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ARTICLE INFO ABSTRACT

Editor: Don Porcelli Accelerated mass loss from the Greenland Ice Sheet leads to retreating glaciers and enhanced freshwater runoff to

adjacent coastal regions, potentially providing additional essential nutrients, such as silicon, to downstream

Keywords: primary producers. However, the role of fjordic sediments in modulating the supply of silicon from glacial en-
Be"g'“c silicon cycle vironments to marine ecosystems remains poorly constrained, particularly for the quantification of silicon fluxes
Fjords

from the sediments into overlying waters in high-latitude fjordic systems. In this study, we use the concentration
and stable isotopic composition of dissolved silicon in pore waters and core-top waters, and amorphous silica
phases (such as glacially-derived amorphous silica) in sediments and suspended particulate matter, collected
from two fjords in the southwest Greenland margin to address this knowledge gap. We combine downcore ob-
servations with core incubations and isotope mass balance approaches to assess the benthic flux of dissolved
silicon and deconvolve potential contributors to this flux during early diagenesis. Our results suggest that mo-
lecular diffusion only accounts for a portion of benthic dissolved silicon transport. Relative to surrounding
continental shelves and highly-productive open ocean waters, the estimated benthic dissolved silicon flux at our
sites is smaller in magnitude, supporting the role of fjords as a ‘trap’ for reactive silicon in high-latitude systems.

Benthic nutrient flux
Early diagenesis
Stable silicon isotope

1. Introduction

Fjords, formed by glacial activity, are critical zones for glacier-ocean
interactions, and are locations where heat, salt, nutrients, and other
elements are exchanged between meteoric waters and marine-sourced
waters from adjacent coastal regions (Hopwood et al., 2020; Sen et al.,
2022). They are also active bioreactors acting as sinks, conduits, and
filters for carbon (C) and other nutrients (Bianchi et al., 2020). Recent
studies have identified that subglacial silicate weathering generates
dissolved silicon (DSi) and secondary weathering products, such as
soluble amorphous silica (ASi), which are attached to glacially-sourced
fine-grained suspended particulate matter (SPM) (Frings et al., 2016;
Hatton et al., 2019; Hatton et al., 2023). Thus, glacial runoff, including
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surface meltwater runoff, subglacial freshwater discharge and iceberg-
entrained debris, exports an additional high DSi + ASi flux, making
glaciers and ice sheets significant dynamic components of polar silicon
(Si) cycling (Meire et al., 2016; Hawkings et al., 2017; Hatton et al.,
2019). However, there is still a lack of research focused on the biogeo-
chemical cycling of the glacially-derived abiogenic ASi described above
in high-latitude fjords and fjordic sediments, despite the potentially
critical implications for the availability of this nutrient to primary
producers.

Spring blooms in fjords are typically dominated by diatoms, a group
of photosynthesizing microalgae that have an absolute requirement for
silicic acid (H4Si04), the main form of DSi in seawater, to precipitate
biogenic silica (BSi) as a protective shell or frustule (Krause et al., 2018;

Received 29 March 2024; Received in revised form 3 September 2024; Accepted 8 September 2024

Available online 11 September 2024

0009-2541/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:tova.wang@bristol.ac.uk
www.sciencedirect.com/science/journal/00092541
https://www.elsevier.com/locate/chemgeo
https://doi.org/10.1016/j.chemgeo.2024.122403
https://doi.org/10.1016/j.chemgeo.2024.122403
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemgeo.2024.122403&domain=pdf
http://creativecommons.org/licenses/by/4.0/

T. Wang et al.

Krause et al., 2019). Due to the undersaturation of seawater with respect
to DSi, the BSi remains of dead diatoms and more reactive abiogenic ASi
phases (e.g., glacially-derived ASi) will dissolve as they sink through the
water column (Frings, 2017; Ward et al., 2022a). Any BSi and glacial ASi
deposited on the seafloor will likely continue to dissolve during burial
processes (Tréguer et al., 2021). Remineralization enriches pore waters
in dissolved nutrients relative to overlying bottom waters (Rutgers Van
Der Loeff, 1980), and results in a concentration gradient that drives
nutrient flow from sediment to water through molecular diffusion,
bioturbation, bioirrigation, and other processes within sediments that
drive pore water advection and mixing (Huettel et al., 1998; Janssen
et al., 2005; Schulz and Zabel, 2006; Aller, 2014). Recycled DSi can
potentially be supplied back to the euphotic zone as a bioavailable
nutrient, and thus can be reused for new diatom growth via upwelling
and mixing, hence closing the pelagic-benthic loop (Tréguer and De La
Rocha, 2013; Marz et al., 2015; Hou et al., 2019).

In marine sediments, the preservation and recycling of reactive
particulate silicon (BSi, ASi) are controlled by the balance between
dissolution and precipitation processes (Geilert et al., 2020a). Given the
undersaturated pore water environments, the dissolution of soluble
amorphous silica mainly controls the accumulation of pore water DSi
(Aller, 2014; Geilert et al., 2020a), with additional contribution from the
dissolution of other biogenic phases such as siliceous sponge spicules
(Ng et al., 2020), and radiolarian tests (Maldonado et al., 2019), disso-
lution of lithogenic (non-biological) minerals (Geilert et al., 2020a;
Ward et al., 2022a), and desorption from amorphous iron (Fe)-Si min-
erals (Ng et al., 2022). The dissolution kinetics of ASi is also moderated
by the incorporation of terrigenous-released aluminium (Al) and Fe into
the surface structure (Aller, 2014; Geilert et al., 2020a) and the pre-
cipitation of authigenic aluminosilicates (Michalopoulos and Aller,
2004; Ehlert et al., 2016). This latter process, termed reverse weath-
ering, involves the precipitation of cation-rich aluminosilicates from
reactive Si phases (e.g., BSi, or poorly crystalline secondary weathering
products) within the sediments during early diagenesis, impacting the
alkalinity produced during silicate weathering and the mass balance of
several key metals in the oceans (Mackenzie and Garrels, 1966;
Michalopoulos and Aller, 1995; Aller, 2014; Baronas et al., 2016; Frings
et al., 2016; Sutton et al., 2018a; Rahman, 2019; Krissansen-Totton and
Catling, 2020). Furthermore, the authigenic precipitation of alumino-
silicates in marine sediments likely plays an important role in increasing
the preservation potential for reactive Si phases (i.e., ASi), significantly
impacting the global Si biogeochemical cycle (Aller, 2014; Frings et al.,
2016; Ward et al., 2022a).

Redox conditions can also influence pore water DSi build-up through
sediment Fe cycling. Pore water Fe availability is mainly controlled by
redox states, where dissolved Fe®" is released via Fe(IID)-rich mineral
reduction and reprecipitated into Fe oxy-hydroxides in oxidated sedi-
ments, or pyrite in anoxic, sulphide-rich sediments (Aller, 2014; Ng
et al., 2022). Pore water DSi can adsorb onto Fe oxy-hydroxides and co-
precipitate forming amorphous Fe—Si minerals (Delstanche et al., 2009;
Zheng et al., 2016; Geilert et al., 2020a; Schulz et al., 2022). The balance
between competing DSi release and uptake processes during early
diagenesis acts to impact DSi fluxes and Si storage in seabed sediments
(Sutton et al., 2018a).

There are three naturally occurring stable isotopes of Si: 28Si, 2°Si,
and 3°Si, with abundances of 92.2 %, 4.7 %, and 3.1 %, respectively (de
Laeter et al., 2003). Different Si pools are characterized by different Si
isotopic compositions (denoted by 5°°Si), which are driven by a com-
bination of the Si source and any isotopic fractionation associated with
subsequent reactions or transformations within or between pools
(Sutton et al., 2018a). In marine sediments, 5°%Siisa powerful tracer for
different early diagenetic reactions due to their different isotopic frac-
tionation behaviours (Tatzel et al., 2015; Geilert et al., 2016; Cassarino
et al., 2020). For example, the dissolution of glacial ASi, with 5°%si
values (denoted by 63°SiASi) varying from —0.47 %o to —0.22 %o
(Hawkings et al., 2018b; Hatton et al., 2019), usually introduces a more
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negative 5°°Si signal into pore waters in fjordic sediments, when
assuming that there is no fractionation during ASi dissolution (Wetzel
et al., 2014). The lighter 28Si isotope is preferentially adsorbed onto Fe
oxy-hydroxides and incorporated into secondary authigenic minerals
and amorphous precipitates through early diagenetic processes, leaving
the remaining substrate enriched in the heavier isotopes (Delstanche
et al., 2009; Ehlert et al., 2016; Geilert et al., 2016; Zheng et al., 2016;
Pickering et al., 2020; Closset et al., 2022; Ng et al., 2022). The Si
isotope fractionation factor associated with the precipitation of authi-
genic clays has been estimated to vary from —1.8 %o to —2.2 %o in
riverine and terrestrial settings (Ziegler et al., 2005a; Ziegler et al.,
2005b; Opfergelt and Delmelle, 2012; Hughes et al., 2013), and up to
—3 %o in deep-sea environments (Geilert et al., 2020b).

Pore water DSi accumulation is controlled by the dissolution of ASi
and terrigenous minerals, the reprecipitation of authigenic aluminosil-
icates, and reactions associated with Fe oxy-hydroxides (Marz et al.,
2015; Geilert et al., 2020a; Ng et al., 2020; Ng et al., 2022). Any isotopic
fractionation during these processes, therefore, could result in shifts in
the §°°Si value of DSi within the pore fluids (Ehlert et al., 2016). As such,
the stable isotopic composition of sediments and in particular pore
waters can be used to trace benthic Si cycling, and as a means to
deconvolve the different contributors of net DSi efflux from the sedi-
ments during early diagenesis (Ehlert et al., 2016; Cassarino et al., 2020;
Geilert et al., 2020a; Ng et al., 2020; Closset et al., 2022; Ng et al., 2022;
Ward et al., 2022a).

There has only been one study that has evaluated benthic DSi fluxes
in a fjordic setting, which was at the Chilean Patagonian fjords (Ng et al.,
2022). The authors there suggest that benthic DSi fluxes near fjord heads
are significantly smaller than those in the coastal ocean, but this inter-
pretation has been based on a global compilation of coastal ocean
benthic DSi flux, not a direct comparison with a proximal coastal site off
Chilean Patagonia.

This current study focuses on examining the understudied benthic Si
cycling under the setting of an enhanced input of reactive glacier-
sourced ASi phases at and close to fjord heads. The study aims to eval-
uate benthic DSi fluxes in fjords situated in Greenland, in the northern
hemisphere and to identify and discuss processes that influence the
magnitude of the evaluated benthic flux, and to directly compare the
benthic DSi fluxes of two Greenland fjords (one connected to land-
terminating glaciers and the other connected to both land-terminating
and marine terminating glaciers) with those in local coastal waters.
We use two approaches to evaluate the flux of DSi from fjordic sediments
to the overlying water column. Molecular diffusion flux of DSi is
calculated from pore water DSi profiles, and the total DSi flux is esti-
mated from a core incubation experiment.

2. Materials and methods
2.1. Study sites and field sampling

Hydrographic and biogeochemical data were collected in two fjords
adjacent to the GrIS, Ameralik Fjord (AM) and Nuup Kangerlua (God-
thabsfjord, GF). Ameralik Fjord is located on the southwest margin of
Greenland close to Nuuk (Fig. 1a), with a length of 75 km and covering
an area of about 400 km? (Stuart-Lee et al., 2021). The fjord is land-
terminating, i.e., glacial meltwater enters the fjord via a proglacial
system, fed by the glacial river Naajat Kuuat (NK) (Fig. 1a).

Nuup Kangerlua is a large multi-branch sub-Arctic fjord close to
Ameralik Fjord on the northern side (Fig. 1a) with a main fjord branch of
190 km and the whole fjord system covers a surface area of 2013 km?
(Meire et al., 2017; Mortensen et al., 2018). Nuup Kangerlua is in con-
tact with three marine-terminating glaciers: Kangiata Nunaata Sermia
(KNS), Akullersuup Sermia (AS), and Narsap Sermia (NS), and three
land-terminating glaciers: Qamanaarsuup Sermia (QS), Kangilinnguata
Sermia (KS), and Saqqap Serima, which drains through Lake Tasersuaq
(LT).
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Fig. 1. Sample location and fjord hydrography on the southwest margin of Greenland. (a) Map of Ameralik Fjord and Nuup Kangerlua. The CTD stations are
indicated by solid black circles and crosses in Ameralik Fjord (AM) and Nuup Kagerlua (GF), respectively, with selected stations in Ameralik Fjord annotated as AMx.
The coring sites, AM10a and GF-inlet, are labeled in a green dot and red diamond, separately. Blue labels show the position of Nuuk and the Greenland Ice Sheet
(GrIS). Other acronyms represent marine-terminating glaciers (NS, AS, and KNS) by blue triangles, land-terminating glaciers (KS and QS) by yellow squares, and
major meltwater sources (LT and NK) by yellow diamonds. Profiles of (b) salinity and (c) temperature of overlying water column (AM12: blue diamond; AM10: green
solid line; GF-inlet: red dash-dotted line). The data point at station AM12 was obtained with YSI EXO2 sensors supplied via a flow cell to an uncontaminated fjord
water supply. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The research area is located on the North Atlantic craton of southern
West Greenland, consisting predominantly of orthogneisses with
tonalite-trondhjemite-granodiorite (TTG) compositions, comprising
Archean metavolcanic amphibolite and anorthosite (Windley and
Garde, 2009; Svahnberg, 2010). There are two different anorthosite-
bearing layered intrusions near the study sites: a) the Ivisaartoq meta-
volcanic (greenstone) belt, mainly comprising volcanics, with layers of
gabbros, metaperidotites/serpentinites, and smaller amounts of sedi-
ments (Windley and Garde, 2009; Szilas et al., 2016; Polat et al., 2018),
located between KS and NS of Nuup Kangerlua; and b) the Naajat Kuuat
Anorthosite Complex, composed of anorthosites, gabbros and ultramafic
rocks (Hoffmann et al., 2012), located at the head of Ameralik Fjord.

Samples were collected aboard the R/V Tulu in September 2019. The
site AM10a is near the river mouth of NK in Ameralik Fjord (Fig. 1a),
with a water depth of approximately 30 m. Site GF-inlet is situated in a
northern inlet of Nuup Kangerlua (Fig. 1a) surrounded by mountains
where the water depth is 41-42 m. Temperature, salinity, and depth
profiles were recorded using a CTD (YSI EXO2 sonde) at site AM10 and
site GF-inlet (Table 1). Fjordic water samples were collected using a
Teflon-lined water pump attached to a bespoke-made plastic Towfish
(for near surface samples only) and a standard Niskin sampling bottle
(for sub surface samples), at AM10, AM12, and GF-inlet stations. Water
samples for suspended sediment ASi analysis were filtered using 0.4 pm
polycarbonate filters (25 mm diameter) at AM12 and GF-inlet, and the
filters were sealed in foils after air drying at ambient temperature
(Hawkings et al., 2017).

Sediment cores were collected by a large bore sediment corer
(Aquatic Research Instruments) fitted with a polyvinyl chloride (PVC)
core tube of 50 cm length and 9.5 cm diameter, and three sediment cores
were collected at each sampling site (AM10a and GF-inlet). One core
was extruded, sliced at 1 cm intervals, and stored in plastic bags in dark

Table 1
Study site information.

and cool conditions. The other two cores were used for pore water
sampling and core incubation experiments, respectively.

For pore water sampling, holes were drilled at 2 cm intervals on the
core tube, through which 0.15 pm pore size Rhizon (Rhizosphere)
samplers could be inserted into the sediment cores (Ng et al., 2020).
Samples were extracted through Rhizon filters into the syringes via
vacuum suction. The interface pore water was collected at 0-1 cm depth.
Core-top water was extracted prior to the pore water, to reduce the risk
of pore water dilution from potential down-flow of core-top water into
the sediment core.

2.2. Core incubation experiment

In order to evaluate any processes contributing to benthic DSi fluxes
in addition to molecular diffusion, a core incubation experiment was
carried out in the GF-inlet core (10 cm diameter) following the meth-
odology described in Hammond et al. (2004), with a magnetic stirrer set
10 cm above the sediment surface and stirring at 32 rpm to maintain
constant mixing of the core-top water column, and to avoid sediment
resuspension.

The core-top water was collected at selected time intervals over
approximately a 24-h period (Table S1 in the SI), and filtered through
0.45 pm Acrodisc Supor syringe filters. The surrounding air temperature
and the height of water column above the sediment were measured over
the 24-h incubation period. Measurements showed that the air tem-
perature varied between 0.8 °C and 5.6 °C. Due to the progressive
sample collection, the water column height above the cores decreased
from 28 cm to 15 cm over the 24 h (Table S1 in the SI). The core-top
water samples were transferred into acid-cleaned polytetrafluoro-
ethylene (PTFE) bottles with split samples frozen at —20 °C for subse-
quent nutrient analyses at Plymouth Marine Laboratory (UK). The

Sites Latitude Longitude Water depth Bottom temperature (°C) Bottom salinity
°N °E m In-situ Incubation
AM10a Ameralik Fjord 64.2182 —50.2562 30 4.73 29+0.1 31.75
AM10 Ameralik Fjord 64.1840 —50.4324 - - - -
AM12 Ameralik Fjord 64.2092 —50.2317 - - - -
GF-inlet Nuup Kangerlua 64.7594 —50.6271 41-42 1.69 3.1+0.6 31.34
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remaining portions were kept in dark and cool conditions for subsequent
Si isotope and elemental analyses, given the potential for freezing to
influence Si isotopic compositions (Sutton et al., 2018b).

2.3. Scanning Electron Microscopy (SEM) and Energy Dispersive
Spectroscopy (EDS)

In order to assess the ASi phase present in the sediment and sediment
grain size, sediments from the sliced sediment cores were analyzed
under the scanning electron microscope (SEM) at the electron micro-
beam laboratory within University of Bristol (UK). Sediment particles of
selected depth were separated with deionized water (Milli-Q, Millipore,
18.2 MQ), mounted, and coated with 10 nm gold coating for instrument
analysis. The morphology and structure phase of silica were observed
using a Hitachi S-3500 N SEM operating at 20 kV. Chemical composi-
tions of specific particles were determined by a Thermo Noran energy
dispersive spectrometer (EDS x-ray detector) equipped on the SEM.

2.4. Solid phase extraction

2.4.1. Reactive Si phases in sediments

Operationally-defined reactive Si pools in sediments were deter-
mined with a sequential leaching method following Michalopoulos and
Aller (2004) and Pickering et al. (2020). Extracted reactive Si phases
here include (a) mild acid-leachable silica (Si-HCl) associated with
authigenic products, for example, metal oxide coatings, authigenic sili-
cates, and some detrital clays; (b) mild-alkaline leachable amorphous
silica (Si-Alk) that is mainly composed of glacially-derived ASi; (c)
NaOH digested silica (Si-NaOH) associated with soluble lithogenic silica
(LSi) and remaining refractory BSi (Michalopoulos and Aller, 2004;
Pickering et al., 2020; Pryer et al., 2020; Ng et al., 2022; Ward et al.,
2022a). Briefly, wet sediment samples were dried at 40 °C and gently
homogenized. The impact of drying process on the determination of
different reactive Si pools, including concentration and isotope mea-
surements, is assessed with an additional experiment detailed in Text S1
in the SL

Approximately 80 mg of dry sediments were accurately weighed.
Samples then were treated with 36 mL of 0.1 M HCI (in-house distilled)
to extract Si-HCI and to precondition the surface of ASi for subsequent
alkaline dissolution (Michalopoulos and Aller, 2004; Pickering et al.,
2020). The Si-HCl leachates were centrifuged and then filtered through
0.22 pm polyethersulfone (PES) filters, adjusted to pH 3, and stored for
subsequent Si isotope analysis. Remaining sediments were rinsed, dried
again, and digested with 5 mL of 10 % H505 solution (Romil SpA™) for
30 min to remove organic matters (Ng et al., 2022; Ward et al., 2022a;
Ward et al., 2022b).

After rinsed and re-dried, these HCl- and Hy0,- pretreated sediments
were extracted through 40 mL of 0.1 M NayCO3 (ACROS Organics™) in a
water bath at 85 °C for 5 h to determine the Si-Alk pool (DeMaster,
1981). At the first 20 min of leaching, approximate 10 mL portion of
supernatant was taken for subsequent Si isotope analysis (filtered
through 0.22 pm PES filters and neutralized with HCl before instrument
test), to minimize the contamination from significant LSi dissolution.
Additional aliquots were also subsampled at 2 h, 3 h and 5 h to deter-
mine the content of Si-Alk quantitatively, using a fitted linear regression
between measured aliquot [DSi] and associated time point following
DeMaster (1981). The extrapolated intercept at 0 h was considered as
the content of Si-Alk in sediments.

The residual sediments were rinsed, dried, and then treated with 10
mL 4 M NaOH (Honeywell Fluka™) in an 85 °C water bath for 2 h. After
2 h, the supernatant was removed following centrifugation and the re-
sidual sediments were rinsed 3 times using Milli-Q water (18.2 MQ) to
remove any remaining leachate. Both the supernatant and the 3-part
rinses were filtered through 0.22 pm syringe PES filters, added
together as NaOH leachate, neutralized with 10 N HCl (in-house
distilled), and stored for further analysis.
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The [DSi] of HCl, NayCO3, and NaOH leachate were determined
using the molybdate-blue method according to DeMaster (1981) on a
VMR V-1200 Vis spectrophotometer (Ng et al., 2020; Ng et al., 2022) at
the University of Bristol (UK) with an analytical error of 3 %.

2.4.2. Reactive Si phases in suspended sediments

An alkaline extraction method (Ragueneau et al., 2005; Lam et al.,
2015; Hatton et al., 2019) was used to determine the content of ASi
attached to glacial SPM. Suspended sediment samples preserved on 0.4
pm polycarbonate filters were placed in a fume hood in a Class 10 clean
lab at room temperature (22 °C) to ensure the removal of all moisture.
The dry filters were treated with 0.2 M NaOH (Honeywell Fluka™) at
100 °C on a hotplate for 1 h to leach SPM ASi. Samples were neutralized
with 0.14 mL 6 M HCI (in-house distilled) immediately after the diges-
tion period, to stop further dissolution. Following the centrifugation, the
solution was filtered through 0.22 pm syringe PES filters, for Si isotope
analysis and ASi concentration evaluation. The content of Si in NaOH
leachate was measured at the University of Bristol (UK) by the
molybdate-blue method (DeMaster, 1981) with a Hach DR3900 spec-
trophotometer, the analytical error of which is around 3 %.

2.5. Nutrient analysis

The concentrations of nitrate and silicic acid in pore waters and core-
top waters collected from the core incubation experiment were
measured using the stored frozen samples and a 5-channel segmented
flow colorimetric nutrient autoanalyzer (Seal Analytical AA3) at Ply-
mouth Marine Laboratory (UK), following the analytical methods
described in Woodward and Rees (2001). The samples were analyzed
along with nutrient reference materials (KANSO Technos, Japan), to
confirm data quality and analytical confidence. Limits of detection for
the nutrients were 0.02 pmol/L for both nitrate and silicic acid with an
analytical uncertainty of 3-4 %. Sample handling and defrosting, and
analytical procedures, were according to the Global Ocean Ship-based
Hydrographic Investigations Program (GO-SHIP) nutrient protocols
(Becker et al., 2020).

2.6. Si isotope analysis

Instrumental Si isotope analysis was carried out on processed pore
water, core-top water, and leachate samples, and reference standards.
The preparation processes are further described in the following
subsections.

2.6.1. Sample pre-concentration and purification

Due to low [DSi] and variable salt-water matrix, pore waters and
core-top waters were pre-concentrated using the Mg-induced co-pre-
cipitation method (Karl and Tien, 1992; Reynolds et al., 2006a; de Souza
et al., 2012) prior to isotope analysis. The processed pore water and
core-top water, filtered sediment and particle leachates, and reference
standards, were purified via cation exchange chromatography following
Georg et al. (2006). The Si yield of the method was found to be
approximately 95 % (details are presented in Text S2 in the SI).

2.6.2. Mass spectrometry

Stable Si isotopes (285i, 29Si, 30Si) were measured at Bristol Isotope
Group laboratory (University of Bristol, UK) using a Thermo Finnigan
Neptune, multicollector-inductively coupled plasma-mass spectrometer
(MC-ICP-MS). Solutions were transferred into dry plasma mode via a
PFV nebulizer connected to an Apex IR Desolvating Nebulizer. Samples
and standards were treated with 0.1 M HySO4 (ROMIL-UpA) and 1 M
HCI (in-house distilled) to counteract anionic matrix effects (SO%’ and
Cl7) (Hughes et al., 2011). All solutions were analyzed using standard-
sample bracketing and Mg-doping methods to correct for instrumental
mass bias and matrix effects (Cardinal et al., 2003).

Stable Si isotopic compositions are typically expressed as 8"Si
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notation in units of per mil (%), representing a deviation of the 3°si/28si
or 2°Si/?8si of the sample relative to the international standard NBS-28
(Eq. 1).

('si /285i>mmpze B

NBS-28

§'Si = x 1000 (€D)]

The long-term external reproducibility was assessed with replicate
measurements of three pre-purified Si reference standards; ALOHA; 000
seawater standard, LMG-08 sponge standard, and Diatomite rock stan-
dard. Average 52°Si measurements are +1.25 =+ 0.04 %o (ALOHA10g0, 11
= 11), —3.43 £ 0.09 %o (LMG-08, n = 36), and + 1.27 + 0.08 %o
(Diatomite, n = 29), which are in good agreement with published values
within 2 SD: +1.24 £ 0.20 %o (Grasse et al., 2017), —3.43 £ 0.15 %o
(Hendry and Robinson, 2012), and + 1.26 4+ 0.20 %0 (Reynolds et al.,
2007), respectively. Replicate measurements were also made on sample
solutions (n = 2-4). Reproducibility (2 SD) ranges from <0.01 %o to
0.19 %o for pore water samples (n = 33), 0.01 %o to 0.27 %o for core-top
water samples (n = 18), and from <0.01 %o to 0.20 %o for solid leachates
(n = 89). For all samples and standards, the analyzed §2°Si and §°°Si
show a positive linear correlation through the origin. This mass-
dependent fractionation line shows a slope of 0.5142 + 0.0009 (n =
308), which lays in between a purely thermodynamic (0.5178) and ki-
netic (0.5092) mass-dependent fractionation (Reynolds et al., 2006b;
Reynolds et al., 2007).

2.7. Major and trace element analysis

Prior to concentration analysis, selected split portions of pore water
samples were acidified with 1 % v/v 10 M laboratory distilled HCI and
left to equilibrate for 3 months. The concentrations of major elements: K
and Mg, and trace elements: Li, Al, manganese (Mn), and Fe, were
determined by an Agilent 8800 inductively coupled plasma-triple
quadrupole-mass spectrometer (ICP-QQQ-MS) at the Open University
(UK). Analytical performance was assessed through periodic measure-
ment of blanks and synthetic in-house standards, in addition to two
certified reference materials, SLRS-6 and CASS-6, which indicate a
precision of better than 2.2 % and accuracy of better than 3.9 %
respectively.
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2.8. Benthic DSi flux calculation

Previous studies have established that Fick’s First Law could only
account for benthic DSi flux maintained by molecular diffusion (Schulz
and Zabel, 2006). Additional contributors to benthic DSi flux, like bio-
turbation, bioirrigation, pore water advection, and other DSi releasing
activities at the sediment-water interface, need to be examined through
other methods, such as core incubation experiments and benthic
landers/chambers (Hammond et al., 2004; Janssen et al., 2005).

We used two different methods to estimate the benthic DSi flux from
sediments to overlying fjordic waters: (a) total flux measured directly
from the core incubation experiment at GF-inlet; and (b) diffusion flux
calculated from pore water DSi profiles at both the AM10a and GF-inlet
sites. Over the incubation period, the [DSi] change rate in the core-top
water was dependent on the ratio of DSi flux per unit area to effective
core-top water column height (Hammond et al., 2004). The DSi flux
derived from core incubations was reported as total benthic DSi flux,
Jiotal- The core-top water [DSi] was plotted against the sum of elapsed
time over water column height (Fig. 2), where the slope represented
Jiotal- The associated uncertainty was derived from the standard error
(SE) of the slope. This method could correct any systematic bias caused
by sampling-induced water column height decrease (Hammond et al.,
2004; Ng et al., 2020).

There are several methods for the calculation of molecular diffusive
DSi fluxes, here, we use an exponential of the whole pore water [DSi]
profile since the fitting with top few centimetres are largely influenced
by data limitations. Thus, the diffusion flux of pore water DSi across the
sediment-water interface was calculated from Fick’s First Law of
Diffusion as the following (McManus et al., 1995):

C,=Cyq—(Cq—Cp) x e 2

where C, is the pore water [DSi] (mmol m ) as a function of depth z
(m), while Cq, Co, and f are fitting parameters. The core-top water [DSi]
is represented by Co (mmol m~>) and i m expresses the curvature of
the exponential profile, reflecting the depth at which pore water [DSi]
approaches asymptotic concentration, Cq (mmol m~>). Then, the diffu-
sion DSi flux through the sediment-water interface, Jgiffusion, Was esti-
mated using Fick’s First Law of Diffusion:

oC
Jdiffuxion = - ¢0 L4 Dsed L4 (E) . (3)

—p=061
3.0 T T T

A A —-A i
AT T
| AA_b-p—- y=0.067x+5.218
A ?=0.634

—-—p<0.01

3.0 T T T T T T

0 2 4 6
Time lapse/height (day/m)

0 2 4 6 8
Time lapse/height (day/m)

Fig. 2. Core-top water DSi concentration ([DSi]) against the ratio of incubation time and water column height at GF-inlet. (a) Outlier identification. Vertical error
bars represent analytical uncertainties of [DSi] measurement. The black line represents the linear fit regression with the p-values of 0.61, which is greater than 0.05,
indicating there is no significant correlation between [DSi] and the ratio of time lapse/height. Meanwhile, the three pale symbols are obviously out of the 95 %
confidence interval (blue lines). It is thus likely that these three data are outliers for fitting analysis. (b) Total flux calculation without outliers. Dash-dot line shows
new linear fit regression without pale-symbol-denote outliers (p < 0.01). New calculated statistically significant p-value and increased r-square value from 0.024 to
0.634 support the hypothesis above, providing strong evidence for the existence of correlation between core-top water [DSi] and time lapse/height. Therefore, we
suggest that the flux calculation of this non-outlier linear model is valid. Total benthic fluxes are expressed as the slope of the regression line. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Dy,
Dsed = 7 @
¢ =1—In(¢?) ®)

where @g is the porosity of sediments at 0-1 cm depth; Dseq is the
diffusion coefficient of DSi corrected for tortuosity (Boudreau, 1996)
(Eq. 4), Dy is the diffusion coefficient of DSi in seawater at in-situ
temperature (Table 1) (Rebreanu et al., 2008), 0 is the tortuosity, and

(%f) is the concentration gradient at the sediment-water interface (z =
0

0). Parameter values and associated standard errors are listed in Table 2
and Table 3 separately. Uncertainties are propagated to the final
calculated values of diffusive flux.

3. Results

3.1. Dissolved Si concentration and Si isotope composition in pore water
profiles

Pore water [DSi] generally increases with depth from bottom water
column values of 3.02 pM and 12.46 pM reaching maximum average
pore water [DSi] of 93 pM and 198 pM for AM10a and GF-inlet,
respectively (Fig. 3a and d).

The isotopic compositions of DSi (denoted by 5°°Sipg;) measured in
pore water (expressed as 63OSiDsi,pw) is overall higher than those
collected at the bottom of the water column (expressed as 63OSiDSi_ctw) at
AM10a (Fig. 3a) and GF-inlet (Fig. 3d). Pore water DSi 5%0Si values
range from +1.68 %o and + 2.24 %o at AM10a (Fig. 3a) and from +0.80
%o to +2.33 %o at GF-inlet (Fig. 3d). The downcore isotopic trends differ
even more significantly between the locations. Pore water 5%Sipg; at site
AM10a exhibits generally slight fluctuations, except an increase from
+1.81 %o at 12 cm to +2.24 %o at 14 c¢m, followed by a decrease from
+2.24 %o at 14 cm to +1.81 %o at 22 cm (Fig. 3a). The GF-inlet pore
water profile is more variable, with 63OSiDSi increasing sharply from
+0.80 %o to 1.70 %o within the top 2 cm, and then varying downcore
between +1.80 %o and + 2.33 %o (Fig. 3d).

3.2. Sediment composition

Both AM10a and GF-inlet are characterized by silt and an absence of
diatoms or sponge spicules in the sediment composition (Fig. S2 in the
SI). The grain size of particles at AM10a mainly range between 5 pm and
20 pm (Fig. S2a in the SI), generally coarser than sediment at GF-inlet,
where grain size mainly ranges between 5 and 10 pm (Fig. S2d in the
SI). SEM images of these sediments support the absence of biogenic
silica, and show poorly-structured sediment coatings that are
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Table 3
Uncertainty evaluation in Jggfysion calculation.
Site SE SE SE SE SE (Cp) SE (Cq) SE
(9  Ow)  © ® aiffusion)
m? m! mmol mmol mmol
day! m~3 m~3 m 2day!
AM10a 0.003 8.7 x 0.010 9.328 0.091 5.332 0.015
1077
GF- 0.000 7.5 x 0.001 1.101 0.115 59.235 0.011
inlet 1077

Note: Relative uncertainty, R, is defined as the ratio of standard error (SE) and

.. SE . . .
original value, e.g. R(po) = M. The relative uncertainty of Jgifusion iS the
0

sum of the relative uncertainty associated with each parameter in the following
formulae: R(Jairusion) = R(@o) + R(Dsw) + RO + R(P) + R(C4Co), i.e. R
SE(¢y) N SE(Dgy) N SE(BZ) N SE(p) N SE(Cq4) + SE(Co)

#o Dy 0% B Cq—Co
solute uncertainty of Jaifrusion iS the product of relative uncertainty R(Jgigfusion)
and calculated values Jgifrusion-

diffusion) = . The ab-

characterized by large Si and O peaks in the EDS spectra and lack clear
evidence of crystallinity, which we assume dominates the Si-Alk pool,
lacks crystallinity (Figs. S2b,c and S2e,f in the SI).

3.3. Content and isotopic composition of reactive solid Si phases

The content of Si-Alk at AM10a varies between 97.8 pmol/g and
277.8 pmol/g, with a general decrease from 211.3 pmol/g to 114.0
pmol/g in the top 8 cm and a gradual increase below 15 cm (Fig. 3b).
The Si-Alk content data at GF-inlet vary between 119.2 pmol/g and
256.9 pmol/g (Fig. 3e). Both sites reach Si-Alk content peaks at 10 cm
below the sediment surface.

The isotope values of Si-Alk (denoted by 63°SiA1k) at AM10a shows
higher variability in the top section of the core (from 0 cm to 12 cm);
then 5%°Siay stabilizes at around +0.76 %o, except for a peak that
centered at around 25 cm (Fig. 3b). Meanwhile, the Si-Alk 5°0Si values at
GF-inlet are relatively constant, with an average of +1.07 + 0.29 %o (2
SD, n = 11) (Fig. 3e). The isotopic composition of the Si-HCl pool
(63OSiHC1) is much lighter than those of the Si-Alk pool. The 53°SiHc1 data
at AM10a are variable, averaging at —1.14 + 0.07 %o (2 SD, n = 40)
(Fig. 3c), while the SBOSiHcl data at GF-inlet generally exhibit a
decreasing trend with depth (Pearson’s r = —0.79, p < 0.01), with an
average of —1.03 + 0.10 %o (2 SD, n = 11) (Fig. 3f). Compared with Si-
HCI pool and Si-Alk pool, SPM ASi is characterized by an isotopic
composition (denoted by 5°%Siasi.apv) between §°°Sipc and 8°°Siaj,
with §%°Si values of +0.69 %o at AM10a (Fig. 3b) and —0.05 %o at GF-

Table 2
Parameters used to calculate diffusion DSi flux, Jgiffusion, at the sediment-water.
Site o DR o7 pe Co @ Cq @ Jaittusion
m? day ! m! mmol m~—3 mmol m—3 mmol m~2 day~?
AM10a 0.605 4,598 x 1075 2.006 30.468 3.023 93.554 0.038
GF-inlet 0.840 3.960 x 1075 1.349 2.753 3.843 237.180 0.016

Definition: o — sediment porosity at 0-1 cm depth; Dy, — diffusion coefficient of silicic acid in seawater at in-situ temperature; 0 — tortuosity;  — expresses the inverse of
the profile scale length; Cy — core-top water DSi concentration; Cq — asymptotic pore water DSi concentration.
(a) The porosity ¢o was determined from weight measurement of 0-1 cm sediment following Schulz and Zabel, 2006 (Schulz and Zabel, 2006), using the formula: ¢o =
Pore water volume

Total sediment volume’
0f 1.025 g cm™> and 1.5 g cm ™2 were assumed for pore water and sediment respectively.

(b) Estimation of temperature-dependent Dg,, was based on a linear regression of previous experiment results of sea water samples at different temperatures (Rebreanu et al., 2008).
The in-situ bottom water temperatures were shown in Table 1 and uncertainties were calculated from the standard errors of the slope and the intercept.

(c) Both p and C4q were determined from exponential fit of pore water DSi profiles (Fig. 3a and d) using Eq. 2. Associated uncertainties were determined as standard errors of
exponential expressions using the Dynamic Fit Wizard function in SigmaPlot (Systat Software Inc.).

(d) The core-top water DSi concentration, Co, was measured separately in AM10a and at the beginning of core incubation experiment in GF-inlet. The analytical error was 3 %.

Volume is the ratio of mass and density. Sediment mass was measured directly using a balance with an analytical error of 0.0001 g and density values
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Fig. 3. Silicon contents and isotope compositions of different Si phases. (a) silicic acid concentration ([DSi]) and isotope values (83°SiDSi) in pore water (63°SiDSi_pw)
and core-top water (5%°Si psi-ctw) at AM10a; (b) content of sediment amorphous silica (Si-Alk) and Si isotopic compositions of sediment amorphous silica (5%%Sian),
suspended sediment amorphous silica (8%%Siasi.spm) at AM10a; (c) content and isotopic composition of HCl-leachable silica (Si-HCl, 5%%Siyc)) at AM10a; (d) silicic acid
concentration ([DSi]) and isotope values (6%%Sipg;) in pore water (63°SiDsi_pw) and core-top water (5%°Si pgi.ctw) at GF-inlet; (e) content of sediment amorphous silica
(Si-Alk) and Si isotopic compositions of sediment amorphous silica (6°%Sian), suspended sediment amorphous silica (8%%Sisi.spm); () content and isotopic
composition of HCl-leachable silica (Si-HCI, 5*°Siyc)) at GF-inlet. The dash-dot curves in DSi profiles (a) and (e) indicate the exponential fitting line of concentration
and depth. Core-top data point of AM10a corresponds to seawater sampled 3 cm above sediment. Core-top data point at GF-inlet indicates the core-top water
collected at the beginning of the core incubation experiment. Horizontal error bars represent 2 SD of repeated 5°°Si measurements (n = 2—4). Error bars not indicated
are within symbol size. Chemical zonations are determined from the concentrations of pore water dissolved nitrate + nitrite, manganese, and iron, displayed on the

left (concentration profiles are also shown in Fig. 4).
inlet (Fig. 3e), respectively.
3.4. Pore water chemistry

The GF-inlet core results show the strongest increase in both dis-
solved potassium (K) (Fig. 4a) and magnesium (Mg) (Fig. 4b) concen-
trations (indicated by [K] and [Mg], respectively) within the upper 8 cm
profile depth, and similar to the trend observed in the isotopic compo-
sition of pore water DSi, below which the increasing gradient declines
until reaching asymptotic values. Both AM10a and GF-inlet cores exhibit
similar and relatively constant values in pore water [Mg], except at the
interface (Fig. 4a and b).

Pore water lithium (Li) concentrations ([Li]) (Fig. 4c) at AM10a are
more variable in the top section of the core; below 12 cm pore water [Li]
stabilizes at around 14 pM. Meanwhile, a significant decrease of pore
water [Li] is observed in the uppermost 14 cm at GF-inlet, whereas
below this depth, [Li] increases continuously and approaches 15 pM,
close to the interface value. Measurements show negative correlations
between [Li] and SBOSiDSi_pW at both AM10a (Fig. 4h, Pearson’s r =
—0.93, p < 0.001) and GF-inlet (Fig. 4i, Pearson’s r = —0.66, p < 0.01).

The core AM10a exhibits two pronounced peaks in aluminium (Al)
concentrations ([Al]) (Fig. 4d) of around 30 pM at 12-14 cm and 40 pM
at 22 cm. At GF-inlet, pore water [Al] varies from 12 pM to almost 30 pM
from 0 cm to 12 cm, then stabilizes at around 16 pM until 26 c¢m, fol-
lowed by two small peaks at 32 cm and 42 cm to 15 pM and 30 pM,
respectively.

At the AM10a site, pore water nitrate + nitrite (NO3 + NO3) con-
centrations ([NO3 + NO3]) are more variable in the top 10 cm of the
core, and then gradually decrease down to 0.59 pM deeper down the
core (Fig. 4e), while Mn concentrations ([Mn]) show a general downcore

increase up to 54 pM (Fig. 4f). At the GF-inlet site, pore water [Mn] is
elevated relative to the interface (0 cm) (Fig. 4e), while pore water [NO3
+ NOg] is reduced relative to the interface (Fig. 4f). Dissolved Fe con-
centrations ([Fe]) remain low within the uppermost 8 cm at AM10a and
14 cm at GF-inlet, which then increase sharply to 247 pM for AM10a and
to 176 pM for GF-inlet, respectively (Fig. 4g).

3.5. Benthic DSi flux

Total DSi flux (Jiota)) was calculated from the core incubation profiles
of DSi and the ratio of time lapse and water column height (Fig. 2) at GF-
inlet. The relatively linear trend in Fig. 2b suggests that the benthic DSi
flux was almost constant at the GF-inlet site throughout the experiment.
Calculated Jiorq is around 0.067 = 0.018 mmol m 2 day’1 (Fig. 2b). We
note that the discrepancy of temperature between the in-situ (fjord
bottom) and the core incubation environment (Table 1) may introduce a
systematic temperature artifact for the DSi flux (Hammond et al., 2004),
which may add uncertainties of 0.006 + 0.004 mmol m~2 day ™.

The diffusive benthic DSi fluxes, denoted by Jgiffusion, are estimated
from Fick’s first law of diffusion. The site AM10a displays a higher
Jdiffusion 0f 0.038 4 0.015 mmol m~2 day’1 than the Jgiffusion Observed at
GF-inlet site of 0.016 + 0.011 mmol m 2 day*1 (Table 2 and Table 3).
The molecular diffusion DSi flux makes up nearly a quarter of the total
benthic DSi flux at GF-inlet.
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Fig. 4. Downcore concentration profiles of dissolved elements and nutrients: (a) potassium, (b) magnesium, (c) lithium, (d) aluminium, (e) nitrate + nitrite, (f)
manganese, and (g) iron. A schematic interpretation of the chemical zonation, mainly determined from the pore water concentrations of nitrate + nitrite, manganese,
and iron (Aller, 2014), at each site is presented alongside these data. Linear regression of pore water Li concentration ([Li]) against pore water dissolved silicon
isotopic compositions (63°SiD5i,pw) at (h) AM10a and (i) GF-inlet. Black lines indicate the best fit linear regression and blue lines represent the 95 % confidence
interval. The corresponding p value and r-square value of each regression line are shown on the plot. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)
4. Discussion
4.1. Sources and processes regulating pore water DSi

4.1.1. Dissolution of sediment Si-Alk

There is little evidence for the presence of diatom frustules and
sponge spicules (i.e., BSi) in the sediments at two fjordic sites (Fig. S2 in
the SI). Previous studies have demonstrated that submarine weathering
and dissolution of refractory lithogenic minerals could serve as a source
of DSi in marine sediments (Geilert et al., 2020a; Ward et al., 2022a).
However, given the relatively low Si-NaOH content and lower Si-NaOH
to Si-Alk ratio at our study sites (Table 4), we think that the dissolution
of these refractory lithogenic silicates is not as reactive as other loca-
tions, and therefore does not contribute significantly to the pore water
silicic acid build-up in these glacial marine sediments. Therefore, the
dominant source of pore water DSi at the study sites is most likely the
soluble abiogenic ASi present in these glacial marine deposits (Fig. S2 in
the SI). In addition to the dissolution of the Si-Alk phases, Si previously
bonded to metal oxides might be released during their reductive disso-
lution, especially in these Fe-rich glacial marine sediments (Ng et al.,
2020; Ng et al., 2022) (Fig. 5a).

Pore waters at both fjord sites are undersaturated with respect to
silica, as the DSi concentrations are much lower than the solubility of
amorphous silica at deep-sea temperatures (1000 pM) (Tréguer et al.,
1995; Loucaides et al., 2012). The trends broadly follow the general
asymptotic DSi concentration profiles that often characterize marine
sediments (Aller, 2014) (Fig. 3a and d). Therefore, sediment Si-Alk

Table 4

Comparison between the content of sediment Si-Alk and Si-NaOH in different
marine environments.

Location Si-Alk Si-NaOH Si-NaOH/ Reference
content content Si-Alk
wt% wt% wt%/wt%
Ameralik 025033  0.27-0.28 0.9-1.1 This study
Fjord
Nuup (Ward et al., 2022a;
Kangerlua 0.49-0.50 0.37-0.38 07-0.8 Ward et al., 2022b)
Arctic
(Ward et al., 2022a;
Barents 0.17-0.52 1.12-1.34 2.6-6.7 Ward et al., 2022b)
Sea
Gulf of (Pickering et al.,
Mexico 0.19-0.39 1.49-3.64 5.9-14.8 2020)

Note: The Si-Alk pool is mainly composed of amorphous silica while Si-NaOH
refers to more crystallized Si phases like with soluble lithogenic silica (LSi)
and remaining refractory BSi (Michalopoulos and Aller, 2004; Pickering et al.,
2020; Pryer et al., 2020; Ng et al., 2022; Ward et al., 2022a).

dissolution and pore water DSi remobilization to the overlying bottom
fjord waters are most effective in the surface layer, where the degree of
Si undersaturation is highest (Van Cappellen and Qiu, 1997; Geilert
et al., 2020a).

The isotopic compositions of the Si-Alk pool (varying between +0.86
%o and + 1.07 %) are almost within the range of previously published
529Siay values in Arctic marine sediments under the condition of Arctic
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Fig. 5. (a) Schematic figure of processes controlling pore water DSi accumulation in fjord sediments. (b) The average 5°°Si values of different reactive Si phases in
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this figure legend, the reader is referred to the web version of this article.)

Water mass (4+0.82 £ 0.16 %o) (Ward et al., 2022a), but higher than the
Si isotopic compositions of glacially-derived ASi (from —0.47 %o to
—0.22 %o) (Hawkings et al., 2018b; Hatton et al., 2019). These obser-
vations indicate that sediment Si-Alk at the fjord sites contains other >°Si
enriched phases in addition to the glacier-sourced ASi.

4.1.2. Diagenetic processes modifying pore water 5°°Si within shallow
sediments

As the isotopic fractionations between the sediment Si-Alk pool and
the pore water DSi pool are around —1.05 %o and — 0.93 %o at AM10a
and GF-inlet, respectively, the dissolution of Si-Alk pool should intro-
duce a lower &°°Si signal into the surrounding pore waters (Fig. 5b).
However, such a decrease in pore water 5°°Si has not been observed in
these two cores (Fig. 3a and d). A likely explanation is that other early
diagenetic processes take place relatively early in the shallow sediments,
for example, authigenic aluminosilicate precipitation and Si adsorption
onto Fe oxy-hydroxides (Fig. 5a) which would introduce a higher 5°si
signal to the pore waters (Ehlert et al., 2016; Geilert et al., 2020a; Ng
et al., 2020; Closset et al., 2022; Ng et al., 2022; Ward et al., 2022a).
These Si uptake processes might also be responsible for the high §°Sipg;.
pw relative to §39Si 5y values, despite Si-Alk dissolution being the main
supply of pore water DSi.

A mixing model has been previously employed (Geilert et al., 2020a;
Closset et al., 2022; Ng et al., 2022; Ward et al., 2022a) to identify if
other diagenetic processes are present at the sediment-water interface or
within shallow sediments, in addition to the dissolution of Si-Alk. Here,
we use the core-top water and fluids originating from Si-Alk dissolution
as two endmembers to calculate the mixing within shallow sediments
using the following equation (Geilert et al., 2020a; Closset et al., 2022;
Ng et al., 2022; Ward et al., 2022a):

(6% Sicore-cp  Slere-sop * ) + (6™ St ¢ [Sil s o (1~ )
([Si]corepr .f) + ([Sl}Alk hd (1 _f))

5208l =

©

where 63°Simre_tolD and [Si]core-top indicates the Si isotope composition
and concentration of core-top water respectively; SBOSiAlk is the aver-
aged 5%°Si in the Si-Alk pool at each site; and [Si]ax expresses the
equilibrium concentration in respect to Si-Alk dissolution from experi-
mental study. We assume an equilibrium concentration of 1000 pM
given the bottom water temperatures and pressures at our locations (Van

Cappellen and Qiu, 1997; Dixit et al., 2001; Rickert et al., 2002). The f
value represents the proportion of core top waters for any given mixture.

Former studies have confirmed that the pore water DSi concentra-
tions and isotopic compositions are affected by the mixing of core-top
water DSi, the formation of authigenic aluminosilicates, and the inter-
action with Fe redox cycling (Aller, 2014; Ehlert et al., 2016; Cassarino
et al., 2020; Geilert et al., 2020a; Ng et al., 2020; Ng et al., 2022; Ward
et al.,, 2022a). If dissolution of Si-Alk is the sole diagenetic process
controlling Si concentration and isotopic composition, the pore water
data should fall on the mixing lines between the following two end-
members: sediment Si-Alk and core-top water DSi. Instead, both sites
have heavier 63°SiPW values (Figs. 5b and 6), likely associated with DSi
re-precipitation into solid phases, which preferentially incorporates the
light 28Si isotope, resulting in a heavier isotopic Si composition in the
remaining pore water (Ehlert et al., 2016). The Si-HCl pool includes
these 28Si-enriched solid phases as dilute HCI can dissolve poorly crys-
talline metal oxides and authigenic silicates (Michalopoulos and Aller,
2004; Pickering et al., 2020; Ng et al., 2022; Ward et al., 2022a; Ward
et al., 2022b). The observed difference in isotopic composition between
the Si-HCl pool and pore water DSi at our study sites are around —3 %o.
This difference is most likely a result of isotopic fractionation (A%Siggpid.
aqueous) caused by multiple precipitation processes including the for-
mation of authigenic aluminosilicates (—2 %o) (Ehlert et al., 2016),
adsorption of DSi from pore water onto the surface of Fe oxy-hydroxides
(up to —0.8 %o in A?%Si and up to —1.6 %o in A%%Si) (Delstanche et al.,
2009), and amorphous Fe—Si phase co-precipitation (up to —3.2 %o)
(Zheng et al., 2016).

4.1.3. An isotopically light source of DSi

The DSi isotopic composition observed at the GF-inlet interface (pore
water collected at 0-1 cm core depth) (63°Simt) is much lighter than that
of other pore waters (Fig. 6b). Natural contamination of core-top water
is one potential explanation for the relatively lighter 5°9Siy value at GF-
inlet. Here, we explore this possibility by considering mixing between
endmembers: the core-top water and shallow pore water, the pore water
collected at 2 cm depth for AM10a and 4 cm depth for GF-inlet due to
sample limits, represent two endmembers and the interface represents
the intermediate reservoir (Cassarino et al., 2020). The mixing line be-
tween two endmembers at GF-inlet is indicated by dash-dot line in
Fig. 6b, with the interface data lying below the line. In this condition,
mixing between these endmembers cannot account for the low §°Si
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Fig. 6. Si isotope values (8%°si) are displayed against the inverse of Si concentration (Si ) for core-top water dissolved silicon (DSi,), interface dissolved silicon
(DSijny), pore water dissolved silicon (DSipy, including shallow pore water dissolved silicon: DSigp,, and deep water dissolved silicon: DSigpy), sedimentary amorphous
silica (Si-Alk), and core-top water suspended sediment ASi (SPM ASi) at (a) AM10a and (b) GF-inlet. The core-top data point of AM10a corresponds to seawater
sampled 3 cm above sediment, whereas the core-top data point at GF-inlet indicates the core-top water collected at the beginning of the core incubation experiment.
Interface pore water indicates pore water collected at 0 cm (sediment surface). Shallow pore water refers to pore water collected at the upper 2 cm depth for AM10a
and 4 cm for GF-inlet due to sample limits, with the remaining pore water defined as deep pore water (Reservoir details are presented in Fig. S3 in the SI). Vertical
error bars represent 2 SD of repeat 5°°Si measurements (n = 2-4) except the error bars of Si-Alk, which indicate 2 SD of all measured downcore 5°°Siay, values. Error
bars not visible are within symbol size. The solid lines indicate the mixing lines calculated from eq. 6 according to Geilert et al. (2020a), using core-top water DSi
concentration and isotope values together with the average Si-Alk content and 8°°Siay value of each site. The dot-dash lines represent the mixing line between two
endmembers: core-top water and shallow pore water. Conservative mixing is implied if the data point falls on the linear mixing line between the endmembers, and a
deviation from linearity indicates the release or uptake of Si to or from interface waters.

value at the sediment-water interface. As such, there needs to be another
source to provide isotopically light Si at the surface of fjordic sediments,
such as Si-Alk in surficial sediments and ASi attached to glacial SPM in
water column. As the interface data also lies below the mixing line be-
tween Si-Alk and core-top water DSi (Fig. 6b, calculations are adapted
from Geilert et al. (2020a)), the most likely source of the isotopically
light DSi responsible for the interface observation is SPM ASi in water
column, which has a measured 5%9Si value of —0.05 =+ 0.12 %o (2 SD).
The inferred glacial SPM ASi dissolution might only be sufficiently rapid
- relative to precipitation — in the shallow sediments, such that it can
leave an imprint on the interface water §°°Si value.

Although two different methods were employed to extract sediment
Si-Alk and water column SPM ASi, consistent results of Si isotopic
compositions had been confirmed in previous publications (Hawkings
etal., 2018b; Hatton et al., 2019). The higher value of 53OSiA1k relative to
BBOSiASi_SpM observed at the GF-inlet site is most likely due to the pres-
ence of authigenic submarine weathering products in the sediment Si-
Alk pool. The water column SPM ASi collected from the study sites are
expected to be mainly composed of glacially-derived ASi, given the lack
of diatoms found in the underlying sediments, and the proximity to
glacial runoff. However, the measured SBOSiAsi_spM values (AM10a:
+0.69 + 0.03 %o, GF-inlet: —0.05 £ 0.12 %o) are higher than the pre-
viously published Si isotopic compositions of ASi attached to fine-
grained SPM in bulk meltwater runoff from Greenland glacier catch-
ments, which range from —0.47 %o to —0.22 %o (Hawkings et al., 2018b;
Hatton et al., 2019). The higher values of SSOSiAsj_SpM found in this study
might imply that glacier-sourced ASi has a broader range of 52°Si values
than previously thought.

4.2. Ambient conditions influencing Si mobility in fjord sediments

4.2.1. Dissolution of terrigenous mineral phases and reverse weathering
The dissolution kinetics of amorphous silica can be regulated by the
dissolution of terrigenous minerals through the incorporation of metals,
like AI3*, Fe?*, and MgZJr (Van Cappellen et al., 2002; Aller, 2014), and
the formation of authigenic aluminosilicates (Michalopoulos and Aller,
2004; Ehlert et al., 2016). Peaks of pore water [Al] observed at the core-
tops of both sites (Fig. 4d) may enhance incorporation of dissolved Al
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into sediment ASi structure and precipitation of aluminosilicates (Van
Cappellen and Qiu, 1997; Dixit et al., 2001; Ehlert et al., 2012; Aller,
2014). Such Al incorporation lowers the dissolution rate of ASi (Dixit
et al., 2001), thus rapidly reducing DSi release into surrounding pore
waters, consistent with the reduction in the downcore DSi concentration
increasing rate at the Al-peak depth (Figs. 3a, d and 4d). A previous
study has revealed that — due to this form of uptake — ASi solubility drops
to near 600 pM (Van Cappellen et al., 2002), which is still significantly
higher than pore water DSi concentrations at our study sites and unlikely
to account for the asymptotic concentrations of our pore water DSi
profiles (Fig. 3a and d). Therefore, the structural Al incorporation has an
impact on DSi build-up in pore waters, but it is not the only process that
governs the asymptotic pore water DSi concentration at our field
locations.

Our downcore trends in Li provide additional insight into authigenic
mineral formation. Previous studies have demonstrated that Li uptake in
marine sediments is largely controlled by incorporation into authigenic
clays (Martin et al., 1991; Andrews et al., 2020; Schlesinger et al., 2021),
rather than being sorbed onto surfaces or being associated with metallic
oxides/hydroxides (Jiang et al., 2007). As such, the observation of
overall down-core decreases in pore water [Li] at both AM10a and GF-
inlet (Fig. 4c) provides supporting evidence for the presence of this Li-
consuming process at our study sites (Aller, 2014; Rahman, 2019).
Reverse weathering also shows preferential removal of light 28Si into
authigenic aluminosilicates, resulting in increasing 52°Si values in the
remaining pore water DSi pool (Rahman, 2019; Cassarino et al., 2020).
The combined impact of Li* consumption and light 28Si uptake could
explain the negative correlations between pore water Li concentration
and Si isotopes that are observed at both fjordic sites (Fig. 4h and 1i).
However, for other two other elements also associated with reverse
weathering, K and Mg, there is a general increasing trend in their pore
water concentrations with depth (Fig. 4a and b). Seasonal meltwater
changes might be one possible reason for these changes in [K] and [Mg].
However, our study sites are deeper than 30 m, so they are below the
surface water layer which is largely influenced by seasonal freshwater
input (Mortensen et al., 2011; Stuart-Lee et al., 2021). Our salinity data
also show similarity between summer and winter measurements: 33 in
July vs 32 in September at both sites with a difference of approximately
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3 %, which is relatively negligible from beginning to the end of the melt
season, and unlikely takes the responsibility for concentration changes
of K and Mg, especially for K at GF-inlet where the variation is over 19 %
(8.4 mmol/L to 10.1 mmol/L). Therefore, the increases here are not
associated with seasonal inputs, but instead could relate to other cation-
release processes, such as the dissolution of terrigenous minerals and
ion-exchange reactions between sediment-bound K'/Mg?" and pore
water NH4 (Santiago Ramos et al., 2018), compensating for any uptake
of pore water K and Mg by reverse weathering. In particular, sharp in-
creases in pore water §°Sipg; from core-top water values (Fig. 3a and d)
suggest that the reverse weathering might take place very soon after
sediment deposition (Geilert et al., 2020a; Closset et al., 2022).

4.2.2. Redox conditions and Fe cycling in shallow sediments

Given that the Greenland Ice Sheet (GrIS) acts as an important source
of highly reactive iron phases to coastal regions (Hawkings et al., 2014),
meltwater from our study sites AM10a and GF-inlet is likely going to be
characterized by high concentrations of dissolved Fe and reactive solid
Fe phases (Hawkings et al., 2014; Aciego et al., 2015; Hawkings et al.,
2018a; Shoenfelt et al., 2019; Pryer et al., 2020; Laufer-Meiser et al.,
2021). The fjord system in our study is similar to the BMFC in Chilian
Patagonia, characterized by Fe-rich sediments and high pore water Fe
concentrations (Ng et al., 2022). Our pore water DSi 5%0Si values
observed on the southwest Greenland margin (AM10a and GF-inlet)
show similar variation to this analogous location. At this location the
heavier pore water Si isotopic composition is associated with Si
adsorption to Fe oxy-hydroxides and co-precipitation of amorphous
Fe—Si minerals (Ng et al., 2022) under the oxidizing conditions, with
the Si isotopic fractionation factor up to —1.6 %o (—0.8 %o in 2°ASi,
Delstanche et al. (2009)) and —3.2 %o (Zheng et al., 2016), respectively.
Given that the 28Si being preferentially taken up adsorbed and solid
phases (Delstanche et al., 2009; Opfergelt et al., 2009; Percak-Dennett
et al., 2011; Oelze et al., 2014), the remaining pore water DSi thus
presents high &%°Si values. As the glacially-sourced particles could
provide an ample supply of reactive surfaces for Si adsorption within
fjordic sediments (van Genuchten et al., 2021; Ng et al., 2022), we hy-
pothesize that the proposed Fe—Si shuttle is also present and has an
impact on Si mobility at our study sites.

In addition to the interaction between Si and Fe in the oxic envi-
ronment near the sediment-water interface, the surfaces of Si-Alk often
become covered by Fe oxy-hydroxide coatings, which rapidly reduces Si-
Alk dissolution (Michalopoulos and Aller, 2004; Aller, 2014; Wang et al.,
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2015). With increasing depth, the oxygen is depleted and sediment en-
ters reducing (nitrogenous, manganous, and ferruginous) conditions.
These ferruginous zones are found below 8 cm at AM10a and below 16
cm at GF-inlet, evident by the drastic increase in pore water Fe con-
centrations (Fig. 3g). In the ferruginous zone, Fe oxy-hydroxides would
undergo reductive dissolution, releasing soluble Fe(II) and the
previously-bound isotopically light Si (Fig. 5a), as well as removing Si-
Alk surface coatings. These reactions thus result in an increase in the
solubility of the previously Fe-coated Si-Alk phases and promote DSi
release into surrounding pore waters (Mackin, 1989; Delstanche et al.,
2009; Marz et al., 2015; Burdige and Komada, 2020), which is consistent
with the positive correlation between Fe and DSi concentration (Fig. 7).
Our findings indicate that Si adsorption and desorption via Fe redox
cycling is thus likely, acting as another factor influencing the availability
of the dynamic DSi pool within pore waters.

Due to the relatively light Si isotopic composition in both Fe(III)-Si
coprecipitates and Si-Alk, if Fe oxy-hydroxide reduction dominates
early diagenesis, the increasing Fe(II) concentration should lead to a
decrease in pore water 5%9Sipg; values. However, there is no correlation
between Fe concentration and SSOSiDsi_pw, indicating that other pro-
cesses (e.g., reverse weathering discussed in Section 4.2.1), which result
in a build-up of heavy Si isotopes, are active concurrently with the
increasing concentrations of dissolved Fe and DSi within pore waters.

Our pore water data suggests the presence of multiple diagenetic
processes: Si-Alk dissolution, reverse weathering and Si—Fe binding that
have a competing effect in pore water DSi concentrations, pore water
DSi isotopic compositions, and mobility of Si in sediments. Such
competing diagenetic processes have previously been identified and
evaluated in detail at other high-latitude sites (Cassarino et al., 2020;
Closset et al., 2022; Ng et al., 2022; Ward et al., 2022a; Ward et al.,
2022b).

4.3. Mechanisms of Si release from fjordic sediments

Our previous discussion focused on the transfer of Si between
different phases through Si-Alk dissolution, reverse weathering and
cycling associated with Fe redox reactions in fjord sediments. Here, we
address the implications of these phase transformations between the
different silica pools within the fjord sediments, and quantitatively es-
timate the contribution of different sources and processes to the overall
benthic DSi flux.

Molecular diffusion DSi flux, Jgifusion, calculated from pore water DSi
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Fig. 7. Linear regression of pore water DSi concentration ([DSi]) against pore water dissolved Fe concentration ([Fe]) at (a) AM10a and (b) GF-inlet. Black lines
demonstrate the best fit linear regression and blue lines represent the 95 % confidence interval. The corresponding p value and r-square value of each regression line
are shown on plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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profiles (Table 5), is much smaller than total benthic DSi flux, Jiotal,
which is directly measured from the core incubation experiment (Fig. 8).
The apparent disparity between total flux and diffusion flux is 0.052
mmol-mfz-day*1 at GF-inlet, which is about 3 times larger than Jgitfusion,
revealing other DSi contributors except for molecular diffusion. Here,
we define this difference as the residual benthic DSi flux, Jiesidual
(Table 5), i.e. the flux which is not contributed to by molecular diffusion.
The Jiesidual Value is estimated using a mass balance calculation:

Jrotal = Jdiffusion + Jresidual (@)

Assuming that there is no Si isotope fractionation during ASi disso-
lution (Wetzel et al., 2014) and DSi diffusion (Richter et al., 2006; Oelze
et al., 2015), an isotopic mass balance can also be developed for the GF-
inlet site (Ng et al., 2020):

d(C L4 5305icore incubation)
d(t/h)

30 q; 300:
= Jdiffusion 5 Sldiffusion + Jresidual LX) Slresidual (8)

d (C-630 Sicore incubation )
where —dw/my

(Table 5, Fig. S4b in the SI) is the slope of the
linear regression between the product of core incubation DSi concen-
tration and its isotopic composition and parameter t/h. We use the 5°°Si
of shallow pore water as an approximate representation for 63°Sidiffusion
(Table 5). From Eq. (8), 63OSiresidual could be estimated to express the
isotope signature of the endmembers responsible for Jyesiqual (Table 5).

According to the simple mixing model between shallow pore water
and core-top water (Cassarino et al. (2020) and references therein), the
intermediate reservoirs, represented by the interface data, fall below the
mixing lines at both AM10a and GF-inlet, indicating an additional
source of low 8°°Si at the sediment-water interface, such as the disso-
lution of water column SPM ASi deposited on the core-top water sus-
pended sediments (Fig. 6). Thus, this kind of dissolution plays a key role
in providing DSi to core-top water during core incubations, making it a
likely contributing factor to Jyresiqual- Meanwhile, the calculated 63°Sir_
esidual Value, +1.53 %o, is much higher than core-top water 5%°Siasi-spMs
—0.05 %o at GF-inlet (Table 5). Therefore, there should be other pro-
cesses that provide 30gj.rich pore water DSi to the overlying core-top
water. Sediment bioirrigation is one possible contributor to Jresidual
and 63OSiresidual, as burrowing macrofauna could flush 30gi-enriched
pore water DSi to the overlying bottom water (Ng et al., 2020). In
addition, any resuspension of the sediment surface (although such
resuspension was not observed over the course of incubation experi-
ment) may also introduce an estimation bias or experimental error in
Jiotal, and therefore in Jyesidual-

Based on the interpretations above, we hypothesize that residual DSi
flux derived from our data mainly consists of SPM ASi dissolution, Jgjs-
solution, and other processes including pore water advection, bio-
irrigation, and potentially sediment resuspension, Joer- In this case, the
previous mass balance could be revised with the addition of Jgissolution
and Jother- The former equations could be expanded to the following:

Jtotal = Jdiffusion + Jdissolution + Jother (9)

d (C L] 530 Sicore incubation)

d(t/h)

30Q;
=J diffusion ® 6 Sldiffusion +J dissolution
30Q; 30Q;
LX) Sldissolution + Jother LX) Slother (10)

Here, we use Jgissolution t0 describe the benthic DSi flux related to
core-top water ASigpy dissolution and Joger to represent the flux
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Fig. 8. Benthic DSi fluxes at GF-inlet. The solid column height represents the
total benthic DSi fluxes, Jyoa1, calculated from the core incubation experiments;
while the light-coloured column with dashes indicates diffusion DSi fluxes,
Jaiffusion, €stimated from pore water DSi profiles using Fick’s first law. The
uncertainties of Jiora and Jaifrusion are represented by black error bars.

associated with previously discussed other pore water DSi release pro-
cesses (Table 6). The isotopic composition of water column ASigpy; is
used as an approximate representation of 5%%Sigissolution (Table 6). Egs.
(9) and (10) help to estimate Jgissolution @0d Jother, tWO main components
of Jresidual-

At GF-inlet, the dissolution of water column SPM ASi and other pore
water DSi releasing processes contribute to 19 % and 58 % of total
benthic DSi flux, respectively. These results imply that glacial marine
sediments at or close to fjord heads are subject to non-diffusive processes
that can elevate efflux of DSi to the overlying fjord waters.

4.4. Transport of reactive Si from the glacial environment to the coastal
regions

4.4.1. Establishing a benthic Si mass balance

In order to further examine the role that fjordic sediments play in the
transport of reactive Si from glaciers to offshore environments, we
established a benthic mass balance model for the GF-inlet site. Upon
sediment deposition, ASi would either be remineralized to DSi and then
recycled to the overlying water column, or subsequently buried in deep
sediments (Tréguer et al., 2021). The benthic recycling DSi flux has been
estimated in the previous section, and so to reconstruct the Si mass
balance at the sediment-water interface, the burial flux of ASi is esti-
mated using the following equation (Ragueneau et al., 2009; Hou et al.,
2019):

Jbun'al = (1 7¢) ewep .ASiav (11)

where ¢ is the porosity of sediment, w is the sedimentation rate, p is the
dry density of solid particles, and ASi,y refers to the mean value of Si-Alk
content deeper than 12 cm where the Si-Alk dissolution rate is not as
rapid as the upper sediments, that is, below the depth of the sharply
increasing pore water DSi concentration.

Table 5
Benthic DSi flux mass balance parameters.
Site d(C o 6°°Sicore incubation) Jiotal Jdiffusion Jresidual 8%%Sidittusion 8%Siresidual
d(t/h)
mmol-m~2.day ! mmol-m~2.day ! mmol-m~2.day ! mmol-m~2.day ! %o %o
GF-inlet 0.106 + 0.089 0.067 + 0.018 0.016 + 0.011 0.052 + 0.029 1.70 £ 0.07 1.53 +1.24
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Table 6

Benthic DSi flux mass balance parameters.
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The rain rate of ASi that reaches the bottom of the fjord is defined as
the sum of burial flux, Jpyrial, and the fraction of ASi that is recycled into
silicic acid, Jiotal, assuming that all ASi would either dissolve or be
preserved:

ASirain = Jyog + Jourial 12)
Buridl efficiency = owia 100% 13)
ASi rain

With these estimated values (Table 7), the benthic Si mass balance
between Nuup Kangerlua and its adjacent Southwest Greenland conti-
nental shelf can be developed (Fig. 9a).

The estimated (total) benthic DSi flux at GF-inlet: 25 mmol m 2 yr’1
is substantially lower than values found at the Southwest Greenland
margin: 164-1121 mmol m~2 yr 1) (Ng et al., 2020) (Fig. 9a, Table 7).
The low benthic DSi flux at GF-inlet is likely due to the high burial ef-
ficiency of dissolvable ASi: 98 %, relative to the adjacent continental
margin sites: 11-72 % (Table 7). Such high burial efficiency of ASi (~99
%) has also been previously observed at the other fjord study in Chilean
Patagonia (Ng et al., 2022).

4.4.2. Glacially-derived reactive Si phase transport in fjords

Extrapolating data obtained from the GF-inlet site to the entire fjord
area (Fig. 9b, Table 8) may pose some uncertainties, as benthic DSi flux
is expected to increase with a general decrease in sedimentation rate
further down a fjord (Ng et al., 2022). Despite these uncertainties,
extrapolating the new data could still provide useful insights that
improve our understanding of the cycling and transport of nutrient Si
across a fjord. Compared with nonglacial rivers at the lower latitudes
(Tréguer et al., 2021), export of reactive Si from GrlIS is mainly through
glaciers and in the form of reactive particulate ASi (Fig. 9b, Table 8), and
our evaluation suggests that up to half of the glacial ASi is buried in the
fjordic sediments (Fig. 9b). The high burial flux of dissolvable ASi and
the low benthic DSi return flux inferred here (Fig. 9b) makes fjordic
sediments a potentially large sink/trap for glacier-sourced reactive Si
phases.

The estimated benthic DSi flux in Nuup Kangerlua: ~50 x 10° mol
yr~! and the glacial DSi input to the fjord: ~100 x 10° mol yr~! are both
small and unlikely to account for the total diatom BSi production in the
fjord: ~2440 x 10° mol yr~! (Fig. 9b, Table 8). Meanwhile, despite
rapid burial in fjordic sediments, the remaining portion of glacial ASi
that is either suspended in the water column, or dissolving in the fjord
water, is estimated to be a large reservoir: ~2560 x 10° mol yr™!. We
suggest that this large pool of dissolving glacial ASi in the water column
acts as the most important conduit of biologically available Si from
glaciers to the offshore environment, sustaining diatom primary pro-
duction in the fjords and potentially also in the coastal environment. In
addition to the offshore transport of dissolving glacial ASi, reminerali-
zation of dead diatoms, active benthic-pelagic coupling and upwelling
processes, all likely contribute to the relatively high diatom primary
production observed off the coast of southwest Greenland (Fig. 9a)
(Hendry et al., 2019; Ng et al., 2020).

5. Conclusions

This study presents incubation experiments and analyses of sediment
and pore water profiles, including silicon isotope analysis, to evaluate
benthic DSi fluxes within SW Greenlandic fjords. Si isotopic composi-
tions of pore water, sediment ASi, glacially-derived ASi, and overlying
bottom waters demonstrate competing early diagenetic processes that
influence the build-up of pore water silicic acid. These competing pro-
cesses mainly include: the dissolution of soluble ASi, precipitation re-
actions like reverse weathering, and association with Fe redox cycling in
fjord sediments. These early diagenetic processes result in a concentra-
tion gradient at the sediment-water interface which regulates the mo-
lecular diffusive transport of DSi from pore water to the overlying water
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Table 7
Benthic flux of reactive Si phases calculated for Nuup Kangerlua and the adjacent coast, and the parameters involved in the calculation.
Site Region Latitude Longitude Jiotal @ ® p ASi,, Jburial ASi rain Burial Reference
efficiency
°N °E mmol m~2 cm g pmol/ mmol m~2 mmol m~2 %
yr ! yr ! em ™3 g yr ! yr !
GF- 1.1+ .
inlet Nuup Kangerlua 64.7594 —-50.6271 24.62 0.61 0.6 2.3 143.3 1391.05 1415.67 98 This study
0.11 + (Ng et al.,
MGA3 South West Greenland 63.8154 —53.7743 678.90 0.51 0.03 2.5 145.16 194.01 872.91 22 2020)
MGA4 margin (off Nuuk) 63.5530  —52.2251 16425 o071 CME o5 g1 430.62 594.87 72 (Ng et al,
0.02 2020)
0.06 + (Ng et al.,
MGA! .261 —46. 1120. B 2. 154. 140.42 1260. 11
GAS5 South Greenland 60.2618 46.8908 0.55 0.40 0.01 5 54.73 40.4 60.97 2020)
Mgae  margin (offNarsad) oo 0100 46635 18080 066 O00F 25 12222 63.06 252.86 25 (Ng et al.,
0.01 2020)
South Greenland
MGA7 margin (off Cape 59.4564 —44.4151 222.65 0.42 Obogli 2.5 134.54 117.25 339.90 34 (NZLOZLO()IL’

Farewell)

Definition: Jyota) — total benthic DSi flux calculated from core incubation experiments; ¢ — the porosity of sediment; ® — sedimentation rate estimated based on 210pp,
measurements (Ng et al., 2020; Oksman et al., 2022), and for site GF-inlet, data are taken from a nearby fjord station (Oksman et al., 2022); p — the dry density of solid
particles; ASi,, — the average of the Si-Alk content below 12 cm; Jpyyria) — burial flux of ASi; ASi rain — the sum of Jyoa) and Jpyriar; Burial efficiency — the ratio of Jyyyai over

ASi rain.

Fig. 9. (a) Schematic view of the Si cycle in the glacial marine environment at Southwest Greenland, with area-normalised flux (F) in mmol m™
view of the Si cycle in Nuup Kangerlua fjord, with total flux in 10° mol yr
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. Green arrows correspond to ASi flux, including glacial ASi input (Fgasi), continental ASi

input (Fasi), ASi rain (Fyain), burial flux (Fuyrial), BSi production (Fy,;,), and BSi export (Fg). Fy, is estimated through previously confirmed primary production from
Hendry et al. (2019) (continental margin) and Meire et al. (2017) (outer fjord). Blue arrows indicate DSi flux, including glacial DSi input (Fgps;), continental DSi
input (Fpg;), BSi dissolution (Fp), and benthic DSi flux (Fpenthic)- Estimation has not been carried out for Fp, Fg, Fps;, Fasi, and benthic Si cycling at the outer fjord,
given the lack of such data in existing literature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Table 8
Mean Si concentrations and estimated flux for Nuup Kangerlua.
Location Input Discharge Area DSi ASi DSi input ASi input Jtotal Jburial ASi rain
km?® yr~! km? pmol dm—3 pmol dm—3 10° mol 10° mol 10° mol 10° mol 10° mol
yrt yrt yrt yrt yrt
Ma”";z';:sna“"g 18.4 70.90 3842.91
Nuup L 3.85 208.85
Kangerlua Land'gﬁ:‘;;le‘r‘;a““g 7.5 2013 (0.18-14.39) (9.66-2017.78) 28.90 1566.40 4956 2800.19 284975
Total freshwater 25.9 99.80 5409.31

Note: Fjord area and discharge data are taken from Stuart-Lee et al. (2021). The concentration of ASi is an average of suspended ASi concentrations in the water column

at Nuup Kangerlua (Hatton et al., 2023).

column, also known as the diffusive benthic DSi flux. The significant
difference between the diffusive DSi flux and total benthic DSi flux from
core incubations indicates that other mechanisms contribute to sedi-
ment efflux of DSi. Our isotope mass balance model suggests that pro-
cesses contributing to benthic DSi flux include molecular diffusion, rapid
glacial ASi dissolution, and other processes including advective pore
water mixing, sediment bioirrigation, and potential surface resus-
pension. Benthic DSi flux evaluated at the inner fjord is much smaller
than the surrounding Greenland margin sites. The limited return flux of
DSi from sediments into the overlying fjord water column and the high
burial flux of ASi makes fjord (head) sediments an efficient trap for
glacier-sourced reactive Si phases. Despite the high burial flux of ASi,
the remaining dissolving glacial ASi still has a large reservoir, and could
act as an important conduit of biologically available Si from glaciers to
fjords and also further offshore, contributing to sustaining primary
production in the downstream marine environment.
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