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Glaciers and ice sheets export significant amounts of silicon (Si) to downstream
ecosystems, impacting local and potentially global biogeochemical cycles. Recent
studies have shown Si in Arctic glacial meltwaters to have an isotopically distinct
signature when compared to non-glacial rivers. This is likely linked to subglacial
weathering processes and mechanochemical reactions. However, there are currently
no silicon isotope (δ30Si) data available from meltwater streams in Antarctica, limiting
the current inferences on global glacial silicon isotopic composition and its drivers. To
address this gap, we present dissolved silicon (DSi), δ30SiDSi, and major ion data from
meltwater streams draining a polythermal glacier in the region of the West Antarctic
Peninsula (WAP; King George Island) and a cold-based glacier in East Antarctica
[Commonwealth Stream, McMurdo Dry Valleys (MDV)]. These data, alongside other
global datasets, improve our understanding of how contrasting glacier thermal regime
can impact upon Si cycling and therefore the δ30SiDSi composition. We find a similar
δ30SiDSi composition between the two sites, with the streams on King George Island
varying between -0.23 and +1.23h and the Commonwealth stream varying from -
0.40 to +1.14h. However, meltwater streams in King George Island have higher DSi
concentrations, and the two glacial systems exhibit opposite DSi – δ30SiDSi trends.
These contrasts likely result from differences in weathering processes, specifically the
role of subglacial processes (King George Island) and, supraglacial processes followed
by in-stream weathering in hyporheic zones (Commonwealth Stream). These findings
are important when considering likely changes in nutrient fluxes from Antarctic glaciers
under climatic warming scenarios and consequent shifts in glacial thermal regimes.
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INTRODUCTION

There is growing evidence that links nutrient fluxes to the ocean
with the export of glacial meltwater and icebergs, especially from
the Greenland Ice Sheet (Hood et al., 2009; Gerringa et al., 2012;
Hawkings et al., 2014, 2015, 2017; Lawson et al., 2014; Hendry
et al., 2019). However, predictions of how nutrient fluxes may
change under climatic warming scenarios are poorly constrained,
due to the complexity of these systems, and the lack of data
available from large glaciers (Hopwood et al., 2018). The vast
majority of data currently available are only from the Arctic
or sub-Arctic. Recent studies of the West Antarctic Peninsula
(WAP) have shown that glacial meltwater may provide iron to
coastal waters (Annett et al., 2015; Lyons et al., 2015; Hodson
et al., 2017; Henkel et al., 2018; Höfer et al., 2019). Furthermore,
upwelling marine waters can be modified due to benthic fluxes
of iron and silica in shallow marine shelf sediments, which are in
turn affected by the inputs of particles from glacial sources both in
the Arctic and Antarctic (Henley et al., 2018; Sherrell et al., 2018;
Hendry et al., 2019), highlighting a potentially significant role of
glacial nutrients derived from particle dissolution.

The WAP has experienced some of the most rapid warming
of the Southern Hemisphere and ice shelves have undergone
retreat over the past 50 years (Turner et al., 2005). Under climatic
warming scenarios, ice free areas on Antarctica could expand by
25% by 2100 (Lee et al., 2017), highlighting the future potential
for further glacial retreat. This clearly has implications for the
delivery of glacially derived nutrients to downstream ecosystems
and may impact wider biogeochemical cycles. But in order to
improve our predictions, we need to gain a better understanding
of the underlying biogeochemical processes, including subglacial
and periglacial weathering processes.

Stable silicon isotope data have been used previously to
improve understanding of weathering processes in glacial and
permafrost covered environments (Georg et al., 2007; Opfergelt
et al., 2013; Hatton et al., 2019a). Previous studies have found
that glacial rivers export isotopically distinct silicon compared
to non-glacial rivers (Hatton et al., 2019b). It is hypothesized
that the subglacial weathering processes, fueled by high physical
erosion, drive the export of isotopically light glacial silicon due
to large amounts of fine grained material enriched in 28Si, high
mineral surface areas and elevated rock to water ratios. This
has implications for understanding of the global silicon cycle
over glacial to interglacial timescales when considering oceanic
diatom utilization of silicon (Hawkings et al., 2018). However,
the current silicon isotope dataset for glacial rivers is limited to
Arctic and sub-Arctic regions, and it remains unclear whether
this understanding is transferrable to Antarctica. Using silicon
concentration data from subglacial Lake Whillans, the potential
flux of DSi from the Antarctic ice sheet via melt and icebergs is
equivalent to the Greenland Ice Sheet (Hawkings et al., 2017),
highlighting the potential importance of better constraining
Antarctic silicon sources, especially as glacial retreat occurs.

To address the role of Antarctic glaciers in silicon cycling, we
investigate the dissolved silicon isotope composition (δ30SiDSi)
of riverine waters fed by two contrasting glacial environments;
Fourcade Glacier, a polythermal glacier on King George Island,

and Commonwealth Glacier, a cold-based glacier in McMurdo
Dry Valleys (MDV). Analysis of streams fed by glaciers with
contrasting thermal regimes and stream properties allows us to
consider the impact differing conditions may have upon Si export
and how we may use the δ30SiDSi composition of proglacial
streams to infer different weathering processes within different
glacial environments. This will allow a greater understanding of
global glacial silicon cycling.

Currently, studies of δ30SiDSi composition from glacial
environments do not include any cold-based systems. We can use
the δ30SiDSi composition of Commonwealth Stream, MDV, East
Antarctica to assess the current state of these environments and
how these systems behave differently to warm-based glaciers, so
we can begin to determine a global glacial Si cycle, its drivers,
and potential changes in the future. The MDV are home to
a collection of largely cold-based glaciers, providing the ideal
glacial thermal regime endmember in conceptual models of
silicon cycling in cold regions. Commonwealth Stream is fed
mainly by the supraglacial melt from Commonwealth Glacier.
A cold-based glacier is defined by the basal ice being below the
temperature of the basal melting point (Waller, 2001). Such low
temperatures result in a lack in active subglacial biogeochemical
weathering, which is the process that has been suggested to
drive the distinct silicon isotope signature of warm-based glaciers
(Hatton et al., 2019b). Despite this, there is evidence that
cold-based glaciers can erode, transport, and deposit sediments
(Cuffey et al., 2000; Hambrey and Fitzsimons, 2010). Although
streams in the MDV are not impacted by subglacial chemical
weathering, they are influenced by weathering processes within
cryoconite holes via supraglacial melt (Fortner et al., 2005;
Bagshaw et al., 2013; Fountain, 2014). In addition, most streams
have extensive hyporheic zones, where chemical weathering and
dissolution occurs (Gooseff et al., 2002; Welch et al., 2010;
Olund et al., 2018). Previous studies have found these streams
to be a potential source of Fe and P to coastal phytoplankton
communities (Lyons et al., 2015; Olund et al., 2018). Despite the
cold and dry conditions in the Dry Valleys, analysis of stream
hyporheic zones has shown primary silicate weathering rates to
be comparable to temperate environments (Gooseff et al., 2002).
This concurs with other studies challenging the assumption that
high latitude systems have lower weathering rates (Huh et al.,
1998; Wadham et al., 2010; Urra et al., 2019).

We contrast the study of silicon isotope geochemistry in the
MDV with analysis of silicon isotopes in streams influenced
by the polythermal Fourcade Glacier on Potter Peninsula on
King George Island (Falk et al., 2018). King George Island
(also known as Isla 25 de Mayo) is the largest of the South
Shetland Archipelago and 92% of the island is ice-covered (Leal
et al., 2008). The more frequent occurrence of positive Southern
Annual Mode phases is responsible for warmer air temperatures
at the Southern Shetland Islands, increasing surface melt and
glacier retreat (Jerosch et al., 2018). Therefore, the study of
δ30SiDSi composition from glacial streams on King George Island
captures the status quo of a rapidly changing environment,
by sampling streams in contrasting hydrogeological basins (fed
by glacial melt or not), building a basis for the assessment
of changes related to deglaciation. It was estimated that 44%
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of the coastline on King George Island was ice-free in 2008
(Rückamp et al., 2011), a figure likely to have increased over the
past decade. This glacial retreat has impacted the downstream
fjord ecosystem, with contrasting effects on marine biota by
decreased light penetration due to increased suspended matter
discharge and increased nutrient availability (Schloss et al., 1999,
2014; Ardelan et al., 2010; Monien et al., 2017; Jerosch et al.,
2018). The impact the retreat may have on the silicon cycle has
not been studied, but such knowledge could enable us to decipher
how other glaciers may behave in the future under climatic
warming scenarios where glacial retreat is increasing.

MATERIALS AND METHODS

Sampling Locations
Commonwealth Stream is located in the MDV, and the
bedrock is made up from the Beacon Supergroup sandstone,
Ferrar Dolerite, crystalline basement igneous and metamorphic
rocks, and the McMurdo Volcanics (Hall and Denton, 2000).
Supraglacial meltwater from Commonwealth Glacier feeds into
Commonwealth stream, which flows for 4–10 weeks of the year.
The stream is 4.2 km long, has an average gradient of 0.044 m/m,
and discharges directly into the McMurdo Sound (Wlostowski
et al., 2016). The stream channel is bounded by permafrost and
there is also a hyporheic zone present, which expands to up to
60 cm depth throughout the summer (McKnight et al., 1999;
Olund et al., 2018). The daily and seasonal discharge varies greatly
due to solar incidence, temperature, and precipitation (McKnight
et al., 1999; Olund et al., 2018), as highlighted in Supplementary
Figure S1. Commonwealth Stream has been gauged for 24 years
by the MCM-LTER program, with flow data collected every
15 min using Campbell CR10 data loggers (McKnight et al., 1999;
Wlostowski et al., 2016). Water samples from Commonwealth
Stream were collected in the austral summers between 2014
and 2017 (Supplementary Table S1). Most of the samples
were collected at the discharge gauging station, approximately
0.7 km from the glacier terminus (Figure 1, sampling location
1, hereafter referred to as Gauging Station). A partial diurnal
set of samples was also collected on 1 January 2016 close to
the river mouth, approximately 3.4 km downstream from the
Gauging Station and 100 m from where the stream discharges
into the McMurdo Sound (as described in Olund et al., 2018,
Figure 1, sampling location 2, subsequently referred to as
the Mouth Station).

King George Island is the largest island of the mostly ice
capped South Shetland Islands, located 130 km from the north-
western tip of the Antarctic peninsula (Jerosch et al., 2018).
Streams were sampled on Potter Peninsula, which is on the
southern-most tip of King George Island. Water samples were
collected from a range of streams on Potter Peninsula in February
2012 and January–March 2013 (Figure 1 and Supplementary
Table S1). Each sample was collected from a different stream,
with estimated stream locations on marked on Figure 1 (see
photos in Henkel et al., 2018). The transient nature of the streams
on Potter Peninsula means we cannot accurately mark all the
stream paths, especially as samples were collected over two melt

seasons. In the summer, streams on Potter Peninsula are fed
by a combination of precipitation, glacial melt, groundwaters,
and permafrost thaw. It was not within the scope of this
study to quantify the different water sources to each stream,
but the Peninsula can be separated into hydrogeological basins
(Figure 1, further details in provided in the Supplementary
Material and Supplementary Figure S2), which we used to
consider whether or not the streams are fed by glacial meltwater
(Silva-Busso, 2009). Glacial meltwater originates from Fourcade
Glacier, a polythermal glacier, which drains from the Warzawa
Ice Field, which then feeds into Potter Cove and Bransfield
Strait. Fourcade Glacier was classified as marine terminating
(into Potter Cover), until 2016, but rapid retreat (mean rate of
20 m a−1 between 1956 and 2008, Rückamp et al., 2011), has
led to it being land-based (Jerosch et al., 2018). We sampled
streams in the three basins; Potter South, Potter North, and
Fourcade Basin (Figure 1), which are fed, at least in part
by Fourcade Glacier. The drainage network in Potter North
and Potter South are composed of ephemeral, short, shallow,
and unstable channels that develop a sub-dendritic design on
top of modern glacial deposits of homogenous lithology. Melt
processes can explain about 98–99% of the water supply to
streams in the basins on the glaciated parts of the catchment,
based upon a proposed hydrological discharge model (Falk et al.,
2018). There are no existing systematic studies of Fourcade
Basin to date; however, some geohydrological observations
can be made to characterize the basin. Fourcade Glacier is
the main contribution of water to the basin, but large lakes
have a storage effect before the water discharges into the
Brandsfield Strait.

We also sampled streams in Matías Basin, where water is
sourced from rainfall and permafrost, but no glacial meltwaters
feed the streams (Ermolin and Silva-Busso, 2008). The basin
is interpreted as a hummocky moraine related to Warszawa
glacial retreat. It is an area of the discontinuous permafrost, with
closed talik formation in the surface drainage area and open talik
below Lake Matías. The groundwater is considered as an active
and integrated supra-permafrost aquifer system throughout the
southern summer (September to May inclusive), which flows
toward Potter Cove (Silva-Busso, 2009).

The dynamic nature of the streams on the Potter Peninsula
meant it was not possible to quantify discharge of the sampled
streams. However, annual discharge into Potter Cove from
Fourcade Glacier is estimated as 25 ± 6 hm3 year−1 (Falk
et al., 2018), leading to an estimate of annual specific discharge
of 1.1 ± 0.26 m year−1. This is lower than the specific
discharge of Greenlandic Glaciers previously studied for δ30SiDSi
composition (Leverett Glacier and Kiattuut Sermiat Glacier,
Hatton et al., 2019a), but Leverett Glacier has the most similar
specific discharge (1.8–3.7 m year−1, Hawkings et al., 2016),
thus was chosen as the site to compare results from this study.
The streams on Potter Peninsula overlay modern glacial deposits
which have high lithological homogeneity (Falk et al., 2018). The
bedrock of Potter Peninsula mainly consists of the King George
Island Supergroup, which is made up of lavas and volcanoclastic
rocks of basaltic and andesitic characteristics (Birkenmajer, 1980;
Kraus, 2005; Ye et al., 2018).
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FIGURE 1 | Sampling location map. Sample locations shown in red, with labeling corresponding to sample points described in Section “Materials and Methods.”
(A) Two sampling locations (red circles) on Commonwealth Stream (drawn in blue). 1 shows the location of the majority of samples and the discharge gauge station
(Commonwealth Gauge) and 2 shows the location of the partial diurnal samples collected at the stream mouth (Commonwealth Mouth). Figure created using
Quantarctica and QGIS, produced by the Norwegian Polar Institute (Matsuoka et al., 2018). (B) Sampling location of streams on Potter Peninsula, King George
Island (red circles), with the estimated drainage network and the hydrogeological basins. Due to the transient nature of the streams and it is very likely that not all the
streams present in the basins are marked. Base map by Lusky et al. (2001), which was geohydrologically corrected over successive field campaigns.

It was not within the scope of this study to examine streams
from more than one area of King George Island; however,
major ion analysis of streams on Potter Peninsula shows similar

geochemical compositions to rivers previously studied on King
George Island (Ye et al., 2018). Meltwater streams on Fildes
Peninsula have Si concentrations of 34± 20 µM (Ye et al., 2018),
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which compares well with the Si concentrations reported in this
study [29.2 (11.1–58.0) µM], suggesting we can apply the δ30SiDSi
composition of Potter Peninsula to other glacially fed streams on
King George Island.

Sampling Protocol and Analysis
Water samples from Commonwealth Stream were filtered
through 0.4 µm Whatman Nuclepore polycarbonate membrane
filters within 24 h of collection (Olund et al., 2018). Samples
were kept refrigerated and in the dark until analysis. Samples
from King George Island were sequentially filtered through 5
and 0.45 µm Millipore Durapore PFDF filters which were pre-
cleaned with 3% Elma Clean 70 (an alkaline detergent), deionized
water, aqua regia (distilled HCl and HNO3), and ultra-pure water.
The filtration was performed on the day of sampling. The filtrate
was acidified with double distilled HCl to ∼pH 2 and sample
bottles were kept in the dark until processing and analysis. All
sample bottles were cleaned with 3% Elma 70 (7 days), deionized
water (three rinses), 3 M HNO3 (p.a.) (21 days), deionized water
(1 day), 0.4 M HCl distilled. (7 days), 0.01 M HCl double distilled
(7 days), and MilliQ (1 day) before use.

Dissolved silicon (DSi) was measured spectrophotometrically
using flow injection analysis (FIA) on a LaChat 8500 series
(QuikChem Method 31-114-27-1-D) at the University of Bristol
and using a Skalar San++ Automated Wet Chemistry Analyzer
at The Ohio State University, as detailed previously by Hawkings
et al. (2017) and Olund et al. (2018).

Major ions for Commonwealth Stream samples were
determined using a Dionex 120 at the Crary Laboratory at
McMurdo Station, as detailed by Welch et al. (2010). Major ions
for King George Island were determined by ion chromatography,
using a Thermo ScientificTM DionexTM capillary ICS-5000 fitted
with anion and cation columns at the University of Bristol
(Hawkings et al., 2015). We used the divalent/monovalent ion
ratio (D:M) as an indication of carbonate and silicate weathering,
with elevated proportions of monovalent ions linked to enhanced
silicate mineral weathering (Wadham et al., 2010).

As both sampling locations at Commonwealth Stream are
within close proximity to the ocean, atmospheric inputs were
corrected for using a normalization to chloride (Stallard and
Edmond, 1981; Grosbois et al., 2000). The riverine portion of
the major ions for samples from Commonwealth Stream was
calculated by Eq. 1:

X[Riv]= X[Measured] − (Cl[Measured] × (X/Cl)[Mar]) (1)

where X[Measured] and Cl[Measured] are the original molar
concentrations of the element of interest and Cl, respectively, and
(X/Cl)[Mar] is the molar ratio of the element of interest to Cl
in seawater, according to Millero et al. (2008). Samples collected
from Potter Peninsula were acidified on collection with HCl, so a
correction based on Cl was not possible. Therefore, we applied the
average atmospheric input correction that was previously used
for samples from Fildes Peninsula, King George Island (Ye et al.,
2018). When applying the atmospheric input correction, the D:M
ratio for Commonwealth Stream samples were impacted more
strongly than those from Potter Peninsula and some samples
resulted in negative Na+ values (Supplementary Table S2).

This overcorrection likely arose from the assumption that all
Cl− in the samples derived from atmospheric input. Crompton
et al. (2015) described elevated Cl− in subglacial waters, which
could be associated with Na dissolution and/or precipitation
into secondary weathering products during basal freeze-on, and
higher Cl− concentrations of the supraglacial waters reaching the
bed, due to preferential retention of Cl− in the snow and ice
pack. However, we chose to maintain this correction to ensure
our dataset is comparable with other studies in close proximity.

Silicon isotope analysis was completed at the Bristol
Isotope Laboratories (University of Bristol) using Thermo
Scientific Neptune Plus High Resolution MC-ICP-MS. Detailed
methods have been published previously (Hawkings et al.,
2018; Hatton et al., 2019a) but, briefly, a standard-sample
bracketing procedure was employed, with Mg-doping to correct
for instrumental mass bias (Cardinal et al., 2003). Samples
were also doped with 100 µL 0.1 M sulfuric acid (Romil-
UpA) to ensure matrix match between sample and standard
and reduce the mass bias effects of anion loading (Hughes
et al., 2011). Most samples were measured in triplicate, with
typical reproducibility of ±0.07h (0.01–0.15h, 2SD). Long-
term reproducibility of δ30Si of reference standards LMG and
Diatomite were -3.44 ± 0.07 (2SD, n = 138) and +1.22 ± 0.07
(2SD, n = 99) respectively. A comparison of δ30Si and δ29Si
showed a mass-dependent fractionation line with gradient 0.5130
(Supplementary Figure S3, Reynolds et al., 2007).

Some samples from Potter Peninsula were collected in
duplicate with one sample being additionally filtered using
Vivaflow 200 cross flow cassettes which were pre-cleaned with
EDTA and ultrapure water. Ultra-filtration was performed to
determine potential differences between the methodologically
defined dissolved fraction that may still contain colloids and
nanoparticles and the truly dissolved fraction, as highlighted
in Patagonian glacial rivers (Pryer et al., Submitted). δ30SiDSi
composition analysis was completed on both sets of water
samples to assess potential effects of colloidal phases on
the δ30SiDSi composition in the 0.45 µm filtered samples.
Supplementary Table S3 shows that δ30SiDSi compositions of
0.45 µm and ultra-filtered samples are similar. It was therefore
decided to use the 0.45 µm samples throughout this study
for consistency.

Stream bed sediments from Commonwealth Stream were
analyzed using scanning electron microscopy (SEM), to evaluate
mineral alteration. Samples were collected close to the Gauging
Station, stored at room temperature, and allowed to air dry. Prior
to analysis, samples were placed on carbon tape on an aluminum
stub and then coated with gold/palladium with a Denton Desk
V precious metal coater. SEM was completed with a FEI Quanta
FEG 250 Field Emission SEM equipped with a Bruker EDX
detector. Most images were collected at 15 kV using backscattered
electron detector (BSE), with grayscale images providing some
compositional information.

RESULTS

Both Commonwealth Stream and the streams of the Potter
Peninsula have a similar average and range of δ30SiDSi
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TABLE 1 | Summary of geochemical data for Commonwealth Stream and Potter Peninsula (this study) and Leverett Glacier Greenland (Hatton et al., 2019a) for
comparison to a well-categorized polythermal glacial system.

Commonwealth Potter Leverett Glacier, Commonwealth Glacier
Stream* Peninsula* Greenland1 Cryoconite Holes2*

Average Range Average Range Average Range Average Range
(n = 18) (n = 12) (n = 129)** (n = 24)**

DSi (µmol) 23.1 8.7–89.7 31.7 15.5–58.0 26.4 9.2–56.9 – –

δ30Si (h) 0.42 −0.40 to 1.14 0.56 −0.23 to 1.23 0.07 −0.55 to 0.87 – –
(n = 17)

Na+ (µeq) 346.9 2.87–1504 379.4 47.3–1037 53.1 19.6–88.1 33.3 9.37–104.0
(n = 13)

K+ (µeq) 29.2 9.57–83.8 7.59 0.90–22.25 28.4 9.7–59.3 40.6 10.7–60.7

Ca2+ (µeq) 167.6 95.6–357.5 267.5 52.3–779.0 154 52.2–528 336.6 52.3–646.4

Mg2+ (µeq) 34.0 8.28–65.5 70.16 10.8–194.8 38.5 11.1–158 81.6 9.40–169.8

D:M (µeq) 3.04 0.14–12.4 1.21 0.40–2.98 2.3 0.98–5.2 5.25 1.76–9.12
(n = 13)

SO4
2− (µeq) 60.5 31.8–110.4 148.6 16.8–348.3 83.9 20.4–355 204.5 12.9–594.2

Average values for Commonwealth Stream and Potter Peninsula are not discharge-weighted due to lack of discharge data. Major ion data from Commonwealth Stream
and Potter Peninsula reported here have been corrected for atmospheric deposition. 1Data from Leverett Glacier, Greenland from 2015 melt season (Hatton et al., 2019a).
2Data from McMurdo Dry Valleys LTER (Fountain, 2014). *Major ion data corrected for atmospheric deposition. **Unless stated otherwise in table.

composition, +0.42h (-0.40 to +1.14h) and +0.54h (-0.23
to +1.23h) respectively (Table 1 and Figure 2). These values
are isotopically light in comparison with recent global data
compilations of non-glacial rivers [+1.37h (-0.14 to +4.66h),
Frings et al., 2016; Hatton et al., 2019b], and they correspond
well to the average δ30SiDSi composition of glacial rivers [+0.16h
(-0.58 to +1.01h), Hatton et al., 2019b]. However, when
considering each location in more detail, we see differences in the
δ30SiDSi composition dependent on the predominance of specific
weathering processes.

There is a significant difference between the δ30SiDSi
composition measured at the Gauging Station and Mouth Station
in Commonwealth Stream, with the lightest δ30SiDSi composition
at the Mouth Station. When separating the gauge and mouth
samples, we see a much narrower δ30SiDSi composition range
at both locations. The average gauge δ30SiDSi composition was
+0.67h (+0.27 to +1.14h) for the 3-year study period, and
the average mouth δ30SiDSi composition was -0.08h (-0.40 to
+0.38h), for the 1 day of sample collection in January 2016.
Sampling location is also an important factor on Potter Peninsula:
samples collected from streams with no glacial influence in
Matías Basin have consistently higher δ30SiDSi compositions
(+0.8 to +1.23h) than streams in Potter South, Potter North,
and Fourcade Basin (-0.23 to +0.72h), which are mainly
influenced by glacial meltwaters.

The relationship between δ30SiDSi composition and DSi is
contrasting between the Commonwealth Stream and Potter
Peninsula (Figure 2), with higher DSi concentrations resulting
in lower δ30SiDSi values in Commonwealth Stream (R2 = 0.665,
p-value < 0.0001) but higher δ30SiDSi composition in Potter
Peninsula (R2 = 0.545, p-value < 0.001). Figure 2 shows
Potter Peninsula and Leverett Glacier, Greenland have similar
relationships between δ30SiDSi composition, DSi, and D:M
ratio. In contrast, Commonwealth Stream follows the typical
relationship between δ30SiDSi composition and DSi in non-glacial

rivers (Frings et al., 2016). We have chosen to use Leverett Glacier
to consider how Potter Peninsula streams behave when compared
to Arctic glaciers because Leverett Glacier is one of the most
well-studied Arctic glaciers. The δ30SiDSi record from Leverett
Glacier is also the most complete time-series, spanning almost
the entire 2015 melt season, which was considered a relatively
“typical” melt season in terms of discharge in recent years, with
annual specific discharge in the same order of magnitude as
Fourcade Glacier (see section “Materials and Methods”). While
δ30SiDSi data exist from other glacial rivers in Arctic and sub-
Arctic regions (see Hatton et al., 2019b for a complete dataset
to date), these are mainly spot samples, without wider context.
The data from Leverett Glacier provide the most comprehensive
study of δ30SiDSi composition thus far, considering changes in
dissolved and amorphous δ30Si over a melt season within the
context of wider hydrogeochemical parameters, due to the large
numbers of studies that have focused upon Leverett Glacier over
several years. The relationships between δ30SiDSi and DSi or D:M
compiled in Hatton et al. (2019b) are not statistically significant,
but this is likely a reflection of the complexities in comparing a
snapshot of numerous glacial systems with differing subglacial
geologies, hydrological drainage developments, and/or water
residence times. Thus we compare our data with Leverett Glacier
in an attempt to ensure the comparisons are straightforward and
inferences about the systems can be made.

Figure 2 also shows that there are systematically lower
D:M ratios with lower δ30SiDSi composition in both systems,
although relationships are not statistically significant, likely due
to complexity of the environments. This concurs with the data
from Arctic and sub-Arctic glaciers (Hatton et al., 2019b). There
is also a narrower range (at lower values) of D:M ratios at
Potter Peninsula, which may be expected as the bedrock is made
up basaltic volcanic rocks, compared to a more heterogenous
bedrock lithology in the MDV. However, this is unlikely to impact
our interpretations of δ30SiDSi composition. This is because
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FIGURE 2 | Silicon isotope (δ30Si) composition of Potter Peninsula, King George Island (black), Commonwealth Stream (red), Antarctica and Leverett Glacier,
Greenland (blue). (A) δ30Si composition versus dissolved silicon (DSi) concentration and (B) δ30Si composition versus divalent/monovalent ratio (D:M) as a proxy for
carbonate to silicate weathering. D:M ratios are calculated from major ion data corrected for atmospheric deposition for Potter Peninsula and Commonwealth
Stream (demoted by *). Major ions from Leverett Glacier have not been corrected for atmospheric deposition, in line with standard practice of published data from
Leverett Glacier. Error bars for Potter Peninsula and Commonwealth Stream are calculated from the 2SD of the external error of triplicated measurements, with an
average of 0.07h. Error bars for Leverett Glacier are 2SD external error of replicated standards (0.08h, Hatton et al., 2019a).

bedrock has little impact on riverine δ30SiDSi composition, due
to the relatively homogeneous δ30SiDSi composition of bulk
bedrock and the upper continental crust (Bulk Silicate Earth =
-0.29 ± 0.08h) compared to the large fractionation induced
by weathering and biological processes (Savage et al., 2010;
Frings et al., 2016).

DISCUSSION

The similarity in the range of δ30SiDSi composition for both
Potter Cove and Commonwealth Streams is surprising given
the differences in glacier thermal regime and retreat history.
However, a closer analysis of other geochemical parameters

suggests these streams drain catchments in which there
are contrasting geochemical weathering processes, which in
turn influence the δ30SiDSi composition in each catchment.
This is highlighted by the opposing relationships between
DSi and δ30SiDSi composition in the two catchments. The
negative relationship between DSi and δ30SiDSi composition
in Commonwealth Stream is consistent with that found in
the majority of global rivers and reflects the removal of Si
from solution into secondary weathering products or biogenic
silica (Sutton et al., 2018). In comparison, DSi and δ30SiDSi
composition in Potter Peninsula follow a positive relationship,
which is also reported in Greenlandic glacial rivers, and likely
reflects an addition of Si from dissolution processes (Hatton
et al., 2019a). This suggests that the absence of an active
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subglacial environment in the Dry Valley’s stream is a primary
influence upon its chemical composition and renders the δ30SiDSi
composition more similar to other non-glacial rivers. We can
also use the D:M ratio of each catchment to infer differing
processes between the two catchments, with changes in δ30SiDSi
composition and the D:M ratio at Potter Peninsula driven
by subglacial weathering, compared to in-stream weathering
reactions in Commonwealth Stream in absence of subglacial
weathering. In the following sections, we explore the key
differences in ion ratios and δ30SiDSi composition in MDVs and
Potter Peninsula.

In-Stream Weathering Impacts δ30SiDSi
Composition in McMurdo Dry Valleys
Previous studies have found that the chemistry of streams in
MDV is dominated by in-stream weathering processes, involving
the dissolution of minerals from the stream bed and the
hyporheic zone (Gooseff et al., 2002; McKnight et al., 2004;
Welch et al., 2010). Interestingly, the major ion composition of
stream waters at the Gauging Station was very similar to that of
cryoconite holes on Commonwealth Glacier, although the Mouth
Station samples differed significantly (Figure 3). Cryoconite holes
are small, water filled holes (covered with an ice lid in MDV),
which are created by the solar heating of aeolian debris on the
surface of the glacier (Bagshaw et al., 2013; Fortner and Lyons,
2018). There is evidence that supraglacial melt impacts upon
the streams and lakes downstream, particularly during high flow

conditions (Lyons et al., 2003; Fortner et al., 2005; Bagshaw et al.,
2007, 2013). Fortner et al. (2005) estimated that >80% of the
discharge into Lake Hoare is of supraglacial origin from Canada
Glacier, and Fountain et al. (2004) estimated that cryoconite
holes contribute approximately 15% of the total water flux,
highlighting the potential importance of the supraglacial melt
system on stream chemistry. The interaction between meltwater
and sediment in the cryoconite is the primary opportunity
for solute acquisition before the water enters the ephemeral
stream system. The similarity in major ion composition between
cryoconite holes and stream water at the Gauging Station
supports the assertion that the network of cryoconite holes is a
critical geochemical component in the cold-based glacier system.

The δ30SiDSi composition at the Gauging Station is higher
than other glacial rivers, indicating that the lack of high
physical erosion rates and mechanochemical reactions beneath
cold-based glaciers results in a riverine δ30SiDSi composition
most similar to non-glacial rivers. The δ30SiDSi composition
may also be impacted by diatom-containing microbial mats,
which have been observed upstream of the Gauging Station
in Commonwealth Stream. Diatoms utilize and potentially
drawdown DSi, which would result in isotopic fractionation
and residual waters downstream to be isotopically heavier.
There is evidence of a relationship between high discharge
events and particulate organic matter (Cullis et al., 2014), but
there is a suggestion that the microbial mats are generally
resilient under normal flow events. Thus, we would not expect
large amounts of biogenic Si dissolution to occur from these

FIGURE 3 | Ternary diagram comparing major ion composition of Commonwealth Stream and Commonwealth Cryoconite holes. All major ion data have been
corrected for atmospheric deposition. Commonwealth Stream have been separated by gauge (closed red circles) and mouth (open red circles) samples. Data from
Cryoconite holes on Commonwealth Glacier are from McMurdo Dry Valleys LTER (Fountain, 2014).
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FIGURE 4 | Impact of sampling location on silicon isotopic (δ30Si) composition in Commonwealth Stream. Samples collected further downstream at the mouth
(open circles) have lower δ30Si composition at the same discharge as those collected upstream at the gauging station (closed circles). Error bars are calculated from
the 2SD of the external error of triplicated measurements, with an average of 0.07h.

microbial mats except potentially at very high flow events (above
100 L s−1). However, even at these high flow events at the
Gauging Station, we see no impact upon δ30SiDSi composition
(Figure 4), suggesting minimal fractionation inducing processes,
such as precipitation or re-dissolution associated with changes
in flow conditions. This is consistent with previous work in
MDV that indicates that concentration-discharge relationships
are chemostatic (Wlostowski et al., 2018), as high chemical
weathering rates (e.g., Gooseff et al., 2002) result in short
equilibrium timescales (Wlostowski et al., 2018).

In comparison, the δ30SiDSi composition at the Mouth Station
is isotopically light, and the significant deviation from the
cryoconite major ion proportions at this location demonstrates
that in-stream weathering adds additional solute as the water
progresses further through the Dry Valley hydrological system.
However, it must be noted that we only have samples from the
Mouth Station from one day in the 2016 melt season, at relatively
high flow conditions and following a large discharge event.
The flow conditions within the streams have a major impact
on the geochemistry further downstream, since they control
the interaction with the hyporheic zone (Gooseff et al., 2002).
Hyporheic zones are the sediment and pore space adjacent to the
streams, where water exchange occurs, and are zones of chemical
weathering and sources of inorganic solutes (Gooseff et al., 2002).
Interactions between the hyporheic zone and the stream increase
downstream under all flow conditions, particularly in longer
streams and interactions also increase as the season progresses
as the temperature warms and the active layer depth increases.
Under high flow conditions, the extent of the hyporheic may
be further expanded due to the warmer conditions associated
with high flow, resulting in further deepening of active layer. The
similarity between stream major ion composition at the Mouth

Station and hyporheic zone composition supports that the stream
waters are influenced by the hyporheic zone during our sampling
at the Mouth Station.

We hypothesize that the high flow and interactions with
the hyporheic zone may also have influenced the δ30SiDSi
composition at the Mouth Station, via enhanced silicate
dissolution. For example, there is a relationship between
discharge and δ30Si composition at the Mouth Station. The
stream was sampled over a 4-h period while discharge was
increasing (Supplementary Figure S1) and higher discharge
resulted in lower δ30Si composition (Figure 3). The discharge
during the 2015/16 flow season was generally much higher
than preceding and subsequent flow seasons, with a peak flow
2 weeks prior to sample collection at the Mouth Station of
900 L s−1 (Supplementary Figure S1), which is nine times
greater than the threshold for a “flood event” (Cullis et al.,
2014). We would expect the active layer to have thawed more
by the time we sampled at the Mouth Station, as the active
layer thaws more later in the season (Conovitz et al., 2006) and
this large flood event will have promoted greater active layer
thaw due to the associated higher temperatures. We therefore
predict geomorphic disturbances of the stream bed may have
occurred, which could have altered flow paths and may have
resulted in water exchange in areas of the hyporheic zone
that have been undergoing weathering for longer in relative
isolation. The creation of new flow paths could therefore promote
the dissolution of weathering products, which would result in
isotopically lighter δ30SiDSi composition of the stream waters.
There is also evidence of increased suspended particulate matter
(SPM) in the MDV streams in recent years, with fine sediments
coming from the stream banks (Gooseff et al., 2016; Leslie
et al., 2017) and expansion of the wetted perimeter during high
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flow may have led to the dissolution of channel-margin salt
crusts (Wlostowski et al., 2018). While the streams are usually
very clear and lack suspended sediments (Gooseff et al., 2016),
it may have been that during this high flow event a higher
proportion of fine sediment was entrained into the stream.
Previous studies of Commonwealth Stream have shown an
increase in dissolved Si concentrations downstream (Olund et al.,
2018), indicating a dissolution of primary minerals and SEM
images of stream sediments provide evidence of primary mineral
alteration (Supplementary Figure S4). This is consistent with
the δ30SiDSi composition data, since primary mineral dissolution
will result in lower δ30SiDSi composition and this dissolution
would be promoted in an undersaturated system. Hyporheic
waters have been shown to be undersaturated with respect
to albite, chlorite, illite, K-feldspar, quartz, and SiO2 (Gooseff
et al., 2002), which further supports the notion that silicate
dissolution continues to add solute to river waters downstream.
SEM images (Supplementary Figure S4) also indicate the
presence of secondary weathering products, potentially smectite
or zeolite, which would be expected, considering findings from
suspended sediments from other streams in MDV. Sediments
from both Huey and Green Creeks have considerable amorphous
weathering products, with a higher proportion of clay materials
compared to primary minerals (Gooseff et al., 2002). Dissolution
of these secondary weathering products would also result in an
influx of isotopically light silicon, which could have lowered the
δ30Si composition of the stream.

The difference in δ30SiDSi composition between the Gauging
Station and the Mouth Station, and the consistent δ30SiDSi
composition at the Gauging Station despite changes in discharge
suggests that downstream transport impacts stream chemistry
and δ30SiDSi composition, likely due to mineral dissolution.
However, we must also consider that the high flow conditions
during sampling at the Mouth Station may have an impact,
which may not wholly reflect the downstream conditions and
δ30SiDSi composition exported into the McMurdo Sound under
present climatic conditions. It would be advisable to consider
the average δ30SiDSi composition from the Gauging Station as
more likely to be representative of streams within the MDV, as
most streams are relatively short resulting in less interactions
with the hyporheic zones and thus less mineral dissolution,
which is consistent with findings from Hirst et al. (Submitted
to this Special Issue). The heavier δ30SiDSi compositions of
Crescent Stream indicate that the precipitation of secondary
weathering products, rather than mineral dissolution is driving
the stream δ30SiDSi composition, with additional influence of
different stream bed and hyporheic zone weathering conditions.
These could include variations in (i) the starting primary mineral
compositions, (ii) extent of secondary mineral formation, (iii)
hyporheic zone width and thus area over which weathering can
occur, (iv) stream flow and thus stream erosive capacity, and
(v) extent of diatom uptake and dissolution in stream microbial
mats. The discrepancy between Si concentrations and isotopic
compositions between the Mouth and Gauging stations are
related to downstream weathering processes and/or high flow
conditions. The data from the Mouth Station may represent a
high-flow endmember which could be useful when considering

future changes to the MDV. In combination, these observations
highlight the potential for different hyporheic zone processes
to mediate the δ30SiDSi composition in MDV streams. These
findings contribute to our understanding of Si weathering fluxes
in MDV streams and provide a baseline for predicting future Si
weathering fluxes in response to future climate change. There
is evidence that the MDV is responding to climatic warming,
with annual discharge between 2001 and 2016 being higher than
the 8 years measured prior (Olund et al., 2018, MCM-LTER
record1). Increasing temperatures are predicted to increase glacial
melt and potentially increase the prevalence of “warm years” that
experience higher than average temperatures and associated melt
(Fountain et al., 2016). This may also lead to deepening of active
layers, and increases of hyporheic zones and melt of buried ice
(Fountain et al., 2014). These changes are likely to impact rock–
water interaction times, weathering regimes and biogeochemical
reactions within the streams (Olund et al., 2018), and δ30SiDSi
data from the Mouth Station of Commonwealth Stream suggest
that this could lead to stream waters with isotopically lighter
δ30SiDSi composition.

Glacial Meltwaters of Potter Peninsula
Impact Stream δ30SiDSi Composition
In contrast to MDV, which may see warming and associated
changes in the future but are currently extremely cold, dry
environments, the Fourcade Glacier on King George Island,
has undergone rapid and significant retreat over the past
decades. We have noted that the overall δ30SiDSi composition
of Commonwealth Stream and Potter Peninsula is relatively
similar; however, the DSi concentrations and major ion chemistry
highlight differences in weathering processes. The geochemical
relationships in surficial meltwater streams of Potter Peninsula
reflect those of rivers draining glaciers with active subglacial
environments, thus indicating that the difference in thermal
regime between Commonwealth Glacier and Fourcade Glacier
impacts upon silicon cycling.

It is important to note that streams on Potter Peninsula are
fed from a mixture of sources; glacial melt, permafrost thaw,
precipitation, and snow melt. It was not within the scope of
this study to estimate the proportion of glacially derived waters
into these streams due to complex and heterogenous nature of
the mixed stream inputs (Silva-Busso et al., 2004), so we use
hydrological basins defined by Silva-Busso (2009) to consider
the likelihood of streams being impacted by glacial meltwater
(Supplementary Figure S2).

Streams sampled in Matías Basin are considered as the
non-glacial endmember, as this basin has no input from
Fourcade glacial melt, as evidenced by the strong correlation
between precipitation and discharge. Instead, streams in Matías
Basin are likely dominated by precipitation, snowmelt, and
seasonal permafrost melt, with the rapid development of the
permafrost active layer in the summer. Below 60 m.a.s.l,
permafrost on Potter Peninsula is discontinuous and there
is evidence of approximately 30 m of thawed talik in the
sediments of Matías Basin, covering basaltic bedrock. Streams

1http://mcmlter.org
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in Matías Basin have consistently higher δ30SiDSi composition
than all other streams on the Peninsula, consistent with
previous observations of streams impacted by permafrost,
where amorphous Si precipitation and clay formation result
in fractionation (Pokrovsky et al., 2013; Sun et al., 2018;
Hirst et al., 2020).

Streams in Potter North, Potter South, and Fourcade Basins
have inputs from glacial meltwater; therefore, we group these
streams together as “glacial” for discussion purposes (see
Supplementary Material for further information). Glacial melt
is routed via the subglacial environment, and then drains
directly into surficial streams or enters streams via groundwater
flow. However, we recognize that the proportion of glacial
meltwater varies between streams and over time due to climatic
factors and we are unable to quantify that in this study. Field
observations indicate that subglacial meltwater contributes to
the streams within Potter South, Potter North, and Fourcade
Basin (Silva-Busso, 2009; Monien et al., 2017). Previously studied
rivers draining warm or polythermal glaciers exhibit a positive
relationship between δ30SiDSi composition and DSi concentration
(Opfergelt et al., 2013; Sutton et al., 2018; Hatton et al.,
2019a), which is opposite to the general trend seen in non-
glacial rivers (Frings et al., 2016; Sutton et al., 2018). This
positive relationship has been attributed to subglacial weathering
processes and changes in discharge over the melt season.
Subglacial weathering and changes in discharge are likely what
is driving the δ30SiDSi composition of Potter Peninsula glacial
streams. However, without discharge data from Potter Peninsula,
we have to infer similar processes are occurring, based upon
the similar relationship between DSi and δ30SiDSi as at Leverett
Glacier. It has been hypothesized that the high physical erosion
rates in the subglacial environment result in freshly ground
mineral surfaces which are enriched in isotopically light Si
(Ziegler et al., 2005; Hatton et al., 2019b). During times of high
discharge, the melt waters access amorphous silica (ASi) surface
layers, leading to re-dissolution and driving an increase in DSi
concentration and a lower δ30SiDSi composition. However, the
proportion of ASi that needs to undergo dissolution is minimal,
thus the absolute DSi concentration decreases, due to the dilution
effect of overall higher discharge (Hatton et al., 2019a).

The similar patterns between δ30SiDSi and DSi and major ion
composition seen in Potter Peninsula glacial streams compared to
Leverett Glacier suggest that the subglacial weathering processes
under Fourcade Glacier may be comparable to those in under
Arctic and sub-Arctic polythermal glaciers. Monien et al. (2017)
describe higher SPM concentrations in streams in Potter South
(2011 average of 283 ± 99 mg L−1) compared to Matías Basin
(consistently < 38 mg L−1). This suggests that the glacially
linked erosion processes could result in weathering product
dissolution and therefore influence the δ30SiDSi composition of
these streams. However, it is important to consider that the
high SPM in the streams of Potter South (and other glacial
basins) are likely resulting from the proglacial environment
in addition to the active subglacial system. For example, sites
that are more recently ice free (such as those in Potter South)
have higher proportions of freshly ground material (Monien
et al., 2017). While measurements of proglacial till at Leverett

Glacier, Greenland, showed very low ASi concentrations (Hatton
et al., 2019a), the relatively recent retreat of Fourcade Glacier
could mean that these sediments have not undergone as much
weathering in the proglacial environment and the dissolution
processes that occur when the streams flow in summer are similar
to subglacial dissolution of ASi.

When considering the drivers of δ30SiDSi composition in the
glacial streams on Potter Peninsula, we must also acknowledge
that the streams in this study were not sampled immediately at
the glacier terminus and thus other water sources may contribute
to the streams. Therefore, the variation in meltwater proportion
to the streams on Potter Peninsula may help to explain the range
of δ30SiDSi values for streams, with higher proportions of glacial
meltwater and/or less influence from permafrost thaw resulting
in lower δ30SiDSi composition. Lentic systems also exist with
the basins, which host active phytoplankton communities. This
may help to explain why, although isotopically light, the δ30SiDSi
composition of the stream waters from Fourcade Glacier is not
as light as at Leverett Glacier, where no phytoplankton activity
is present and the proglacial river measured is almost entirely
sourced from the subglacial environment.

Interestingly, the lightest δ30SiDSi value measured on Potter
Peninsula (-0.23h) was from a stream within the Fourcade
Basin, downstream of a lake. The presence of microbial mats in
the lakes of Potter Peninsula (Vinocur and Pizarro, 2000) may
result in biological uptake of Si and isotopic fractionation, leading
to higher δ30SiDSi composition in outflow streams. However,
it may be that a large proportion of the stream is fed by
groundwater flow, originating subglacially. This could help to
explain the isotopically light DSi via re-dissolution of mineral
weathering products, similar to the processes hypothesized in
subglacial environments with elevated rock–water interaction
times (Hatton et al., 2019a), especially considering the present of
fluvial-glacial sediments in the region. However, we are unable to
quantify this with the present dataset, and would recommend an
integrated study of these streams in the future, quantifying both
water sources and flow paths to better understand the drivers of
stream geochemistry in the region.

The Si fluxes from King George Island may not be as
significant as Si export from Arctic glaciers for the downstream
ecosystem, as surrounding coastal waters are already elevated
in DSi. For example, subsurface seawater of adjacent seas of
King George Island has an average Si concentration of 60 µM
(Ye et al., 2018). However, this environment does provide an
interesting study location, with streams potentially impacted
by contrasting weathering regimes depending on the influence
of glacial meltwaters. The glacial streams provide further
understanding of silicon cycling below polythermal glaciers and
allow glacial δ30SiDSi composition to be informed by glaciers
beyond the Arctic and sub-Arctic. That the δ30SiDSi composition
of streams fed by Fourcade Glacier is within the range of
other well-established glacial rivers may indicate that isotopically
light δ30SiDSi composition of (polythermal) glacial meltwaters
is a bi-polar phenomenon and will assist in informing global
Si models.

However, the complexity of the streams within Potter
Peninsula also highlights the importance of understanding the
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hydrogeochemistry of these environments when considering
potential nutrient fluxes into the marine environment. For
example, the potential differences in the streams not fed
by glacial meltwaters in Matías Basin, which are a greater
distance from the glacier front may present an interesting
consideration of the importance of characterizing these rapidly
changing environments, so that we can better estimate the
likely changes to the glacial Si cycle in the future. As
Fourcade Glacier retreats further, more areas of the Peninsula
will be exposed resulting in higher proportions of recently
eroded sediments to be transported. However, streams closer
to the coast may be increasingly dominated by permafrost-
weathering processes as meltwater streams have less of an
impact further from the retreating glacier front. It is therefore
likely that the δ30SiDSi composition of these streams will
be impacted in the future under climatic warming and
improving of our understanding of the drivers of Si cycling
in these environments is key to being able to better predict
these changes.

CONCLUSION

Silicon export and corresponding δ30SiDSi composition from
glacially environments has recently been of interest due
to its usefulness in understanding subglacial weathering
processes and potential implications for downstream ecosystems.
We have presented the first δ30SiDSi composition data for
Antarctic streams, helping to extend the data availability of
δ30SiDSi composition in glaciated areas. We have shown that
the δ30SiDSi composition of streams from two contrasting
environments on the Antarctic continent is very similar,
yet both systems are driven by differing processes. In-
stream weathering processes dominate the geochemistry of
Commonwealth Stream in MDV, as highlighted by previous
studies of the area, and there is a negative relationship
between DSi and δ30Si composition, resembling non-glacial
rivers. These in-stream processes include the dissolution of
primary minerals, resulting in lower δ30SiDSi composition
at the stream mouth compared to further upstream toward
to glacier. In comparison, glacially fed streams on Potter
Peninsula behave very similarly to previously studied Arctic
and sub-Arctic glacial rivers, and there is a positive relationship
between DSi and δ30Si composition. It is therefore likely
that dissolution of weathering products from subglacial or
recently exposed sediments impact the δ30SiDSi composition
of glacial streams on Potter Peninsula. We expect that these
weathering processes, dominated by high physical erosion rates,
are ubiquitous to wet-based glaciers and we should expect
low δ30SiDSi composition from the glacial rivers compared to
non-glacial rivers.

The MDV and WAP are expected to undergo major
changes due to climatic warming, which could impact
on weathering processes, sediment loads, and export to
the downstream ecosystems. Therefore, understanding the
processes occurring at present is fundamental to being

able to predict what changes may occur and inform
future predictions.
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