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Glacial environments offer the opportunity to study the incipient stages of chemical
weathering due to the high availability of ﬁnely ground sediments, low water
temperatures, and typically short rock-water interaction times. In this study we focused
on the geochemical behavior of germanium (Ge) in west Greenland, both during subglacial
weathering by investigating glacier-fed streams, as well as during a batch reactor
experiment by allowing water-sediment interaction for up to 2 years in the laboratory.
Sampled in late August 2014, glacial stream Ge and Si concentrations were low, ranging
between 12–55 pmol/L and 7–33 µmol/L, respectively (Ge/Si  0.9–2.2 µmol/mol, similar
to parent rock). As reported previously, the dissolved stable Ge isotope ratio (δ74Ge) of the
Watson River was 0.86 ± 0.24‰, the lowest among global rivers and streams measured
to date. This value was only slightly heavier than the suspended load (0.48 ± 0.23‰),
which is likely representative of the bulk parent rock composition. Despite limited Ge/Si and
δ74 Ge fractionation, both Ge and Si appear depleted relative to Na during subglacial
weathering, which we interpret as the relatively congruent uptake of both phases by
amorphous silica (aSi). Continued sediment-water interaction over 470–785 days in the lab
produced a large increase in dissolved Si concentrations (up to 130–230 µmol/L), a much
smaller increase in dissolved Ge (up to ∼70 pmol/L), resulting in a Ge/Si decrease (to
0.4–0.5 µmol/mol) and a signiﬁcant increase in δ74Ge (to 1.9–2.2‰). We argue that during
the experiment, both Si and Ge are released by the dissolution of previously subglacially
formed aSi, and Ge is then incorporated into secondary phases (likely adsorbed to Fe
oxyhydroxides), with an associated Δ74Gesecondary−dissolved fractionation factor of −2.15 ±
0.46‰. In summary, we directly demonstrate Ge isotope fractionation during the
dissolution-precipitation weathering reactions of natural sediments in the absence of
biological Ge and Si uptake, and highlight the signiﬁcant differences in Ge behavior
during subglacial and non-glacial weathering.
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1 INTRODUCTION

signatures, extensive changes in glaciation over geological history
could have therefore impacted the seawater composition of these
proxies, which need to be accounted for in the interpretation of
marine paleorecords (Froelich et al., 1992; Opfergelt et al., 2013;
Frings et al., 2016; Jochum et al., 2017; Hawkings et al., 2018).
While seawater δ30 Si is strongly controlled by diatom
productivity dynamics which mask the continental signal,
biological Ge/Si fractionation is limited (e.g., De La Rocha
et al., 1998; Sutton et al., 2010, 2018). Seawater Ge/Si
paleorecords show consistent increases during deglaciations
(Shemesh et al., 1989; Mortlock et al., 1991; Jochum et al.,
2017) which are thus thought to primarily reﬂect a change in
either the continental inputs or the authigenic outputs, or both
(Froelich et al., 1992; Hammond et al., 2004; Baronas et al., 2016,
Baronas et al., 2017).
Recently, it has been shown that dissolved Ge isotope ratios in
rivers (δ74Ge  1.7–5.5‰) also primarily reﬂect fractionation via
secondary weathering phases and that this fractionation is much
less pronounced in the single glaciated catchment analyzed to
date, the Watson River in west Greenland [0.86 ± 0.24‰;
Baronas et al. (2018)]. Coupled with the remarkably
homogeneous Ge isotope composition among different silicate
rocks [δ74Ge  0.4–0.8‰; Rouxel and Luais (2017)], this proxy
can yield important new insights into chemical weathering of
silicates and Si cycling in different Earth surface environments.
The global seawater Ge budget is primarily controlled by the
balance between continental weathering and hydrothermal
inputs and biogenic silica (chieﬂy diatom) and authigenic clay
outputs (Baronas et al., 2017, Baronas et al., 2019).
Studying the chemical and isotopic composition of glacial
discharge offers an opportunity to better understand the incipient
stages of silicate weathering in a subglacial environment where
secondary aluminosilicate clay precipitation is limited and where
vegetation is absent. This is especially informative for solutes
whose elemental and isotopic ratios can be fractionated by plant
uptake in vegetated catchments, such as Si and Ge. For these same
reasons, glacial river sediments also present an ideal substrate to
experimentally quantify how weathering proxy signatures are
fractionated with increasing water-rock interaction times.
In this study, we analyzed the major solute concentrations and
Ge/Si signatures of a number of streams and rivers in a wellstudied area of west Greenland. In addition, we performed lab
weathering experiments, allowing water-rock interaction for up
to 2 years in unﬁltered river samples and observing the evolution
of dissolved Ge/Si and δ74 Ge signatures. The data provide direct
evidence for the distinct weathering reactions controlling these
proxy signatures during subglacial and non-glacial weathering
and allow us to directly measure δ74 Ge fractionation during Ge
uptake into secondary weathering phases.

Glacial rivers typically have low solute concentrations, reﬂecting
the limited degree of mineral dissolution due to low temperatures
and relatively short water-rock interaction times in the subglacial
environment (e.g., Anderson, 2007; Bartholomew et al., 2011;
Tranter and Wadham, 2014; Chu et al., 2016). The preferential
dissolution of highly reactive trace minerals such as pyrite has
been observed during subglacial weathering, especially in alpine
glaciers (Anderson et al., 1997; Brown, 2002; Graly et al., 2014;
Andrews et al., 2018). When coupled with carbonate dissolution,
it results in the net release of CO2 to the atmosphere, with
important implications for the climate-weathering feedback
over glacial cycles (Torres et al., 2017). Subglacial weathering
also mobilizes a wide range of macro- and micro-nutrients (Yde
et al., 2014; Aciego et al., 2015; Hawkings et al., 2016; Dubnick
et al., 2017; Hawkings et al., 2020). A number of studies have
found that (nano)particulates dominate the export of potentially
(co-)limiting nutrients such as iron (Fe), phosphorus (P), and
silica (Si) from glacial systems (Raiswell et al., 2006; Hawkings
et al., 2015; Hawkings et al., 2017). If labile and bioavailable, this
material may serve as an important source of nutrients for the
subglacial and marine offshore ecosystems (Yde et al., 2010;
Gerringa et al., 2012; Lawson et al., 2014; Meire et al., 2016;
Vick-Majors et al., 2020).
The uniqueness of subglacial weathering is also reﬂected in the
signatures of silicate weathering intensity proxies such as
germanium to silicon (Ge/Si) or Si isotope (δ30 Si) ratios,
which in non-glacial settings are strongly fractionated by
secondary weathering phases, as well as biological uptake by
plants (e.g., Froelich et al., 1992; Derry et al., 2005; Cornelis et al.,
2011; Frings et al., 2016; Baronas et al., 2018; Baronas et al., 2020).
Germanium is a trace element primarily present in part-permillion concentrations in silicate rocks. Its low-temperature
chemical behavior is similar but not identical to that of Si,
making it a useful tracer of the global Si cycle (e.g., Froelich
et al., 1985; Cornelis et al., 2011; Baronas et al., 2016; Rouxel and
Luais, 2017). Globally, dissolved riverine Ge/Si ratios have been
observed to vary from 0.1 to 3 μmol/mol, often signiﬁcantly lower
than silicate rock ratios of 1–3 μmol/mol, which are the primary
source of Ge and Si to solution (Froelich et al., 1985; Mortlock and
Froelich, 1987; Murnane and Stallard, 1990; Froelich et al., 1992;
Rouxel and Luais, 2017; Baronas et al., 2018). In contrast,
secondary weathering phases (such as Fe oxides and
aluminosilicates like kaolinite) exhibit Ge/Si ratios commonly
above 5 μmol/mol, reﬂecting the preferential incorporation of Ge
(Mortlock and Froelich, 1987; Murnane and Stallard, 1990; Kurtz
et al., 2002; Lugolobi et al., 2010; Baronas et al., 2020).
In glaciated catchments, however, both dissolved Ge/Si and
δ30 Si have been shown to generally be less fractionated relative to
the silicate parent rock composition (e.g., Mortlock and Froelich,
1987; Chillrud et al., 1994; Anders et al., 2003; Georg et al., 2007;
Opfergelt et al., 2013; Hawkings et al., 2018; Hatton et al., 2019b),
indicating either the limited formation of secondary phases
overall, or the formation of different secondary phases that
have little effect on these signatures, during subglacial
weathering. Given the contrast between glacial and non-glacial
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2 METHODS
2.1 Study Site and Sample Collection
The study site is located in southwest Greenland, in the proglacial
area between the Isunnguata Sermia, Russell, and Leverett glaciers
to the east and the settlement of Kangerlussuaq in the west
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FIGURE 1 | Satellite image (Landsat 8) showing the river sample locations in west Greenland, collected as part of this study, as well as the locations of samples from
previous studies whose data is compiled here for comparison. Inset shows the study region location within Greenland.

(Figure 1), a region which has been the focus of many previous
geochemical studies on chemical weathering and non-traditional
stable isotope dynamics (e.g., Wimpenny et al., 2010, Wimpenny
et al., 2011; Graly et al., 2014; Hindshaw et al., 2014; Yde et al.,
2014; Graly et al., 2016; Rickli et al., 2017; Stevenson et al., 2017;
Andrews and Jacobson, 2018; Hatton et al., 2019a; Auqué et al.,
2019; Hindshaw et al., 2019). The local geology has been
described in detail previously (e.g., Van Gool et al., 2002;
Engström and Klint, 2014) and a good summary was recently
provided by Hindshaw et al. (2019), and references therein.
Brieﬂy, the bedrock underneath the Leverett and Russel
glaciers is composed of two distinct Archean orthogneiss units
with different degrees of metamorphic alteration, intruded by a
maﬁc dyke swarm.
The area lies just above the Arctic Circle (66°30′ N) with
average winter and summer air temperatures of −18.0 and 9.3°C,
respectively (for 1961–1990), and low annual precipitation of
∼120 mm (Smeets et al., 2018). The hydrology of glacial
catchments is complex, with a seasonal evolution from an
inefﬁcient distributed drainage during early melt season,
toward increasing channelization draining previously isolated
pockets of meltwater during mid-melt season, to an efﬁcient
channelized system with rapid ﬂushing of meltwater and
supraglacial lake evacuation events in the late season
(Bartholomew et al., 2011; Cowton et al., 2013; Lindbäck et al.,
2015; Smith et al., 2015; Chu et al., 2016; Davison et al., 2019). In
terms of total water ﬂux, more than 98% is thought to occur as
efﬁcient drainage with short transit times (on the order of hours
to days) in the Leverett Glacier catchment (Linhoff et al., 2017)
and this is likely to be similar for the whole Watson River
catchment.
For this study, a number of water samples were collected between
August 19–27, 2014 (Table 1) during the late melt season. One set of
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samples was collected from small marginal glacial streams draining
the southern edge of the Isunnguata Sermia glacier and ultimately
ﬂowing past the Russell Glacier to join with the Akuliarusiarsuup
Kuua (AK) River fed by the Rusell and Leverett Glaciers. Further
downstream, the Qinnguata Kuussua (QK) River draining the
Ørkendalen and Isorlersuup Glaciers joins AK to form the
Watson River. Another set of samples was collected from AK,
QK, and Watson rivers in the vicinity of Kangerlussuaq
settlement (Figure 1).
The samples were collected into HDPE plastic bottles, precleaned using 10% HNO3 and deionized water. For a number of
samples, an aliquot was ﬁltered in the ﬁeld using 0.45 μm
polyethersulfone (PES) syringe ﬁlters (Millipore). An additional
5 L sample (JO-14) was collected on the last day of the expedition.
This sample, along with the remaining unﬁltered aliquots of other
samples (volume ranging from 100 to 500 ml), was shipped the
next day to the University of Southern California (USC). The large
5 L sample (JO-14) was then allowed to settle for a few hours and
ﬁltered (in total ∼48 h after collection) through 0.45 μm PES
membrane, using a peristaltic pump. The suspended sediment
was collected by centrifuging the settled slurry and combining it
with the sediment collected on the ﬁlter membrane, recovering all
of the initial suspended particulate material (SPM) present in the
sample. The dissolved Ge and Si concentrations and stable isotope
ratios of this sample, as well as the Ge concentration and isotope
composition of the suspended sediment, were previously published
by Baronas et al. (2018). The Si concentration of the Watson
suspended sediment is taken as the average value of previously
published data in order to calculate its Ge/Si ratio (Table 1).

2.2 River Sediment Weathering Experiment
To assess how dissolved stream chemistry evolves over longer
water-sediment interaction timescales, unﬁltered river and
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Previously published in Baronas et al. (2018).
Average of Watson, Akuliarusiarsuup Kuua, and Qinnguata Kuussua river sediments (Wimpenny et al., 2010; Hindshaw et al., 2014).

Both ﬁeld and experimental water samples were acidiﬁed with
trace grade HNO3 several weeks prior to chemical analyses. Major
cation concentrations were measured using Agilent 4100 MPAES at USC and Agilent 5100 ICP-AES at the University of
Cambridge. Si concentration measurements were done using
molybdate blue colorimetry (Mullin and Riley, 1955) at USC.
Ge concentrations were measured using isotope dilution-hydride
generation-ICP-MS on a Thermo Element 2 at USC, following
the method developed by Mortlock and Froelich (1996), as
modiﬁed by Baronas et al. (2016). Trace metal concentrations
were measured using ICP-MS (Thermo Element 2) and ICP-AES.
Measurement accuracy was determined through repeated
analyses of standard reference materials SLRS-6, ION-915, and
TMDA-51.4, which agreed within 10% of certiﬁed values for all
elements, and with a precision of 5% for major elements, 5% for
Ge and Si, 10% for Mn, and 20% or 0.2 µmol/L, whichever was
higher, for Fe and Al. The propagated uncertainty of measured
Ge/Si ratios is around 7%.

2.4 Thermodynamic Calculations
The saturation indices of common mineral and amorphous
phases were calculated using the PHREEQC 3.6.2 software
(Parkhurst and Appelo, 2013) for a number of sample
solutions throughout the course of the weathering experiment.
Because pH was not measured in the experimental solutions, we
did three sets of calculations by assuming pH  7, 8, and 9,
respectively, bracketing the range of pH values measured in the
Leverett Glacier outﬂow and Watson River previously
(Wimpenny et al., 2010; Hatton et al., 2019a). Although Cl−
and HCO−3 concentrations were not measured in this study, Cl−
concentrations were previously shown to be very low in west
Greenland rivers in the late melt season, typically 1–5 µmol/L for
AK, QK, and Watson, and frequently below detectable levels

b
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stream sample aliquots were allowed to continue reacting in the
laboratory for up to 470 or 785 days. The unﬁltered samples were
left in the original sample bottles and placed on a shaker table
inside a temperature-controlled incubator. The experimental
setup was not designed to simulate subglacial weathering
conditions because it was done in an oxygenated environment
and the rock/water ratio in rivers is considerably lower than in the
subglacial environment. Instead, the goal of the experiment was
to determine how solution composition evolves with the
continued dissolution of phases present in the riverine
sediment (and the potential precipitation of any secondary
phases). Therefore, in order to increase reaction rates, the
temperature was set to 25°C. The samples were continually
agitated to keep the sediment suspended, and left in the dark.
No magnetic stir bars were used, eliminating the possibility of
physical grinding during the experiment. Periodically, 4–10 ml
aliquots were sub-sampled from each bottle and ﬁltered using
0.2 μm PES syringe ﬁlters (Millipore). At the end of the
experiment, two ∼500 ml samples were ﬁltered for Ge isotope
analyses. For several of the samples, suspended sediment
concentrations were determined by weighing the dry sediment
retained on the ﬁlters.

2.3 Major and Trace Element Analyses

River

TABLE 1 | Details and solute composition of ﬁeld-ﬁltered west Greenland stream samples.
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Ca
(µmol/L)

Ge
(pmol/L)

Si
(µmol/L)

Ge/Si
(µmol/mol)

δ74Ge
(‰)
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( < 1 μmol/L) for the more dilute Isunngua streams (Wimpenny
et al., 2010; Hindshaw et al., 2014; Andrews et al., 2018; Hatton
et al., 2019a). We therefore assigned Cl−  3 and 0.5 μmol/L for
the main rivers and Isunngua streams during PHREEQC
simulations, respectively. The concentrations of HCO−3 were
then calculated as the difference between the measured cation
concentrations and the sum of sulfate and chloride
concentrations (in charge equivalents) and ranged
35–210 µmol/L. The temperature was assigned to 25°C,
matching the temperature set during the experiment.

eluted with 10 ml 0.28M HNO3. If needed, the solution was dried
down and redissolved in a smaller volume of 0.28M HNO3 to
obtain the 2–10 ppb Ge concentration required for isotope
measurements.

HG-MC-ICP-MS
Ge isotope analyses were performed on a Thermo Neptune multicollector ICP-MS at IFREMER using a method adapted from
Rouxel et al. (2006) and Escoube et al. (2015). Sample solutions
of 2–10 ppb natural Ge in 0.28M HNO3 were introduced into an
online hydride generation system (CETAC HGX-200) at a rate of
150 μl/min where they were mixed with 0.25M NaBH4 solution (in
1.5M NaOH) introduced at an equal rate. The dissolved Ge(OH)4
species was reduced to gaseous GeH4 and transported into the ICPMS torch using Ar carrier gas. The Neptune MC-ICP-MS was
operated in low mass resolution mode, measuring 70 Ge, 72 Ge, 73 Ge,
and 74 Ge in L2, C, H1 and H2 cups, respectively. In addition, L4, L3,
L1, and H4 cups were also monitored for 68 Zn (possible interference
as 70 Zn), 69 Ga, 71 Ga (possible interferences at m/z 70), and 77 Se
(possible interference as 74 Se), respectively. No interferences were
detected in any of the runs. The samples were bracketed using a
NIST-3120a standard solution that had a total Ge concentration
generally within ∼20% of the bracketed sample, and was doublespiked to have a spike/sample ratio within ∼20% of the bracketed
sample. Each sample or standard run consisted of 6 measurement
blocks each lasting 2 min (30 cycles of 4 s), and in most cases 4–5
blocks displaying the most stable signal were retained. Therefore,
each measurement represents 8–10 min of counting statistics at
signal intensities ranging from 0.4 to 6 Vat 74 Ge (depending on Ge
concentration in sample solution, instrument tuning, and the age of
NaBH4 solution). The δ74 Ge values are calculated for each block
using the double-spike data reduction routine of Siebert et al. (2001)
and are reported in ‰ as 74 Ge/ 70 Ge sample ratio normalized to the
average 74 Ge/ 70 Ge ratio of bracketing NIST 3120a measurements.
This method also yields Ge concentration values based on the
measured spike/sample ratio. The measurement uncertainty is
reported as the internal 2σ standard error of the used sample
blocks, or 2σ standard deviation of all NIST 3120a bracketing
standard measurements within a given analytical session, whichever
is higher.

2.5 Ge Isotope Analyses
Ge isotope composition was measured using hydride generationmulti-collector-ICP-MS (Thermo Neptune) at Ifremer, as
previously described in detail by Baronas et al. (2018); Baronas
et al. (2019). The sample preparation and analytical procedure is
brieﬂy summarized below. The dissolved and suspended
sediment Ge isotope composition of the “JO-14” sample was
previously published by Baronas et al. (2018).

Ge Co-precipitation
The samples “JO-14 Field” (ﬁltered two days after collection), “JO-2
Final”, and “JO-3A Final” (ﬁltered after reacting for 470 days in the
lab) containing 19, 1.5, and 1.9 ng of Ge, respectively, were
processed as follows. The ﬁltered and acidiﬁed aliquots were
spiked with a Ge isotope double spike [73 Ge/70 Ge ≈ 1, previously
calibrated and used by Escoube et al. (2012); Escoube et al. (2015);
Guillermic et al. (2017); Baronas et al. (2018)] in a spike/sample Ge
mass ratio of 1–2 and a puriﬁed FeCl3 solution to obtain a Fe
concentration of ∼0.2 mmol/L. The samples were well mixed and
allowed to equilibrate for at least 16 h. Next, Fe(OH)3 ﬂock was
precipitated by bubbling pure NH3 gas through the sample until the
solution reached a pH of 8–10. The ﬂock was collected by settling
and centrifugation, redissolved in 2 ml concentrated Teﬂon-distilled
HNO3 and diluted to 10 ml with doubly deionized water (DDIW).
The samples were then dried down, redissolved in 1 ml
concentrated Optima-grade HF and diluted to 30 ml with
ultrapure H2O to obtain a ﬁnal 1 M HF solution that was then
puriﬁed through anion exchange columns as described below. The
full procedural blank was determined by processing several
“samples” of spiked ultrapure H2O and was on average ∼0.1 ng
Ge. Ge recovery for the three Fe-coprecipitated samples ranged
between 92 and 98%, as determined later during δ74 Ge analysis.

3 RESULTS
3.1 Glacial Stream Chemistry

Anion-Exchange Chromatographic Separation
A procedure adapted from Rouxel et al. (2006) was used. All
reagents used were either in-house Teﬂon-distilled or Optimagrade. A 10 ml column was loaded with 1.8 ml (wet volume) of
BioRad AG1-X8 resin, washed with 10 ml of 3M HNO3, 0.28M
HNO3, and DDIW in sequence, and conditioned with 5 ml 1M
HF. Samples in 1M HF solution as prepared above were
centrifuged to separate insoluble ﬂuorides. The presence or
amount of insoluble ﬂuorides at this stage did not appear to
affect the ﬁnal Ge recovery. After centrifugation, 10–29 ml of
solution was carefully added to columns. The remaining matrix
was eluted with 5 ml of 1M HF followed by 3 ml of DDIW,
leaving ﬂuorinated Ge retained on the column. Ge was then
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The measured major cation concentrations were low in all
sampled streams (Table 1), in agreement with previous data
collected at the end of the melt season in late August (Hindshaw
et al., 2014; Andrews et al., 2018; Andrews and Jacobson, 2018;
Hatton et al., 2019a). In particular, there was a clear distinction
between the small Isunngua streams draining the edge of
Isunnguata Sermia glacier, where Na and K concentrations
ranged between 4–13 µmol/L, and the large rivers draining the
Leverett-Russell glaciers, with Na and K ranging between
19–36 µmol/L (Table 1). Ca and Mg concentrations were more
similar between the two localities, with 6–13 µmol/L Mg and
13–35 µmol/L Ca. Dissolved Ge and Si concentrations ranged
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between 12–46 pmol/L and 7–24 µmol/L, respectively, resulting in
Ge/Si ratios of 0.9–2.2 µmol/mol (for comparison, global riverine
average is 0.54 ± 0.10 µmol/mol; Froelich et al. (1992)). The Ge
concentration in the large (Watson and Akuliarusiarsuup Kuua)
rivers was twice that in the small Isunngua streams (avg. ± 2 s.d.:
37 ± 18 and 16 ± 9 µmol/mol, respectively). The large Watson
River sample ﬁltered 2 days after collection (JO-14) had slightly
higher concentrations of all dissolved elements, which may reﬂect
either some solute addition from sediments before ﬁltration or a
natural evolution toward higher concentrations at the end of the
melt season since this sample was collected last, three days after the
preceding Watson River sample.

Fe and Al concentrations in the main river samples showed a
consistent decrease toward the end of the experiment, from ∼12
to below 0.1–0.2 µmol/L (Figures 3A,B). Similarly, Mn
concentrations decreased from ∼100 to 60−70 nmol/L
(Figure 3C). Although there are only a few data points
available, Fe and Al concentrations in the Isunngua stream
experiments appear similar to the main rivers, while Mn
concentrations were much lower, ranging between 7–36 nmol/
L after 50–190 days of reaction.
For the main rivers, Ge/Si ratios decreased signiﬁcantly, from
initial values of 1.5–1.9 to 0.4–0.6 µmol/mol by the end of the
experiment (Figure 3D). In contrast, Isunngua stream Ge/Si
remained relatively stable around 0.9–1.5 μmol/mol with the
exception of JO-5, where initial Ge/Si of 2.2 decreased to
1.0 µmol/mol after 50 days of reaction.
Due to the low Ge concentrations, δ74 Ge composition could
only be determined for the large Watson River sample that was
ﬁltered 2 days after collection (JO-14) and for the two other
samples (QK and Watson rivers) after 470 days of reaction. The
former was 0.86 ± 0.24‰, reported previously and lower than all
other (non-glacial) rivers analyzed around the world to date
(Baronas et al., 2017, Baronas et al., 2018), yet still higher than
the 0.48 ∼ 0.23‰ of the Watson River suspended load
(Figure 3E). The two samples analyzed at the end of the
experiment exhibited signiﬁcantly higher δ74 Ge of 1.86 ± 0.28
and 2.24 ± 0.35‰, similar to non-glacial rivers elsewhere
(Baronas et al., 2018).

3.2 Experimental Weathering
There are two potential complicating factors that are important
to address. First, the solutions were not poisoned and it is
therefore possible that some microbial growth took place
during the two years of the experiment. However, the
experiments were carried out in the dark, preventing the
growth of any photosynthetic organisms. No change in
sample appearance or odor was detected in any of the
bottles during the experiment and we thus infer that any
microbial growth in the experimental solutions was limited.
Second, the solution volume changed during the experiments
due to sampling and potentially some evaporation. In total,
sampling removed between 5 and 20% of the total initial
solution volume by the end of the experiment. However, care
was taken to subsample each solution with the sediment fully
suspended, therefore keeping the sediment/water ratio constant.
Based on the pre- and post-experiment volumes and taking into
account the total subsampled volume, water mass balance was
preserved within ±10–20%, with no systematic loss of water
among the different samples. Finally, because the Isunngua
stream samples had very low suspended sediment
concentrations, they can effectively serve as control for any
evaporative pre-concentration. The constant concentrations of
conservative major cations in these samples therefore also
indicate the lack of any evaporative water loss (see below).
During the lab experiment, some solute concentrations in the
unﬁltered stream samples continued to increase over the course
of more than two years (Figure 2; Tables 2, 3). Again, there was a
clear distinction between the main river (AK, QK, and Watson)
and the small Isunngua stream samples. For the main rivers, Na,
K, and Mg concentrations increased slightly, by less than
10 μmol/L, to about 40–50, 25–30, and 14−20 μmol/L,
respectively, over the course of the experiment (0–20%
increase). Ca concentrations increased about two-fold, by 10 −
40 μmol/L to ﬁnal values of ∼ 60 − 70 μmol/L (Figure 2).
Dissolved Si concentrations increased about 7-9-fold in a
logarithmic fashion, reaching 130−230 μmol/L by the end of
the experiment, more than any of the other analyzed solutes.
In contrast, dissolved Ge concentrations increased only about
two-fold, from 24–39 to ∼70 pmol/L. For Isunngua streams, the
major cation concentrations remained relatively constant
throughout the experiment, with only Si concentrations
showing a small increase from 7–18 to 26–37 μmol/L and Ge
from 12–23 to 25–29 pmol/L.
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3.3 Suspended Sediment Concentrations
Suspended sediment concentrations determined for three main
river samples (JO-1, JO-12, and JO-13) at the end of the
experiment were 0.6, 1.3, and 2.0 g/L, respectively, which is
within the range of values previously measured (Wimpenny
et al., 2010; Hindshaw et al., 2014; Hatton et al., 2019a).
Suspended sediment concentrations were too low to reliably
measure for any of the Isunngua streams and are estimated to
be below 0.1 g/L.

4 DISCUSSION
4.1 Field Signatures
The chemical composition of the AK, QK, and Watson rivers, as
well as of the Isunngua streams at similar locations to those
sampled here, has been previously studied in detail by a number
of researchers (e.g., Wimpenny et al., 2010, Wimpenny et al.,
2011; Graly et al., 2014; Hindshaw et al., 2014, Hindshaw et al.,
2019; Yde et al., 2014; Andrews and Jacobson, 2018; Hatton et al.,
2019a). In general, the majority of weathering reactions are
thought to occur in the subglacial environment, characterized
by a large reactive mineral surface area due to glacial
comminution and relatively short (but seasonally variable)
water transit times, similar to many other glacial systems
(Tranter and Wadham, 2014). More speciﬁcally, during the
early melt season (May-June) the Leverett Glacier outlet
appears to primarily drain distributed pockets of subglacial
ﬂuids which had been previously stored for months or longer
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FIGURE 2 | Evolution of dissolved element concentrations during the course of the lab weathering experiment. Also shown are the results of Auqué et al. (2019),
where Isunngua moraine till was leached using deionized water for up to 1 year but at a much higher sediment/water ratio equivalent to ∼600 g/L suspended sediment
concentration. Na* refers to Na concentrations corrected for cyclic salt inputs (Na*  Na–0.85 · Cl), where Cl concentrations were assumed to be equal to 3 and 0.5
µmol/L for main river and Isunngua stream samples, respectively, based on literature data (Wimpenny et al., 2010; Hindshaw et al., 2014; Hatton et al., 2019a;
Deuerling et al., 2019).

(Chu et al., 2016) and thus exhibit relatively high solute
concentrations (Bartholomew et al., 2011; Hindshaw et al.,
2014; Hatton et al., 2019a). As melting and discharge
increases through July-August, subglacial channels become
established and connected, resulting in the efﬁcient discharge
of meltwater, which has only hours or days to interact with the
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subglacial bed (Chandler et al., 2013; Cowton et al., 2013;
Lindbäck et al., 2015).
The lower concentrations of the small Isunngua streams
draining the southern edge of Isunnguata Sermia can be
readily explained by their smaller drainage basin and stream
power, compared to the main rivers. The larger Watson River
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Subsample
date

Reaction time
(days)

Ge
(pmol/L)

Si
(µmol/L)

Ge/Si
(µmol/mol)

Na
(µmol/L)

K
(µmol/L)

Ca
(µmol/L)

Mg
(µmol/L)

SO4
(µmol/L)

Al
(µmol/L)

Fe
(µmol/L)

Mn
(nmol/L)

δ74Ge
(‰)

Field
T-1
T-2
T-3
T-4
T-5
Final
Field
T-1
T-2
T-3
T-4
T-5
Final

2014–08–19
2014–10–10
2014–11–21
2015–01–07
2015–02–25
2015–06–01
2016–10–12
2014–08–19
2014–10–10
2014–11–21
2015–01–07
2015–02–25
2015–06–01
2015–12–01

1
52
94
141
190
286
785
1
52
94
141
190
286
469

−
124
−
−
−
68
−
−
80
66
76
76
70
−

−
141
117
126
131
142
168
−
92
106
118
130
138
152

−
0.88
−
−
−
0.48
−
−
0.86
0.62
0.64
0.59
0.51
−

−
−
−
−
62.4
−
−
−
−
35.1
−
−
−
38.4

−
−
−
−
29.3
−
−
−
−
28.3
−
−
−
29.2

−
−
−
−
60.2
−
−
−
−
64.0
−
−
−
64.9

−
−
−
−
14.0
−
−
−
−
17.5
−
−
−
19.3

−
−
−
−
16.5
−
−
−
−
19.2
−
−
−
16.6

−
−
−
−
1.1
−
−
−
5.1
2.0
2.6
−
0.89
0.59

−
−
−
−
0.04
−
−
−
1.1
0.21
0.39
−
0.05
0.08

−
−
−
−
95
−
−
−
126
91
73
−
53
59

JO-3A

Field
T-1
T-2
T-3
T-4
T-5
Final

2014–08–19
2014–10–10
2014–11–21
2015–01–07
2015–02–25
2015–06–01
2015–12–01

1
54
96
143
192
288
471

−
59
−
−
−
−
69

−
80
97
112
121
129
139

−
0.74
−
−
−
−
0.50

−
−
35.8
−
37.6
−
39.3

−
−
26.7
−
27.6
−
27.4

−
−
58.7
−
61.0
−
61.2

−
−
14.3
−
15.4
−
15.6

−
−
17.9
−
17.0
−
16.0

−
1.7
0.90
1.4
0.99
0.08
0.32

−
0.30
0.07
0.15
0.08
−
0.04

−
107
100
91
82
73
75

JO-3B

Field
T-1
T-2
T-3
T-4
T-5
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final
Field

2014–08–19
2014–10–10
2014–11–21
2015–01–07
2015–02–25
2015–06–01
2015–12–01
2014–08–23
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–24
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–24
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–29

1
52
94
141
190
286
469
1
52
190
286
785
1
52
190
286
785
1
52
190
286
785
2

-55
−
−
−
−
−
24
−
−
−
−
39
64
70
69
−
39
−
−
−
−
55.1a

-82
101
119
127
137
147
16
72
108
115
130
24
101
168
178
203
24
122
198
210
235
33.3a

−
0.66
−
−
−
−
−
1.46
−
−
−
−
1.63
0.63
0.42
0.39
−
1.62
−
−
−
−
1.66a

−
34.9
37.3
38.9
46.1
41.4
−
23.3
36.4
−
−
−
35.8
−
−
−
−
36.0
47.2
−
−
−
51.5a

−
26.2
27.9
28.7
29.3
28.8
−
18.6
23.9
−
−
−
23.0
−
−
−
−
22.8
36.1
−
−
−
33.1a

−
56.4
61.0
62.6
65.1
59.0
−
26.7
51.6
−
−
−
34.2
−
−
−
−
34.5
74.9
−
−
−
68.5

−
13.8
14.9
15.4
16.4
15.7
−
8.6
13.8
−
−
−
10.5
−
−
−
−
10.8
17.6
−
−
−
17.3a

−
15.7
24.6
16.8
17.4
16.5
−
−
15.4
−
−
−
−
−
−
−
−
−
27.5
−
−
−
29.0

−
0.37
1.1
1.7
0.79
0.54
−
−
1.5
−
−
−
1.9
−
−
−
−
−
1.1
−
−
−
8.5

−
0.05
0.08
0.15
0.04
0.01
−
−
0.24
−
−
−
0.90
−
−
−
−
−
0.14
−
−
−
4.1

−
−
−
−
−
−
−
−
164
−
−
−
87
−
−
−
−
−
171
−
−
−
104

−
−
−
−
−
−
−
−
−
−
−
−
−
1.86 ±
0.28
−
−
−
−
−
−
2.24 ±
0.35
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
−
0.86 ±
0.24a

JO-1

JO-2

8
JO-10

JO-12
March 2021 | Volume 9 | Article 551900

JO-13

JO-14

a

Previously published in Baronas et al. (2018).
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Sample
ID
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TABLE 2 | River sediment weathering experiment data: main rivers (Akuliarusiarsuup Kuua (AK), Qinnguata Kuussua (QK), and Watson Rivers).
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TABLE 3 | River sediment weathering experiment data: small Isunngua streams.
Sample
ID
JO-4

JO-5

JO-6
9
JO-7

JO-8
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Subsample
date

Reaction time
(days)

Ge
(pmol/L)

Si
(µmol/L)

Ge/Si
(µmol/mol)

Na
(µmol/L)

K
(µmol/L)

Ca
(µmol/L)

Mg
(µmol/L)

SO4
(µmol/L)

Al
(µmol/L)

Fe
(µmol/L)

Mn
(nmol/L)

Field
T-1
T-2
T-3
T-4
T-5
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final
Field
T-1
T-2
T-3
Final

2014–08–20
2014–10–10
2014–11–21
2015–01–07
2015–02–25
2015–06–01
2016–10–12
2014–08–20
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–22
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–22
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–22
2014–10–10
2015–02–25
2015–06–01
2016–10–12
2014–08–22
2014–10–10
2015–02–25
2015–06–01
2016–10–12

1
52
94
141
190
286
785
1
52
190
286
785
1
52
190
286
785
1
52
190
286
785
1
52
190
286
785
1
52
190
286
785

−
18
14
18
18
25
−
16
21
29
29
−
23
29
−
26
−
12
−
−
−
−
14
18
−
−
−
14
−
−
−
−

−
14
19
19
19
21
28
7
22
28
30
37
18
22
28
29
32
7
13
13
18
26
16
20
24
23
28
10
15
20
20
27

−
1.27
0.75
0.97
0.94
1.21
−
2.17
0.95
1.04
0.98
−
1.29
1.33
−
0.90
−
1.85
−
−
−
−
0.89
0.91
−
−
−
1.50
−
−
−
−

−
−
6.2
−
11.5
−
−
−
−
−
−
−
7.3
−
−
−
−
5.1
4.7
−
−
−
6.1
−
−
−
−
3.7
−
−
−
−

−
−
7.5
−
5.3
−
−
−
−
−
−
−
12.8
−
−
−
−
4.8
4.9
−
−
−
6.8
−
−
−
−
4.8
6.0
−
−
−

−
−
24.7
−
17.0
−
−
−
−
−
−
−
27.4
−
−
−
−
13.1
13.8
−
−
−
17.2
−
−
−
−
14.9
17.2
−
−
−

−
−
7.7
−
5.2
−
−
−
−
−
−
−
12.8
−
−
−
−
5.4
4.3
−
−
−
7.9
−
−
−
−
6.5
6.1
−
−
−

−
−
12.5
−
5.7
−
−
−
−
−
−
−
−
−
−
−
−
−
4.9
−
−
−
−
−
−
−
−
−
8.9
−
−
−

−
−
0.68
−
0.50
−
−
−
−
−
−
−
−
−
−
−
−
−
1.5
−
−
−
−
−
−
−
−
−
1.0
−
−
−

−
−
0.10
−
0.10
−
−
−
−
−
−
−
−
−
−
−
−
−
0.39
−
−
−
−
−
−
−
−
−
0.26
−
−
−

−
−
36
−
15
−
−
−
−
−
−
−
−
−
−
−
−
−
7
−
−
−
−
−
−
−
−
−
16
−
−
−
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FIGURE 3 | Evolution of dissolved trace element concentrations, Ge/Si, and Ge isotope ratios during the course of lab weathering experiment. The Ge/Si and Ge
isotope composition of the suspended sediment is shown as a black star at Time ≈ 0 in panels (D) and (E).

catchment area can extend over 12,000 km2 under the Greenland
Ice Sheet, with 1,000–2,000 m3/s peak discharge (e.g., Lindbäck
et al., 2015; Van As et al., 2017). In contrast, the Isunngua streams
drain only 30–50 km2 of the southern Isunnguata Sermia margin,
with 10–20 m3/s peak discharge (Rennermalm et al., 2013;
Lindbäck et al., 2015), as most of the drainage from this
glacier takes places through the Isortoq River, the main outlet
to the west. The small marginal streams sampled here thus appear
to discharge meltwater that had very little interaction with
glacial till.
Sampled during the late melt season at the end of August, the
AK, QK, and Watson rivers in this study primarily reﬂect the
“efﬁcient drainage,” short water transit type ﬂuids, as indicated by
the low solute concentrations (Table 1). Once dissolved Na is
corrected for cyclic salt inputs (see above), and assuming there is

Frontiers in Earth Science | www.frontiersin.org

not signiﬁcant Na supply from cation exchange with marine
sedimentary rocks (Tipper et al., 2021), it can be assumed to come
exclusively from the weathering of bedrock silicate minerals.
Then, element-to-Na ratios can be used to assess the
dissolution of different silicate and trace minerals and the
precipitation of secondary phases (Figure 4). As noted in
previous studies, the dissolved composition of the streams
draining the Leverett and Russell glaciers is for the most part
consistent with the dissolution of dominant gneissic bedrock
minerals, such as plagioclase, K-feldspar, and hornblende, with
some additional contribution of Ca from either trace carbonates
or Ca-rich silicates [Figure 4B; Wimpenny et al. (2011);
Hindshaw et al. (2014); Hindshaw et al. (2019)]. However,
there is a signiﬁcant non-stoichiometric enrichment in
dissolved K (Figure 4C), consistent with the previously
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FIGURE 4 | Solute signatures of streams and dominant bedload minerals in southwest Greenland compared to experimental solutions and global rivers. Main
(Akuliarusiarsuup Kuua, Qinnguata Kuussua, and Watson) river and Isunngua stream literature data from Wimpenny et al. (2010); Hindshaw et al. (2014); Andrews et al.
(2018); Andrews and Jacobson (2018); Deuerling et al. (2019); Hatton et al. (2019a). River sediment and individual mineral compositions from Wimpenny et al. (2010) and
Hindshaw et al. (2014), respectively. Na* refers to Na concentrations corrected for cyclic salt inputs (Na*  Na–0.85 · Cl). The solid and dashed lines in (F) show the
Ge/Si and 2 S.D. uncertainty, respectively, of the Watson River suspended sediment, calculated from Ge concentration measured in this study and previously measured
Si concentrations (Table 1).

proposed preferential leaching of glacially ground biotite in the
Leverett catchment (Andrews and Jacobson, 2018; Auqué et al.,
2019; Hindshaw et al., 2019). Since biotite and other micas
typically exhibit higher Ge/Si ratios than other silicates
(Mortlock and Froelich, 1987; Filippelli et al., 2000; Kurtz
et al., 2002), their preferential weathering could result in
elevated Ge/Si of the dissolved phase, as proposed previously
for glacial streams in Alaska (Anders et al., 2003). However, there
is no indication of this when the dissolved and the suspended
sediment Ge/Si ratios are compared (Figure 4F), suggesting
congruent weathering of silicates with regards to Ge/Si during
weathering under the Greenland Ice Sheet.
In contrast to the major cations, we observed substantial
depletion of dissolved Si and Fe in the ﬁeld samples (Figures
4A,D), consistent with the subglacial precipitation of aSi
(Hawkings et al., 2017; Hatton et al., 2019a; Urra et al., 2019)
and Fe oxyhydroxide phases (Wimpenny et al., 2010; Hindshaw
et al., 2014; Aciego et al., 2015; Stevenson et al., 2017; Auqué et al.,
2019; Hawkings et al., 2020). Similarly to Si/Na*, Ge/Na*
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indicates Ge depletion, requiring uptake by secondary phases
(Figure 4E). Again, the agreement between the solid and
dissolved Ge/Si suggests that any uptake of these elements into
secondary phases during subglacial weathering is likely
congruent. This makes it unlikely that Si and Ge are taken up
by aluminosilicate clays or Fe oxyhydroxides, which are known to
lower Ge/Si in non-glacial streams (Froelich et al., 1992; Baronas
et al., 2018). The phase removing Si and Ge from solution during
initial subglacial weathering is thus most likely to be amorphous
silica (aSi), which has been shown to control Si isotope dynamics
under the Leverett Glacier and to represent the majority of Si
exported from this watershed (Hawkings et al., 2018; Hatton
et al., 2019a).
Although the subglacial formation mechanism of aSi is
unknown, it likely involves either leaching or localized
supersaturation at the surface of glacial till particles (Hawkings
et al., 2017; Hatton et al., 2019b) which may be aided or even
induced by freezing (Dietzel, 2005; Woronko and Hoch, 2011;
Pokrovsky et al., 2013; Oelze et al., 2015; Alfredsson et al., 2016).
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Possibly as a result of its unique formation mechanism, subglacial
aSi has shown much weaker δ30 Si fractionation compared to most
other secondary phases (Frings et al., 2016), with aSi only
0.1–0.2‰ lower than the silicate bedrock in Leverett Glacier
outﬂow (Hawkings et al., 2018; Hatton et al., 2019a). Similarly,
previous studies of aSi preserved in jasper and banded iron
formation deposits suggest that there is limited Ge/Si
fractionation during its inorganic precipitation (Grenne and
Slack, 2003; Hamade et al., 2003; Delvigne et al., 2012),
consistent with the lack of fractionation observed in our ﬁeld
samples. Although no direct measurements of δ74 GeaSi are
available, given the strongly coupled fractionation of Ge/Si,
δ30 Si, and δ74 Ge in world’s rivers (Baronas et al., 2018), it is
reasonable to expect that δ74GeaSi is also similar to bedrock
composition (as represented in our study by the Watson
River SPM).

dried sediments with deionized water is also likely to play a role
during the early stage. Unfortunately, there were no dissolved Si
or Ge concentrations reported for the Auqué et al. (2019)
experiment, and we are therefore unable to assess how their
different experimental parameters would inﬂuence the release of
these elements.

4.2.1 Inferred Dissolution Reactions
In the absence of evaporation and biological effects, the evolution of
solute concentrations during our weathering experiments (Figures
2, 3) should reﬂect the net effect of the dissolution and precipitation
of a range of solid phases. Given the difference in physical
conditions (higher temperature, access to oxygen, and longer
water-rock interaction times, see Section 4.3) the dissolutionprecipitation reactions during the experiment are likely to differ
from those during subglacial weathering. Both the main river and
the Isunngua stream samples started out enriched in K/Na* (and
slightly in Ca/Na*) relative to the various solid phases (see
discussion of ﬁeld samples above). Throughout the experiment,
the solute concentrations (incl. Na*) and ratios of the Isunngua
samples remained relatively constant, which is not surprising given
their very low SPM concentrations.
In the main river samples, an increase in Na* and K indicated the
dissolution of a small amount of silicates, such as plagioclase
(saturation index (SI) of −3.8 to −5.7) and K-feldspar (SI of
−1.5 to −2.7), both dominant in the local bedrock (Hindshaw
et al., 2014). The dissolved Ca/Na* increased slightly from around
1.1–1.6 mol/mol (Figure 4B), perhaps reﬂecting the dissolution of a
small amount of trace calcite or garnet (Hindshaw et al., 2019). In
contrast, K/Na* remained constant within uncertainty around
0.7 mol/mol (Figure 4C), which suggests negligible dissolution of
biotite, consistent with a K-mica SI of 2.2–6.7.
Importantly, Si/Na* shows the largest change in the case of
main river (AK, QK, and Watson) samples, increasing from
values signiﬁcantly below the mineral ratios at the beginning and
approaching the mineral Si/Na by the end of the experiment
(Figure 4A). Crucially, the increase in dissolved Si/Na* ratio
varied between 4 and 33 mol/mol, often signiﬁcantly higher than
4–5 mol/mol of the dominant orthogneiss rock, corrected for
relatively unreactive quartz (Hindshaw et al., 2014). The excess Si
added to solution is almost certainly due to the dissolution of
highly reactive amorphous silica (undersaturated, SI  −1.1 to
−1.6) previously formed in the subglacial environment
(Hawkings et al., 2017; Hatton et al., 2019b). It was shown by
Hatton et al. (2019a) that aSi is present in concentrations of up to
300 µmol/L in Leverett Glacier outﬂow and strongly impacts its
dissolved Si dynamics, with an increased dissolution of aSi
during mid-melt season in late June-July when subglacial
waters with the longest residence times are being discharged.
Over the duration of our experiment (470 or 785 days,
depending on the sample), dissolved Si concentrations in
main river samples increased by 113–235 µmol/L. For samples
where suspended sediment concentrations were measured, this
translated to a dissolution of 0.6–1.4 wt% SiO2 , in close
agreement with the values of 0.3–1.4 wt% aSi determined for
Leverett Glacier outﬂow using a Na2 CO3 leaching technique
(Hatton et al., 2019a).

4.2 Experimental Weathering of Glacial
River Sediments
The experimental setup did not aim to represent either the
subglacial weathering environment (since riverine rock/water
ratio is much lower), or the marine environment where the
sediments are ultimately exported and deposited. Instead, the
experiments offered a way to directly observe Ge/Si and δ74 Ge
behavior during water-rock interaction in the absence of Ge and
Si uptake by vegetation, unavoidable in most non-glacial
catchments (Baronas et al., 2018). In addition, the Watson
River suspended matter is composed primarily of recently
produced proglacial till (Nelson et al., 2014; Harper et al.,
2017; Overeem et al., 2017) and thus should primarily reﬂect
local bedrock composition, with only a minor contribution from
secondary aluminosilicate clays and Fe/Al-oxides (Wimpenny
et al., 2010; Graly et al., 2016; Andrews and Jacobson, 2018;
Auqué et al., 2019, but see Crompton et al. (2015)).
Importantly, by using aliquots of unﬁltered river water, we
allow continuity between the ﬁeld-ﬁltered and experimental
samples and ensure that the dissolved composition of the
dilute solutions is not dominated by cation exchange reactions
or other artifacts associated with reacting lab-dried sediments
with pure deionized water. This approach is distinct from
previous weathering experiments of glacial till, which were
designed to speciﬁcally simulate subglacial processes (Brown
et al., 1996; Hodgkins et al., 1998; Brown et al., 2001; Auqué
et al., 2019).
A direct comparison can be made with the results of the
experiment performed by Auqué et al. (2019), who reacted
deionized water with air-dried till collected from a moraine
north of the Russell Glacier for up to 305 days at 5.5°C.
Another key difference is the much higher sediment/water
ratio in their experiment (570 g/L) compared to ours
(<0.1–2.0 g/L). Despite the lower temperature, their cation
release rates were much higher compared to ours, especially
for Ca and Mg (Figure 2). This difference is most easily
explained by the much higher sediment/water ratio and the
rapid dissolution of secondary calcite and gypsum present in
the moraine till (Auqué et al., 2019). The rapid cation exchange of
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above in Section 4.1; and 2) the fact that an overwhelming
majority of secondary phases documented to date exhibit the
opposite fractionation, i.e., high Ge/Si and low δ74 Ge (Murnane
and Stallard, 1990; Froelich et al., 1992; Pokrovsky et al., 2014;
Rouxel and Luais, 2017; Baronas et al., 2018; Qi et al., 2019;
Baronas et al., 2020). Therefore, our preferred hypothesis is that
the change in dissolved Ge/Si and δ74 Ge during the experiments
reﬂects both the dissolution of aSi or silicates (or both) and Ge
precipitation (or adsorption) coupled to isotopic fractionation.

Calculating the observed Si release rate during the experiment
can potentially help further distinguish between the dissolution of
aSi and primary silicate minerals. By assuming a sediment surface
area typical of glacial till sediments [0.5–5 m2/g, from Brantley
et al. (1999)], we calculate Si dissolution rates in the range of
10− 12 − 10− 10 mol m−2 s−1 during the ﬁrst few months, decreasing
by about an order of magnitude to 10− 13 − 10− 11 mol m−2 s−1 by
the end. These rates are consistent with the far-from-equilibrium
rates determined in lab experiments of various freshly ground
silicate minerals but signiﬁcantly faster than rates determined in
the ﬁeld using soil proﬁle data (10− 17 − 10− 14 mol m−2 s−1 ; White
and Brantley (2003); Brantley and Olsen (2014)). This is despite
the fact that dissolved Si at the end of the experiment approaches
relatively high concentrations at which the precipitation of
various secondary aluminosilicate clays is possible (kaolinite SI
calculated between −1.2 and 4.5, depending on the pH). This
could mean that the calculated rates are the lower limit estimate
for gross dissolution. Although glacial environments are effective in
producing reactive, freshly ground till from primary minerals, our
samples were collected in outlet rivers and we expect the sediments
to be subglacially pre-weathered to some degree, which should also
lower their dissolution rate. Combined with the non-stoichiometric
Si/Na* release discussed above, we therefore take the high Si release
rates determined here as further evidence that Si is supplied to the
solution primarily via the dissolution of aSi rather than crystalline
silicate minerals. Indeed, the dissolution rates determined here agree
very well with the 10− 12 mol m−2 s−1 measured for the dissolution of
pure aSi under very similar pH and temperature and conditions
(Rimstidt et al., 2016). Importantly, the exact source of Si does not
matter in our further consideration of Ge/Si and Ge isotope
fractionation, as discussed below.

4.2.3 Inferred Secondary Reactions and Ge Isotope
Fractionation
Although it is difﬁcult to discern whether any secondary phases
precipitated during the weathering experiment, the decrease in
Fe, Al, and Mn concentrations suggest that trace metals were
scavenged from the solution, whether by precipitation of
amorphous oxides, secondary clays, or by adsorption onto
already present mineral surfaces. The amorphous Al(OH)3
and Fe(OH)3 were generally undersaturated (SI of −3.4–−1.1
and −1.1–2.2, respectively), while their ordered analogues of
gibbsite and goethite were supersaturated (SI of −0.9–1.6 and
4.8–8.1, respectively, with negative values only at assumed pH 
9, see Methods). Wimpenny et al. (2010) and Hawkings et al.
(2020) have shown that in west Greenland streams, the majority
of Fe and Al in this size fraction are present in colloidal form
(particles in the 10 kDa −0.2 µm size range). The experimental
water sub-samples in this study were ﬁltered through 0.2 µm pore
size membrane and it is therefore possible that the measured
decreasing concentrations of these metals reﬂect the ﬂocculation
of Fe and Al colloids into larger amorphous particles or their
breakdown and the subsequent adsorption of Fe and Al onto
existing particle surfaces or incorporation into forming
aluminosilicate clays. Although we lack the data to determine
the exact phase sequestering dissolved Ge, we speculate that
adsorption to (or co-precipitation with) Fe oxyhydroxides is
the most likely mechanism, based on the previously well
documented adsorption and co-precipitation of Ge with Fe
oxyhydroxides in a wide range of Earth surface environments
(Burton et al., 1959; Bernstein, 1985; Bernstein and Waychunas,
1987; Mortlock and Froelich, 1987; Murnane et al., 1989; Anders
et al., 2003; Pokrovsky et al., 2006; Baronas et al., 2018, Baronas
et al., 2019), a behavior which is exploited in the Ge preconcentration method used for isotope measurements (see
Methods). It is therefore quite likely that dissolved Ge
concentration and δ74 Ge composition is controlled by the
same process that governs Fe (and possibly Al) concentrations.
Dissolved δ74 Ge increased signiﬁcantly by the end of the
experiment, from 0.86 ± 0.24 to 1.9–2.2‰ (Table 2;
Figure 3E). These results are consistent with the broad
negative correlation between Ge/Si and δ74 Ge in global river
catchments, induced by Ge uptake into secondary weathering
phases (Baronas et al., 2018). To quantitatively constrain δ74 Ge
fractionation during the sediment weathering experiment, we use
the following assumptions:

4.2.2 Ge/Si and Ge Isotope Ratio Evolution During the
Experiment
There are two possible main interpretations of the evolution of
dissolved Ge/Si and δ74 Ge over time: 1) simple addition via
dissolution of a solid phase; and 2) addition coupled with
removal via secondary phases. In the ﬁrst case, the change in
these ratios (Figures 3D,E) should reﬂect a mixing trend between
the initial solution and the dissolving phase(s) supplying Ge.
There was only a small increase in dissolved Ge concentrations
over time (Figure 2B) which makes it difﬁcult to calculate the
composition of this putative source. In the cases where dissolved
Ge detectably increased, the Ge/Si ratio added to solution ranged
between 0.1 and 0.3 µmol/mol and δ74 Ge between 4.1 and 7.6‰.
These values are very different from the Watson River suspended
sediment composition (1.3 ± 0.3 μmol/mol and 0.48 ± 0.23‰) or
any primary silicate minerals, which range between 0.5–6 µmol/
mol and 0.4–0.8‰ (e.g., Mortlock and Froelich, 1987; Kurtz et al.,
2002; Rouxel and Luais, 2017), thus ruling out silicates as the
source of Ge (unless coupled with Ge removal to a secondary
phase and associated fractionation; see the following section). It is
theoretically possible that subglacially formed aSi is Ge-poor and
isotopically heavy, as there is little data on Ge behavior during aSi
formation (and no data on δ74 Ge), especially during glacial
weathering. However, we deem this unlikely, given 1) the lack
of Ge/Si and δ74 Ge fractionation in the ﬁeld samples, as outlined
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The increase in δ74 Ge with time (coupled with relatively
constant Ge concentrations) is most simply explained by a loss
of isotopically light Ge from solution, while dissolution of aSi
continues. Given the batch reactor setup and the long sedimentwater interaction time, it is reasonable to assume that Ge removed
from solution is able to isotopically equilibrate with dissolved Ge
(especially if the removal mechanism is reversible adsorption to
Fe oxyhydroxides), in which case Ge isotope fractionation can be
described using the equilibrium (or “batch”) isotope fractionation
model:
δ74 Gediss  δ74 Geprimary − Δ74 Gesec−diss · (1 − fdiss Ge)

where δ74 Geprimary is the composition of the dissolving phase(s)
(assumed to be equal to the Watson suspended load value of
0.48 ± 0.23‰; see Sections 4.1, 4.2.2) and Δ74 Gesec−diss is the
isotopic fractionation factor associated with Ge removal from
solution. Using Eq. 2 on the sediment weathering experimental
data yields Δ74 Gesec−diss  −2.15 ± 0.46‰ (Figure 5), where the
uncertainty (reported as 2 S.D.) is quantiﬁed using a Monte Carlo
approach (implemented in MATLAB 2019b and supplied in the
Supplementary Material) that repeats the ﬁt of Eq. 2 10,000
times, taking into account analytical and propagated
uncertainties in δ74 Gediss and f diss Ge, respectively. This value is
in good agreement with both the −1.7 ± 0.1‰ determined for
experimental Ge adsorption onto pure goethite (Pokrovsky et al.,
2014), as well as the −4.9 to −1.6 range of Δ74 Gesec−diss determined
for global non-glacial rivers (Baronas et al., 2018). It is
signiﬁcantly larger than the Δ74 Gesec−diss of −0.3 ± 1.1‰,
calculated as the difference between Watson River dissolved
and SPM signatures and indicating the limited isotopic
fractionation in the subglacial environment (Baronas et al., 2018).

FIGURE 5 | Dissolved δ74 Ge as a function of dissolved Ge fraction
remaining in solution (f diss Ge). The blue lines show 100 examples of the
10,000 Monte Carlo linear regression ﬁts incorporating uncertainty in both
parameters. The slopes are equivalent to the fractionation factor
Δ74 Gesec−diss (see Eq. 2) and the value shown is the mean ±2 S.D. of all Monte
Carlo runs.

contact) were negligible. The dissolved Ge and Si in the
initial unﬁltered river water samples (at t  1 day) used in
the experiment were therefore taken to be derived from
subglacial rock-water interaction that took place before
sample collection.
(2) A negligible portion of Si released via the dissolution of aSi
(or silicates) during the experiment was removed from
solution by co-precipitation with secondary phases. This is
reasonable, given the low dissolved Al and Fe concentrations
compared with Si (Figure 3).
(3) Mineral dissolution released Ge into solution with a
Ge/Sidissolving ratio of 1.6 ± 0.4 μmol/mol, calculated as the
mean and standard deviation of all ﬁeld-ﬁltered river samples
(Table 1), slightly higher than the 1.3 ± 0.3 μmol/mol of bulk
sediment (Figure 3D), correcting for unreactive quartz. This
Ge/Sidissolving value could be reﬂecting the dissolution of
either aSi or primary silicate minerals. It has only a small
effect on the calculated Ge isotope fractionation factor (see
Section 4.2.1).
(4) The difference between measured Ge concentrations at the
end of the experiment and those expected from aSi (or
silicate) dissolution reﬂects the amount of Ge removed by
secondary phase uptake (e.g., via incorporation into Fe
oxyhydroxides). The fraction of Ge remaining in solution
can then be calculated as:
f diss Ge 

Gemeasured
GeSidissolving · Simeasured

4.3 Implications for Ge Isotope Behavior
During Subglacial and Non-glacial
Weathering
As discussed above, subglacial weathering results in less pronounced
Ge uptake by secondary phases (although this may be masked to
some degree by the incongruent weathering of Ge-rich silicate
phases) and little to no fractionation of Ge isotopes, in contrast
to the clear fractionation of both Ge/Si and δ74 Ge observed during
the weathering experiment. Overall, the combination of ﬁeld and
experimental evidence published to date points to distinct Ge
behavior during subglacial vs. non-glacial weathering, with the
latter resulting in much more pronounced δ74 Ge fractionation
(Baronas et al., 2018). As we infer above, this is likely the result
of the distinct secondary phases dominating Ge uptake in each
environment (aSi under the glaciers vs. Fe oxyhydroxides or
aluminosilicate clays during the experiment and in natural nonglacial environments), which are in turn controlled by the distinct
weathering regimes, and in particular the low temperatures, high
rates of comminution, and relatively short water residence times in
the subglacial environment.
While the role that water transit times play in the dynamics of
chemical weathering is poorly understood, it has very important
implications for our understanding of the relationship between

(1)

where Gemeasured and Simeasured are the concentrations measured at
the end of the weathering experiment (“Final” samples, Table 2).
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weathering and climate (e.g., Maher and Chamberlain, 2014; Li,
2019; Torres and Baronas, 2021). Therefore, the possibility that
dissolved δ74 Ge might be primarily controlled by rock-water
interaction time and may help understand the kinetics of
weathering is an intriguing prospect. It is well documented
that groundwaters that are years, decades, and even millennia
old form a substantial component of discharge in many nonglacial catchments (Jasechko, 2019). In contrast, the glacial river
catchments sampled here are thought to store only small amounts
of water interannually (Lindbäck et al., 2015; Van As et al., 2017),
with any water stored over winter likely discharged next year
(Chu et al., 2016). The contrast in δ74 Ge between glacial and nonglacial catchments, along with the increase in δ74 Ge during our
experiment, provides support for the hypothesis that dissolved Ge
isotopes are increasingly fractionated with prolonged rock-water
reaction time.
An important caveat is that potential seasonal and spatial
variations in δ74 Ge of glacial streams are unconstrained, given the
single ﬁeld data point (Table 1). However, this sample was
collected during peak discharge in the late melt-season (Van
As et al., 2017), dominated by the efﬁcient drainage of recent
meltwater. Given that the bulk of Watson River annual discharge
and solute ﬂux is comprised of such recent meltwater (Yde et al.,
2014; Linhoff et al., 2017), our samples should thus provide a
reasonable approximation of the average annual composition
(also supported by the agreement with literature data in Figures
4A–C). In addition, a timeseries dataset of Alaskan glacial rivers
shows that the highest (least fractionated) dissolved Ge/Si is
encountered during peak melt-season (Mortlock and Froelich,
1987), consistent with our data in Greenland. Nevertheless, given
the overall paucity of data, it remains an open question why δ74 Ge
and Ge/Si remain unfractionated during subglacial weathering
and how their behavior relates to different weathering reaction
dynamics.

an important role as the offshore productivity and ecosystem
dynamics shift with changing climate (Lawson et al., 2014;
Hawkings et al., 2015; Tremblay et al., 2015; Arrigo et al.,
2017; Hendry et al., 2019).

4.5 Implications for the Interpretation of
Paleorecords
Lastly, our results suggest that δ74 Ge and Ge/Si signatures recorded in
marine biogenic silica (diatom or sponge) deposits have the potential to
reconstruct variations in (sub)glacial weathering over glacialinterglacial cycles. Given the substantial ﬂux of glacial aSi, which
may even rival total riverine dissolved silica ﬂux during
deglaciations (Hawkings et al., 2017, Hawkings et al., 2018), as well
as its rapid dissolution rate [Section 4.4; Hawkings et al. (2017)], it may
similarly provide a large and variable ﬂux of dissolved Ge. In the case of
Ge/Si and δ74 Ge, the continental weathering signal would ﬁrst have to
be deconvolved from the signiﬁcant but poorly quantiﬁed fractionation
during marine sediment authigenesis, which may vary with changes in
temperature, detrital inputs, and/or shelf sediment Fe redox conditions
(Hammond et al., 2004; Baronas et al., 2016, Baronas et al., 2017,
Baronas et al., 2019).
Importantly, evidence to date suggests limited biological
fractionation of δ74 Ge and Ge/Si by diatoms (e.g., Shemesh et al.,
1989; Sutton et al., 2010; Rouxel and Luais, 2017) and constant, local
temperature- and chemistry-independent, δ74 Ge fractionation by
siliceous sponges (Guillermic et al., 2017). The relative lack of
biological inﬂuence on δ74 Ge contrasts with δ30 Si, whose
signatures in seawater and marine paleorecords are dominated by
biological fractionation effects (e.g., Hendry and Brzezinski, 2014;
Sutton et al., 2018). Indeed, a preliminary Southern Ocean diatom
paleorecord indicates a decoupling of seawater δ74 Ge, Ge/Si, and
δ30 Si signatures across the penultimate deglaciation (Mantoura, 2006;
Rouxel and Luais, 2017). Although additional work is needed, this is
an early indication that this multi-proxy combination may help
constrain past variations in glacial Si export and other aspects of
the coupled global Si-Ge cycle.

4.4 Implications for Amorphous Si
Bioavailability
Our experimental results add to the growing evidence that the
ﬂux of amorphous Si from glacial landscapes is several times
higher than that of dissolved silica (Hawkings et al., 2017,
Hawkings et al., 2018; Hatton et al., 2019a; Hatton et al.,
2019b). Importantly, the high Si release rates observed during
our experiments under ambient 25°C temperature and circumneutral pH conditions (see Section 4.2.1 and Figure 2) indicate
that this aSi is highly labile and thus likely an important source of
dissolved silica in the offshore marine environment. Given the
lower temperature but the higher ionic activity of seawater, aSi
dissolution rates offshore are expected to be similar to our
experiments (Kato and Kitano, 1968; Icenhower and Dove,
2000; Dove et al., 2008; Rimstidt et al., 2016). Our results
therefore fully support the similar experimental data of
Hawkings et al. (2017), as well as their prediction that aSi
dissolution is a major source of dissolved Si in the Watson
River estuary. Given that dissolved Si is an important nutrient
for diatom growth in the region, the export of highly soluble aSi
(along with other nutrients) by Greenland runoff is likely to play
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5 CONCLUSION
This study investigated Ge/Si and δ74 Ge signatures in southwest
Greenland streams draining the Greenland Ice Sheet and during
continued river sediment-water interaction in the laboratory for
up to 2 years. In the Watson River and its tributaries draining
the large subglacial catchment, both Ge and Si were depleted
relative to dissolved Na, indicating removal into secondary
phases during subglacial weathering. However, the dissolved
Ge/Si and δ74 Ge signatures were close to the silicate parent
mineral composition, indicating limited fractionation (and
possibly some preferential weathering of Ge-rich minerals,
such as biotite), in contrast to non-glacial rivers which
typically exhibit fractionated composition (Baronas et al.,
2018). Sediment weathering experiments resulted in a large
increase in dissolved Si concentrations, a much smaller
increase in dissolved Ge, a decrease in dissolved Ge/Si, and a
signiﬁcant increase in δ74 Ge.
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analyses. JB performed the experiments and modeling and
wrote the article, with input from all co-authors.

We propose that a signiﬁcant portion of Ge is incorporated into
subglacially formed amorphous silica (aSi), resulting in minimal Ge/Si
and δ74 Ge fractionation under the ice sheet. The formation and redissolution of aSi has been recently identiﬁed as the main control on
δ30 Si in subglacial environments (Hawkings et al., 2018; Hatton et al.,
2019a; Hatton et al., 2019b). During continued glacial till weathering
in the laboratory lasting 470–785 days, both Si and Ge were released as
aSi dissolved, and Ge was then incorporated into secondary phases.
This resulted in signiﬁcant fractionation of Ge/Si and δ74 Ge, bringing
these signatures close to the values observed in non-glacial rivers. The
change in dissolved δ74 Ge composition during the experiment was
correlated with the estimated fraction of Ge removed from solution.
Applying a simple batch (closed system equilibrium) model to the
experimental data yielded a Δ74 Gesec−diss fractionation factor of
−2.15 ± 0.46‰, consistent with previously determined values for
experimental Ge adsorption onto Fe oxyhydroxide phases (Pokrovsky
et al., 2014). These results directly demonstrate that the fractionated
dissolved Ge/Si and Ge isotope signatures in rivers can be generated
solely through weathering reactions in the absence of vegetation. The
high aSi dissolution rate during our experiments also provides evidence
that it is likely to be readily bioavailable, supporting the role of glacial
discharge as an important source of dissolved silica to coastal marine
biosiliciﬁer communities.
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