2020; Table 2). Assuming that about half of that
material dissolves before burial (Tréguer et al., 2021), the total
riverine input offsets about 53–68% of the estimated net removal
of Si from the Arctic Ocean. Additional inputs of Si from
hydrothermal vents occur along the Gakkel Ridge (Edmonds
et al., 2003; Liguori et al., 2020), but the magnitude of that influx
is currently unknown. Given present uncertainties it is difficult
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TABLE 3 | Average silicon isotope values in per mil and silicic acid concentration in µmol kg−1 for major water masses as defined in Table 1.

Cruise Water mass

AWa AAW DAAW uPDW EBDW CBDW

GN01

δ30Si(OH)4 +1.78 ± 0.03 +1.78 ± 0.05 +1.75 ± 0.04 +1.63 ± 0.04 +1.70 ± 0.03

[Si(OH)4] 6.59 ± 0.23 6.56 ± 0.16 7.72 ± 0.16 10.87 ± 0.10 12.38 ± 0.16

n 37 12 21 7 53

GN03

δ30Si(OH)4 +1.79 ± 0.12c
+1.76 ± 0.09 +1.76 ± 0.15 +1.66 ± 0.07

[Si(OH)4] 7.46 ± 0.24 7.66 ± 0.25 8.91 ± 0.26 12.31 ± 0.41

n 2 3 4 6

GN04

δ30Si(OH)4 +1.58 ± 0.73 +1.69 ± 0.11 +1.60 ± 0.11 +1.52 ± 0.11 +1.55 ± 0.12

[Si(OH)4] 4.84 ± 0.13 5.62 ± 0.09 8.79 ± 0.42 11.51 ± 0.07 12.49 ± 0.12

n 3 21 12 25 7

Averagesb

δ30Si(OH)4 +1.58 ± 0.73 +1.78 ± 0.03 +1.76 ± 0.04 +1.73 ± 0.04 +1.62 ± 0.04 +1.69 ± 0.03

[Si(OH)4] 4.84 ± 0.13 7.01 ± 0.16 6.01 ± 0.08 8.12 ± 0.13 11.30 ± 0.06 12.44 ± 0.09

Isotope values are normalized using deviations from ALOHA1,000 consensus value. Uncertainty terms are one standard error of the means and include error propagation
of the normalization to ALOHA1,000 consensus value. N refers to the number of unique seawater samples averaged.
aDiffers from value in Table 1 which is the estimate for 100% AW based on the OMPA of Liguori et al. (2020).
bWeighted averages and weighted errors of the cruise means (e.g., Leo, 1994).
cCalculated using data from stations CB3 and CB4 in the deep central basin. Excludes station CB2 close to the shelf break.

TABLE 4 | Silicic acid inventory of the Arctic Ocean.

Surface area (m2) × 1013 Volume (m3) × 1016 [Si(OH)4] (µmol Si kg−1) [Si(OH)4] (Tmol)

Entire basin 1.5558a 1.875a

Upper 150 m (Shelves) 0.233 10b 23

150–2,000 m 0.821 9c 75

>2,000 m 0.821 12c 99

Total 196

aEakins and Sharman (2010).
bAccounts for high silicic acid from Pacific and river inputs.
cAverage value from GN01 and GN04 over this depth range.

to close the silica budget for the Arctic Ocean, but potential
imbalances are not large in absolute terms (Table 2).

Inspection of Table 2 shows that internal Si cycling within the
Arctic Ocean is dominated by the production and dissolution of
bSi. Annual net silica production for the Arctic Ocean has been
estimated to be 3.6 Tmol Si a−1 based on extrapolations of annual
net primary productivity and new production (MacDonald et al.,
2010). Gross silica production is higher due to losses of silica
to dissolution in the euphotic zone. The only measures of
silica dissolution:production (D:P) ratios from the euphotic
zone of the Arctic Ocean are for the Bering and Chukchi
Seas under post-bloom conditions (Giesbrecht, 2019). Those
ratios exceeded unity, indicating no potential for silica export
to sediments at that time. Such high values for a post-bloom
scenario are not surprising as D:P ratios typically increase after
blooms (Brzezinski et al., 2003; Beucher et al., 2004). Seasonal
information on D:P values from the Southern Ocean (Brzezinski
et al., 2001; Beucher et al., 2004; Closset et al., 2014) suggest
that, on average, gross silica production in polar waters is about

twice net silica production (Tréguer and De La Rocha, 2013).
Applying that average to the Arctic Ocean results in an estimated
gross silica production of 7.2 Tmol Si a−1. That value exceeds
all individual abiotic fluxes, including opal burial, by nearly an
order of magnitude. Even if only approximately correct, this
level of gross silica production makes biological uptake and opal
recycling important, if not the dominant, processes in the Si
budget for the Arctic Ocean, in agreement with the conclusion
of a strong biological influence on Al and Si cycling in the
Arctic Ocean by Middag et al. (2009). Large biological fluxes
create the potential for the reorganization of Si beyond water-
mass mixing, since such high internal biological fluxes imply that
opal burial, which is small in relative terms compared to opal
production, can still be significant in comparison to the other
fluxes associated with the Arctic Si budget. This is particularly
true on Arctic shelves where opal production is highest, opal
export is highest and most seasonal (MacDonald et al., 2010),
and therefore a significant fraction of Si recycling gets shifted
toward the seafloor.
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The opal burial flux estimated above, 0.16–0.30 Tmol Si a−1,
equals 2–4% of the estimated surface gross silica production,
which compares well with the global average of 3% (Tréguer
et al., 2021) and implies that 96–98% of gross silica production
in the Arctic Ocean is lost to dissolution. The assumed D:P
ratio above presumes that half is lost in the euphotic zone. The
estimated sediment efflux of 0.39 Tmol Si a−1 (März et al.,
2015) indicates that 5% of gross silica production dissolves and is
released from sediments, leaving the remaining 45% to dissolve
in the water column between the base of the euphotic zone
and the sea floor. Thus, on Arctic-Ocean average, dissolution
within the water column is the overwhelmingly dominant term
in silica recycling, accounting for 50% + 45% = 95% of total silicic
acid regeneration. Like the other biologically mediated fluxes
this ocean-wide estimate averages across significant regional
variability especially the contrasting dynamics on shelves versus
the deep basins (see section “Preliminary Arctic Ocean Silicon
Isotope Budget”). While subject to significant uncertainty the
estimate points to the first-order importance of biological fluxes
in the Arctic Ocean.

Assuming steady state, the average whole-ocean residence
time of Si in the Arctic Ocean equals the total Si inventory in
the basin divided by total inputs (or outputs). We estimate the
total inventory of Si(OH)4 in the Arctic Ocean to be 196 Tmol Si
(Table 4), which is likely only good to within 20%. Given that
inflows and outflows are nearly balanced, we use the outflow
determined by Torres-Valdés et al. (2013) of 1.57 Tmol Si a−1

(Table 2) to calculate an average residence time of 125 years. That
value averages across the years- to decades- long residence time of
the PML and halocline (Ekwurzel et al., 2001) and the centuries-
long residence times of deep waters (Timmermans et al., 2003;
Tanhua et al., 2009). The biological residence time of (196÷ 7.28,
i.e., total inventory divided by gross silica production) 27 years
is far shorter than the whole-ocean residence time implying that
each molecule of Si in the Arctic Ocean passes through a diatom
five times before burial in the sediments or transport out of the
Arctic Ocean. The implied level of biological influence on the
Arctic Ocean Si cycle is less than for the global ocean where it
is estimated that an atom of Si entering the sea passes through a
diatom 17 times before burial in the seabed (Tréguer et al., 2021).
The implications of a weaker biological influence in the Arctic
compared to the rest of the global ocean for Si isotope dynamics
are discussed at the end of section “Preliminary Arctic Ocean
Silicon Isotope Budget.”

Preliminary Arctic Ocean Silicon Isotope
Budget
Sufficient δ30Si(OH)4 data now exist to address some key aspects
of the Arctic Ocean Si isotope budget. Direct measurements are
presently available for the inflow though the Bering Strait and
the outflow through the Davis Strait (Table 2). Isotopic data
for inflow over the Barents Sea shelf and exchange through the
Fram Strait are currently lacking; however, Liguori et al. (2020)
provide an estimate of the isotopic composition of the AW
inflow through the Fram Strait based on their water mass analysis
(Table 2). A preliminary estimate of the isotopic composition of

outflows through the Fram Strait was calculated by combining
the δ30Si(OH)4 and [Si(OH)4] in key water masses (Tables 2, 5)
with the annual transport of each water mass through the Strait
(Marnela et al., 2016). A similar calculation for Barents Sea
inflows was not possible due to the lack of estimates of the
isotopic composition of end members. Note that all values in
Table 2 have been normalized to the ALOHA1,000 reference
seawater as described in section “Comparison With Previous
Data.”

What is striking about the partial isotope budget is the
similarity of the isotopic values of inflows compared to outflows
across the major Arctic Ocean gateways (average values range
from +1.71 to +1.77h, Table 2). The heavy nature of inflows
supports the postulate of Varela et al. (2016) that the heavy
isotopic signature of inflows to the Arctic Ocean contribute to
the overall heavy Si isotopic signature of deep waters within the
Canada Basin, and by extension, the other deep Arctic Ocean
basins. Varela et al. (2016) based their hypothesis on the shallow
sills separating the Arctic Ocean from the Pacific and Atlantic
Oceans and the observation that δ30Si(OH)4 generally increases
from depth to the surface in the upper 2 km of other ocean
basins. Si isotope data for Arctic Ocean inflows and outflows
were not available at that time. The data summary presented here
confirms their idea for two of the three major inflows. Moreover,
the similarity among inflows and outflows illustrated in Table 2
also implies only subtle net alteration of the primary inflowing
isotope signature by internal processes within the Arctic Ocean.

The similarity in the isotopic composition of the silicic
acid entering and leaving the Arctic Ocean is surprising, as
dynamics within the Arctic Ocean are known to play a major
role in redistributing Si isotopes among the major Arctic water
masses (Liguori et al., 2020). The major processes within the
Arctic Ocean that can alter the Si isotope signature of waters
masses include mixing, river inputs of dissolved and particulate
Si, biological uptake and the dissolution and burial of bSi.
Alterations due to water mass mixing and internal dynamics
reported earlier (Liguori et al., 2020), and confirmed here, do set
up a depth gradient in δ30Si(OH)4. Below the halocline, major
water masses become progressively isotopically lighter to the
extent that deep waters, where about half of the silicic acid in the
Arctic Ocean resides (Table 4), are 0.15h lighter than inflows.
However, deep waters largely lie below sill depths and are only
minor contributors to the direct exchange across the gateways.
Only the Fram Strait is sufficiently deep to allow bottom water
exchange and there deep waters account for only about 20% of
Si exported from the Arctic through the Strait (Marnela et al.,
2016). The remaining export through the Fram Strait and the
Canadian Archipelago is by intermediate, halocline, and PML
waters that are isotopically heavier and similar in their overall
isotopic composition to inflows (Table 3 and Figure 3).

River inputs of dissolved Si to the Arctic Ocean stand out as
having a uniquely light isotopic signature, +1.3 ± 0.3h (Sun
et al., 2018), compared to both inflows and outflows (Table 2).
If the isotopic similarity between inflows and outflows is correct,
then this isotopically lighter input from rivers must be removed
through permanent opal burial in the Arctic Ocean. Fractionation
of silicic acid during diatom growth would remove lighter
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isotopes from solution, eventually burying them as diatom opal
in sediments. Silicon isotope values for opal from Arctic Ocean
sediments are not available. However, observations of δ30Si in
bSi collected from the water column are entirely consistent with
the sediments being a net sink for isotopically light Si. Profiles of
δ30Si of bSi in the central Arctic tend to show decreasing values
with depth (Varela et al., 2016; Liguori et al., 2020). Values for bSi
collected from deeper than 500 m average +1.16± 0.10h (n = 18,
Liguori et al., 2020) and +1.5h (n = 1, Varela et al., 2016). Burial
of this material would be consistent with the sediments being a
net sink for the lighter isotopes of Si.

Liguori et al. (2020) and Varela et al. (2016) both emphasize
the role of sea ice diatoms released from melting sea ice in
producing the heavy isotopic signature of suspended opal relative
to that of silicic acid in surface waters of the PML in the
central Arctic Ocean. Sea ice diatoms tend to have heavy isotopic
signatures due to the unique conditions within the brine pockets
that they inhabit (Fripiat et al., 2007). However, about 75% of
primary productivity in the Arctic Ocean occurs in the water
column above the shelves (MacDonald et al., 2010), and shelves
also account for >90% of silica production (ibid). Liguori et al.
(2020) point out that the preferential removal of light Si isotopes
during silica production on shelves would contribute to the
heavy isotopic composition of Atlantic waters that traverse the
Eurasian shelves before brine rejection induces their subduction
and spread into the deep basins. In addition, the major river
flows that discharge most of the annual river input of dissolved
Si occur when shelves are largely ice free (Pokrovsky et al.,
2013), suggesting most river Si input is processed by pelagic,
rather than sea ice, diatoms in the water column on shelves
consistent with the dominance of frustules of pelagic species
in shelf sediments (Cremer, 1999; Astakhov et al., 2015). In
section “The Polar Mixed Layer of the Central Arctic Ocean,” we
infer from dissolved δ30Si(OH)4 data that shelf production must
significantly fractionate the isotopically light riverine Si sources.
Such fractionation would produce exceptionally light frustules,
which if buried on shelves would help balance the isotope budget
for the Arctic Ocean.

Data on pore water δ30Si(OH)4 from the Barents Sea Shelf
(Ward and Hendry, unpublished, Table 2) and our observations
near the sea floor at station 61 suggest that the isotopic
composition of Si that effluxes from sediments constitutes
another input of relatively light Si to the Arctic that must
be offset through opal burial. Assessing whether opal burial is
sufficient to counter the impact of the input of light isotopes of
Si from rivers and the benthos requires knowledge of the isotopic
composition of buried opal. Suspended opal from the water
column below 500 m in the central basins has a δ30Si value of
+1.16h (Liguori et al., 2020). Considering the mass and isotopic
composition of dissolved Si entering the Arctic Ocean from rivers
(0.41 Tmol Si a−1, +1.3h) and sediment efflux (0.39 Tmol Si a−1,
+1.16h, Table 2) the burial of 0.16–0.30 Tmol Si with an average
δ30Si(OH)4 of +1.16 would raise the δ30Si(OH)4 of the mass of Si
in those combined inputs from +1.23h to between +1.25 and
+1.28h. The predicted values are lighter than measurements
from all of the Arctic water masses (Tables 3, 5) although the
differences may not be significant given in the high uncertainties

TABLE 5 | Estimated isotopic composition of silicic acid inflows and outflows
through the Fram Strait.

Water mass Transporta (Sv) [Si(OH)]4 (µmol kg−1) δ30Si(OH)4 (h)

Outflows

Surfaceb 0.65 11.1 ± 2.2 +1.92 ± 0.07

DAAW 0.75 6.13 ± 0.13 +1.77 ± 0.02

uPDW 0.5 8.14 ± 0.17 +1.72 ± 0.02

CBDW + EBDW 0.3 11.87 ± 0.16 +1.64 ± 0.01

Total 2.2

Average 8.80 ± 0.73d
+1.79 ± 0.08e

Inflows

AWc 0.8 4.84 ± 0.13 +1.65 ± 0.05

aMarnela et al. (2016).
b Includes PML and Halocline waters in the TPD (stations 30, 32, 38, and 43).
cLiguori et al. (2020); Table 2.
dTransport weighted average.
eTransport and mass weighted average.

in the current isotope budget. Under an assumption of steady
state, confirmation of this imbalance would imply the existence
of additional mechanisms that remove light isotopes from the
Arctic Ocean. Outflows through the Davis and Fram Straits are
obvious candidates, but nether outflow appears especially light
(Tables 2, 5).

An intriguing aspect of the near linear decrease in δ30Si(OH)4
below the halocline in the Canada, Makarov, and Amundsen
basins is that EBDW and CBDW (Figure 8), though heavier
than deep waters in other oceans, are isotopically the lightest
water masses in the Arctic Ocean (Table 3). They are also lighter
than most of the major marine inflows (Table 2). These patterns,
combined with the fact that the deep waters together contain half
of the Si(OH)4 in the Arctic Ocean (Table 4), raise the issue of the
origin of the light isotopic signature of deep waters.

Since the dominant sources of the Arctic deep waters EBDW
and CBDW are waters of Atlantic origin, mass balance allows
estimation of the isotope composition of Si that accumulates
in these water masses. Taking the concentration and isotopic
characteristics of DAAW as a starting point (Table 3) suggests
that the elevated [Si(OH)4] and lower δ30Si(OH)4 of EBDW
and CBDW (Table 3) result from the addition of Si with
a δ30Si(OH)4 of +1.40h and +1.61h, respectively. Such
an isotopic composition may plausibly reflect the integrated
influence of either benthic efflux or water-column dissolution
of bSi. Preliminary data suggest an isotopic composition of the
benthic efflux of Si to be +1.16h (Table 2) and Liguori et al.
(2020) reported bSi δ30Si values of +1.41h to +1.81h in the
upper 500 m, and values as low as +1.14h in deeper waters,
values that in sum would be consistent with the mass-balance
calculations above. In contrast, Varela et al. (2016) report bSi δ30Si
in the upper 500 m ranging between +2.03h and +3.51h, with a
value of +1.5h below 500 m. Given the late-summer sampling
of these two studies and the inherently variable and season-
dependent nature of particulate δ30Si, the relative potential of
direct water-column dissolution of bSi versus addition from
benthic efflux to explain the low δ30Si(OH)4 of Si-rich Arctic
deep waters remains uncertain; nonetheless, the ultimate source
of Si for both these fluxes must be the biological pumping of
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isotopically light Si into the deep Arctic. Finally, we note that
EBDW is both Si(OH)4-poorer and isotopically lighter than
CBDW, an unusual combination in a seawater context. This
contrast may reflect differences in the mix of water masses
contributing to deep waters in the European and Amerasian
basins (Rudels, 2009) that result in the isotopic evolution of these
two deep water masses from slightly different initial conditions.

The comparison of the whole-ocean and biological and
biological residence times for Si in the Arctic Ocean above
implied that the influence of biology is four times less in the
Arctic Ocean than in the global ocean as a whole. While this
weaker influence is consistent with the dominant water-mass
control on the Arctic δ30Si(OH)4 distribution inferred by Liguori
et al. (2020), the basin-wide averaging used in those calculations
masks the dichotomy between the strong biological productivity
on the shallow shelves, where biological turnover times are
short, compared to the lower productivity in the central Arctic
Ocean that, together with the large volume of the deep basins,
translates into far longer turnover times offshore. The seasonal
and permanent ice cover in the Arctic likely contribute to a lower
biological impact in the Arctic Ocean as they restrict the timing,
duration, and spatial extent of productivity, with the majority of
silica production occurring on the seasonally ice – free shelves
(MacDonald et al., 2010). A lower biological impact in the Arctic
Ocean overall compared to other seas would seem to suggest that
the similarity in the isotopic composition of marine inflows and
outflows reflects only a small influence of biological processes on
the Arctic Si isotope budget; however, the analysis above suggests
that the biological processing of Si is in fact a major process in
the Arctic that, at least in part, compensates for the inflow of
isotopically light Si from rivers and its efflux from sediments.

Some sense of the net effect of these processes comes from
comparing the isotopic composition of AAW (1.76 ± 0.02h,
Table 3) and DAAW (+1.77 ± 0.02h, Table 3) which are
very similar for water masses with very different histories of
interaction with productive shelf waters. AAW is derived from
Atlantic water that interacts extensively with shelves (Schauer
et al., 2002; Woodgate et al., 2005), while DAAW source water
enters the Arctic Ocean at depth through the Fram Strait
(+1.74h, Table 2). It appears that shelf isotope dynamics
involving freshwater inputs, silica production and sediment
interactions, though significant in terms of Si fluxes, largely
nullify each other’s effects with respect to Si isotopes resulting in
only minor alteration of isotopic composition of Atlantic inflows
during their transformation into intermediate waters (Figure 3).

CONCLUSION

Data on the δ30Si of silicic acid obtained during GN01
significantly expands the Si isotope data set for the Arctic
Ocean, allowing further assessment of the processes controlling
Si isotope distributions in this unique ocean. Sampling in the
Bering and Chukchi Seas provided additional data on the isotopic
composition of Pacific inflows, their alteration on the productive
Chukchi shelf and the contribution of sediments Si(OH)4 efflux
in the Chukchi Sea. The light isotopic composition of Pacific

waters within the UHL extended across the Canada Basin. The
strength of the isotopic minimum within the double halocline of
the Canada Basin was strongest in the central Canada Basin and
seemed to vary with the extent of mixing between the LHL and
the underlying AAW.

River inputs inferred from % meteoric waters increased both
δ30Si(OH)4 and [Si(OH)4] in the PML in the Canada Basin
and in the TPD likely due to differences in regional biological
drawdown and associated fractionation, given similarities in both
[Si(OH)4] and δ30Si(OH)4 for the major freshwater inputs to each
region. The results also support the idea of Liguori et al. (2020)
that processes within sea ice and during brine formation on the
Eurasian shelves exert major controls on isotope distributions of
intermediate and deep waters within the Arctic Ocean. Across
all deep stations sampled, δ30Si(OH)4 declined nearly linearly
with depth below 275 m decreasing by only about 0.15h over
nearly 4,000 m. The mechanisms driving this trend are unknown,
but it is suggested that benthic Si(OH)4 efflux plays a significant
role, perhaps ultimately driven by the export of isotopically light
Si in sinking bSi.

The attempted synthesis of Si isotope data from GN01,
GN03/DBO15, and GN04 is the first to use reference seawater
values to normalize silicon isotope data sets from multiple
studies. The adjusted data span the Canada, Makarov, Amundsen,
and Nansen Basins and reveal a high level of consistency among
the isotopic composition of major water masses with only minor
differences between water masses of common origin in the
Amerasian and Eurasian Basins. Data from these expeditions
confirm the observation of Varela et al. (2016) that deep waters
across the Arctic Ocean are isotopically heavy compared to deep
waters in all other ocean basins.

The ALOHA1,000 – normalized data sets indicate that the
isotopic composition of inflows and outflows across the major
Arctic Ocean gateways are remarkably similar and suggest that
Si cycling within the Arctic Ocean has little net effect on the
isotope values of outflows compared to inflows, despite extensive
redistribution of Si and its isotopes within the Arctic Ocean itself
and significant inputs of light Si from rivers. That conclusion
is quite different from that implied by a comparative analysis
of unadjusted δ30Si(OH)4 values, which found lighter values in
the Amerasian Basin than in the Eurasian Basins, suggesting
contrasting isotope signatures among the multiple outflows
that eventually contribute to the isotopic signature of NADW
(Liguori et al., 2020).

Biological influence on the Si cycle of the Arctic Ocean at
the basin scale appears less than in the global ocean, but silica
production and silica dissolution are each still dominant fluxes
in the silicic acid and Si isotope budgets of the Arctic Ocean.
The preferential export and sedimentary sequestration of light
Si isotopes via fractionation during biological production plays a
large role in compensating for the input of light river waters and
light sediment pore waters into the Arctic Ocean, but additional
mechanisms like the burial of exceptionally light frustules on
shelves is needed to balance the isotope budget. An important
role for biological production and opal dissolution in the Arctic
Ocean Si isotope budget contrasts with previous suggestions of
dominance of water mass mixing with only minor biological
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influence in setting Si isotope distributions (Liguori et al., 2020).
These inferences may be consistent with each other if the major
net burial fluxes of isotopically light opal are concentrated on the
shallow shelves. Confirmation of these mechanisms will require
additional information on the isotopic composition across the
major gateways, especially the Fram Strait and Barents Sea where
direct measurements are lacking, as well as from the Eurasian
and Barents Sea shelves which strongly influence the fate and
characteristics of Atlantic inflows and river inputs, but where no
Si isotope data exist.
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