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Magnesium and lithium stable isotope ratios (� 26Mg and � 7Li) have shown promise
as tools to elucidate biogeochemical processes both at catchment scales and in
deciphering global climate processes. Nevertheless, the controls on riverine Mg and Li
isotope ratios are often dif�cult to determine as a myriad offactors can cause fractionation
from bulk rock values such as secondary mineral formation and preferential weathering of
isotopically distinct mineral phases. Quantifying the relative contribution from carbonate
and silicate minerals to the dissolved load of glacierized catchments is particularly crucial
for determining the role of chemical weathering in modulating the carbon cycle over
glacial-interglacial periods. In this study we report Mg and Li isotope data for water,
river sediment, rock, and mineral separates from the Leverett Glacier catchment, West
Greenland. We assess whether the silicate mineral contributions to the dissolved load,
previously determined using radiogenic Sr, Ca, Nd, and Hf isotopes, are consistent
with dissolved Mg and Li isotope data, or whether a carbonatecontribution is required
as inferred previously for this region. For� 7Li, the average dissolved river water value
(C19.2 � 2.5h , 2SD) was higher than bedrock, river sediment, and mineral� 7Li values,
implying a fractionation process. For� 26Mg, the average dissolved river water value
(� 0.30 � 0.14h , 2SD) was within error of bedrock and river sediment and within the
range of mineral� 26Mg values (� 1.63 to C0.06h ). The river� 26Mg values are consistent
with the mixing of Mg derived from the same mineral phases previously identi�ed from
radiogenic isotope measurements as controlling the dissolved load chemistry. Glacier
fed rivers previously measured in this region had� 26Mg values � 0.80h lower than
those measured in the Leverett River which could be caused bya larger contribution
from garnet (� 1.63h ) dissolution compared to Leverett. This study highlights that
dissolved Mg and Li isotope ratios in the Leverett River are affected by different processes
(mixing and fractionation), and that since variations in silicate mineral� 26Mg values exist,
preferential weathering of individual silicate minerals should be considered in addition to
carbonate when interpreting dissolved� 26Mg values.
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1. INTRODUCTION

Chemical weathering in glacierized regions results in water with
a chemical composition distinct to that originating from non-
glacierized regions (e.g.,Tranter, 2003). Glacial erosion produces
�ne grained sediments that, combined with high discharge
conditions during the melt season, leads to the preferential
weathering of mineral phases such as calcite, sul�de, and biotite,
resulting in elevated Ca and K concentrations (Anderson et al.,
1997; Blum and Erel, 1997; Tranter et al., 2002). Glacial runo�
can contain elevated concentrations of key nutrients such as iron
(Raiswell et al., 2006; Bhatia et al., 2013; Hawkings et al., 2014),
phosphorus (Hawkings et al., 2016), and silica (Meire et al., 2016;
Hawkings et al., 2017) and therefore has a direct impact on the
adjacent fjord environment (Wehrmann et al., 2014; Hopwood
et al., 2015) and potentially the wider ocean.

Understanding how glaciation alters chemical �uxes and
the underlying chemical weathering reactions is important for
understanding how weathering reactions changed during glacial-
interglacial cycles (Vance et al., 2009; AMAP, 2017; Hawkings
et al., 2017). If calcite and sul�de weathering dominate �uxes in
glacial catchments, as concluded from studies of alpine glaciers,
then these areas would not contribute to long-term removal of
CO2, and may even be a source (Sharp et al., 1995; Torres et al.,
2017). However, recent studies of ice sheets, in particular from
outlet glaciers of the Greenland Ice Sheet, indicate that silicate
weathering is dominant (Graly et al., 2014; Hindshaw et al., 2014;
Andrews and Jacobson, 2018) and therefore large-scale glaciation
could contribute to the drawdown of atmospheric CO2 over
geological timescales (Walker et al., 1981; Berner et al., 1983).

A �rst estimate of the relative contributions of carbonate and
silicate weathering to dissolved �uxes can be done by applying
an end-member mixing analysis to major ion concentrations,
utilizing “ideal” end-members (e.g.,Gaillardet et al., 1999).
However, this method is particularly problematic in glacierized
catchments due to weathering incongruency (net e�ect of
dissolution and precipitation/adsorprtion reactions both with
respect to bulk rock and with respect to individual minerals),
ion exchange and adsorption reactions which occur in glacial
streams characterized by high sediment loads and dilute solute
concentrations (e.g.,Tranter, 2003). For example, the use
of end-member ion ratios such as Ca/Na to calculate the
relative proportions of carbonate and silicate weathering could
overestimate the carbonate contribution if the preferential release
of Ca from individual silicate minerals is not accounted for(Oliva
et al., 2004; Hindshaw et al., 2011). Isotope tracers (stable and
radiogenic) have been developed in recent decades to re�ne the
apportioning of carbonate and silicate weathering in catchment
studies (e.g.,Blum et al., 1994; Bullen and Bailey, 2005; Nezat
et al., 2010; Sullivan et al., 2016).

Magnesium (Mg) and lithium (Li) isotopes have shown
promise at tracing weathering sources and processes (Tomascak
et al., 2016; Teng, 2017) and have both been applied to study
glacial weathering in the Kangerlussuaq area of West Greenland
(Figure 1, Wimpenny et al., 2010, 2011). Magnesium is the 5th
most abundant element in the continental crust (MgOD 3.7
wt.%,Wedepohl, 1995) and it is intimately coupled to the carbon

cycle through the formation of magnesium carbonates (Berner
et al., 1983). Carbonate� 26Mg values (� 6 to 0h ) tend to be
lower than silicate rocks (� 1 to C2h ) potentially enabling the
partitioning of carbonate and silicate weathering (Teng, 2017).
However, Mg isotopes are also fractionated during secondary
clay formation and biological processes (Tomascak et al., 2016).
Lithium is a trace element predominantly hosted in silicate rocks
(Huh et al., 1998) and as a consequence, Li isotopes have the
potential to be a tracer of silicate weathering (e.g.,Misra and
Froelich, 2012). In natural systems secondary mineral formation
and/or adsorption onto particles imparts a large (often> 10h )
fractionation and biological processes have minimal impact
(e.g.,Pistiner and Henderson, 2003; Vigier et al., 2008; Clergue
et al., 2015). It is therefore hypothesized that the Li isotopic
composition of rivers provides information on the balance
between dissolution of primary (silicate) minerals and secondary
mineral formation occurring in a catchment (e.g.,Dellinger et al.,
2015). Waters draining from the Greenland ice sheet were found
to have lower� 26Mg values compared to suspended sediment
and this was attributed to disseminated carbonate weathering
(Wimpenny et al., 2011). The � 7Li values were higher than
suspended sediment and the authors concluded this was due to
adsorption to subglacially formed amorphous iron hydroxides
(Wimpenny et al., 2010). Nevertheless, mineral separates to
constrain local end-members were not analyzed, which leadsto
an element of uncertainty in source apportionment.

Research on the� 26Mg values of mineral separates has
demonstrated variation in� 26Mg values which in some cases
overlaps with the� 26Mg range in carbonate rocks (� 5.57 to
� 0.38h , Teng, 2017), e.g., biotite (� 0.40 toC0.44h , Shen et al.,
2009; Liu S.-A. et al., 2010; Ryu et al., 2011), chlorite (� 1.82 to
C0.40h , Ryu et al., 2011; Pogge von Strandmann et al., 2015;
Chapela Lara et al., 2017), clinopyroxene (� 0.62 toC0.43h ,
Pogge von Strandmann et al., 2011; Wang et al., 2012, 2014; Hu
et al., 2016; Li et al., 2016; Chen et al., 2018; Stracke et al., 2018),
and garnet (� 1.96 to� 0.37h ,Wang et al., 2012, 2014; Pogge von
Strandmann et al., 2015; Hu et al., 2016; Li et al., 2016; Stracke
et al., 2018). Within single rock samples, resolvable variation has
also been observed e.g., 1.5h between chlorite and hornblende
in granite (Ryu et al., 2011). This silicate mineral source variation
in � 26Mg has only recently begun to be acknowledged as a
source of variation in river� 26Mg values (Chapela Lara et al.,
2017; Kimmig et al., 2018). Given that recent studies of chemical
weathering in the Kangerlussuaq area of West Greenland have
stressed the role of silicate weathering (Wimpenny et al., 2011;
Andrews and Jacobson, 2018), we wanted to test whether silicate
mineral variation in � 26Mg values could also account for low
� 26Mg values in river samples from this area. There is less data
on Li isotope variation between minerals (Teng et al., 2006;
Pogge von Strandmann et al., 2011; Penniston-Dorland et al.,
2017; Neukampf et al., 2019) but variation has been reported
where there is a di�erence in coordination number (� 3h ,
Wunder et al., 2007) and in �eld sites with a history of magmatic
di�erentiation (� 8 to C17h , Marks et al., 2007). Dissolved� 7Li
values may therefore also be impacted by variations in silicate
mineral isotopic compositions, particularly when the geology of
the catchment is heterogeneous.
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FIGURE 1 | (A) The study site is indicated by a yellow star.(B) Geological map of the Kangerlussuaq area of West Greenland.The location of the time series of water
samples from the river draining Leverett Glacier analyzed in this study is marked as a red circle. River sediment and rocksamples were also collected at this location.
The water samples with a glacier contribution, bedload, suspended sediment, and bedrock samples analyzed byWimpenny et al. (2010, 2011)are marked as green
circles together with their sample names (GR1–GR9). WatsonRiver refers to the river after the con�uence of the QinnguataKuussua and Akuliarusiarsuup Kuua rivers.
Geological basemap from Geological Survey of Denmark and Greenland, and Ministry of Mineral Resources under the Government of Greenland. Datum and
projection: WGS84 UTM Zone 24N.

Previous work on water draining the Leverett Glacier, an
outlet glacier in the Kangerlussuaq area (Figure 1), used Ca,
Sr, Nd, and Hf data of water, rock, and mineral separates to
constrain chemical weathering reactions contributing to the
dissolved load (Hindshaw et al., 2014; Rickli et al., 2017). Our aim
in this study was to analyse mineral separates, bulk rock samples,
sediments, and water samples for� 26Mg and� 7Li in order to test
whether the dissolution of silicate minerals previously identi�ed
as controlling the dissolved load composition in this catchment
were consistent with dissolved� 26Mg and� 7Li values from this
region or whether a carbonate contribution to dissolved� 26Mg is
indeed required.

2. FIELD SITE

Leverett Glacier is a land-terminating outlet glacier of the
Greenland Ice Sheet situated on the west coast of Greenland
� 25 km east of Kangerlussuaq (Søndre Strømfjord,Figure 1).
Together with Russell Glacier to the north these two glaciers
form one of three subcatchments of the Watson River with a
combined area of 900 km2 (Lindbäck et al., 2015). Bartholomew
et al. (2011)estimated the hydrological catchment of Leverett
Glacier to be 600 km2. The largest subcatchment (11,100 km2)

is the Ørkendalen subcatchment to the south containing the
Qinnguata Kuussua River (QKR). The third subcatchment (Point
660) lies to the north of Russell Glacier and has an area of
40 km2. Water draining Point 660 catchment feeds into water
draining Russell Glacier. Approximately 19 km upstream from
Kangerlussuaq this water merges with the Leverett River to form
the Akuliarusiarsuup Kuua River (AKR). Unlike Leverett River,
which has a single subglacial portal, the river draining past
Russell Glacier has several inputs of water sourced from both
non-glacial lakes and sub-glacial sources (Rennermalm et al.,
2012). The watershed areas referred to above are the maximum
summer extent as the catchment area grows and shrinks each
melt-season in line with the expansion and contraction of the
subglacial drainage network (Chandler et al., 2013). In addition,
there is water piracy where the catchment areas and positions
change with subglacial water pressure (Lindbäck et al., 2015).
In 2009, the melt season was� 115 days long at Leverett and
a peak discharge of 317 m3 s� 1 was measured on 16th July
(Bartholomew et al., 2011).

Leverett Glacier drains distinct tectonic units of Precambrian
age (Figure 1). To the north of Leverett is the Southern
Nagssugtoqidian Orogen, which is composed of re-worked
epidote amphibolite to amphibolite facies basement tonalitic to
granodioritic orthogneiss (Escher, 1971; Van Gool et al., 2002).
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The orthogneisses were intruded by the 2.04 Ga Kangâmiut ma�c
dyke swarm (Cadman et al., 2001), now forming amphibolite
lenses, with deformation increasing toward the north (Van Gool
et al., 2002; Engström and Klint, 2014). To the south of Leverett
is the North Atlantic Craton, composed of granulite-facies
granodioritic augen orthogneiss and paragneiss locally (Escher
et al., 1976; Henriksen et al., 2000). The augen orthogneiss
was intruded by late Archaean felsic intrusions (45 km south
of the Leverett Glacier) related to the Qôrqut granite (ca. 2.5
Ga,Escher et al., 1976; Nutman et al., 2010). SeeBrown et al.
(1981) for a petrographic description of the Qôrqut granite.
The exact boundary between the above-described tectonic units
underneath the Greenland ice sheet is unknown.

The area experiences an Arctic climate with a mean annual
temperature (2001–2011) of� 3.9� C (Hanna et al., 2012).
There are strong seasonal variations in temperature: the mean
temperatures in winter and summer are� 16.1 andC10.3� C,
respectively (Hanna et al., 2012). The region receives relatively
little precipitation [258 � 63 mm (2001–2012), (Mernild
et al., 2015)] and annual evapotranspiration exceeds annual
precipitation (Johansson et al., 2015). In the non-glacierized
area, permafrost is continuous with an active layer thickness of
0.1–2.5 m (Van Tatenhove, 1996).

3. METHODS

3.1. Water Samples
The Leverett River was sampled twice a day from 5 July to
1 August 2009 at 67� 03.7550N, 50� 11.8740W. The sampling
location was � 1 km downstream from the glacier front
(Figure 1). At this location there was no braiding in the river
channel and the water was turbulent. Therefore, we assume
that the river was well-mixed and samples taken at the edge
of the river are representative of bulk river water chemistry.
Temperature and pH were measuredin situ (Hanna HI 98160
pH meter). Water samples were collected in a bucket previously
rinsed with river water and �ltered on the day of collection
through 0.2 � m nylon �lters using a Nalgene �ltration unit
connected to a hand pump. Filtered samples were stored in pre-
cleaned HDPE bottles and acidi�ed to pH 2 with single-distilled
concentrated HNO3. Discharge was measured as described in
Bartholomew et al. (2011). In terms of the number of days, the
sampling campaign covered 24% of the 2009 melt-season and in
terms of water �ux it covered 45% of the total of that year.

The hydrology and chemistry of the Leverett River during the
2009 melt-season have previously been reported (Bartholomew
et al., 2011; Hindshaw et al., 2014; Rickli et al., 2017) and
the main results are summarized here. The hydrology was
typical for a glacierized catchment with strong seasonal variation.
Before June discharge was< 6 m3/s and rapidly increased to
a maximum of 317 m3/s on 16 July before decreasing again
(Bartholomew et al., 2011). The sampling season was divided into
three periods based on changes in hydrochemistry (Hindshaw
et al., 2014). Immediately prior to the sampling period there
was a spike in discharge linked to the sudden drainage of
supraglacial lakes (Figure 2, Bartholomew et al., 2011). This
pulse of water coincided with high pH, suspended sediment

and ion concentrations. The �rst period (P1) was de�ned as
the period from the start of measurements to the end of the
marked decrease in element (Figure 2) and suspended sediment
concentrations. The second period (P2) was characterized by
increasing discharge and decreasing87Sr/86Sr values. During this
period the subglacial drainage system was expanding. The third
period (P3) was characterized by decreasing discharge with a
diurnal cycle. During P2 and P3 element concentrations were
relatively stable (Figure 2). High radiogenic Sr and Ca isotope
ratios at the start of the sampling period were interpreted to
re�ect �ushed out water stored over winter with ions derived
from chlorite and feldspar weathering. As the melt-season
progressed and the subglacial drainage system expanded, the
relative contribution of unradiogenic trace minerals such as
epidote was inferred to increase as water-rock residence time
decreased, resulting in the observed decrease in radiogenic Sr and
Ca isotope ratios (Hindshaw et al., 2014). For this study a subset
of ten samples were selected for isotope analyses covering all
three hydrological periods (Figure 2). Samples were selected to
coincide with those already measured for Ca and Sr isotopes. We
focussed in particular on P2 where the subglacial drainage system
expands and where a decrease in87Sr/86Sr from 0.745 to 0.741
was interpreted to represent a change in the relative contribution
of di�erent mineral weathering reactions to the dissolved load
(Hindshaw et al., 2014).

Wimpenny et al. (2010, 2011)collected their glacial samples
between 11 and 14 July 2006 but discharge data was not reported.
Discharge data from the Watson River at Kangerlussuaq shows
that during this period discharge was increasing and comparable
to the form of the hydrograph in 2009 for the same time period
(van As et al., 2017). Both years had similar total water �ux: 5.4�
2.9 km3 in 2006 and 4.9� 0.9 km3 in 2009, and peak �ux: 1,690
� 1,190 m3 s� 1 in 2006 and 1,430� 210 m3 s� 1 in 2009 (van
As et al., 2017). Therefore, these samples were likely collected
when discharge conditions resembled those of P2 and we can
assume that the hydrological conditions during the two studies
are comparable.

3.2. Rock, Sediment, and Mineral
Separates
Four rock samples representing the dominant rocks types on
the north side of Leverett Glacier (Southern Nagssugtoqidian
Orogen,Figure 1) were collected and described inHindshaw
et al. (2014)and Rickli et al. (2017). These rock samples were
two orthogneisses and two amphibolites and were located within
1 km of where the water samples were taken. In addition, two
bulk samples of river sediment were analyzed. These samples
were analyzed in this study for Mg and Li isotopes.

A sample of augen gneiss from the North Atlantic Craton
(Figure 1) collected 20 km southwest of Leverett (50.338066
W, 66.894928 N) by the Geological Survey of Denmark and
Greenland (GEUS) was analyzed inRickli et al. (2017)where this
sample was referred to as “Archaean granite.”Rickli et al. (2017)
concluded, based on Nd isotope data, that the contribution of
gneiss from the North Atlantic Craton to the dissolved load
of Leverett River was negligible and therefore this rock was
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FIGURE 2 | Time series. From top to bottom: Mg concentration,� 26Mg, Li
concentration, � 7Li and discharge. White circles are samples analyzed for this
study and black circles are time series data fromHindshaw et al. (2014). The
blue band marks the fourth outburst event of 2009 which coincided with the
drainage of a supraglacial lake (Bartholomew et al., 2011). The green lines
mark indicate divisions between three hydrological periods (P1, P2, and P3)
identi�ed by Hindshaw et al. (2014)based on changes in hydrochemistry. P1 is
in�uenced by the outburst event, P2 is the rising limb of the hydrograph, and
P3 the falling limb.

not analyzed for Li and Mg isotopes (see further discussion in
section 5.3).

Rock samples were washed, weathered surfaces removed with
a diamond saw and crushed using a jaw crusher. A portion of
each rock sample and all of the other solid samples were ground
to a �ne powder using a rotary disc mill with an agate grinding
set for further analysis. The remainder of the rock samples were
ground to< 1,000� m and mineral separates were obtained from
the < 425� m fraction using heavy liquids, magnetic separation
and hand-picking.

Two river sediments (Sed1 and Sed2,Table 1) were collected
from the riverbank, and can therefore be considered comparable
to the bedload samples reported inWimpenny et al. (2010, 2011).

Mineral abundances were obtained by point counting on
thin section (rock samples) and EPOXY mounts (sediments)
microphotographs combined with scanning electron microscope

(SEM) back-scattered images (Hitachi S-3500N microscope
equipped with Thermo Noran energy dispersive spectrometer at
the University of Bristol) and element maps.

The primary rock forming minerals in the orthogneiss
samples (Ro2 and Ro4) are K-feldspar (24–43 wt.%), plagioclase
(21–49 wt.%), and quartz (22–27 wt.%). These rocks also contain
chlorite (2–7 wt.%) and minor (< 3 wt.%) epidote, titanite,
zircon, hornblende, and apatite (Rickli et al., 2017). In both
orthogneisses, chlorite and epidote replaced biotite duringgreen
schist metamorphism. The garnet amphibolite rock sample Ro1
is primarily composed of hornblende (71 wt.%), plagioclase (11
wt.%), and quartz (8 wt.%) together with lesser amounts of
garnet (5 wt.%), titanite (3 wt.%), and magnetite (2 wt.%) (Rickli
et al., 2017). Amphibolite Ro3 contains hornblende (47 wt.%),
clinopyroxene (24 wt.%), plagioclase (15 wt.%), and scapolite (10
wt.%) and trace minerals are epidote (3 wt.%) and titanite (< 1
wt.%) (Rickli et al., 2017). Although the alteration of plagioclase
to Ca-rich carbonate was observed in the orthogneiss samples
(Ro2 and Ro4,Hindshaw et al., 2014) through saussuritization,
the presence of Mg-bearing carbonate minerals was not detected
in SEM chemical maps of the Leverett catchment rocks and
sediments. For this study minerals with high Mg concentration
were selected for analysis: garnet, hornblende, clinopyroxene,
and chlorite.

The mineralogy of sediment samples re�ected a mixture of
gneiss and amphibolite and contained plagioclase (39–44%),
quartz (33–37%), K-feldspar (7–16%), hornblende (7–11%),
garnet (2–4%), clinopyroxene (< 3%), and minor (< 2%) apatite,
biotite, chlorite, epidote, ilmenite, orthopyroxene, magnetite,
titanite, and zircon (Rickli et al., 2017).

Approximately 0.2 g of each rock powder or sediment sample
and 0.02 g of each mineral were digested in a mixture of
concentrated, single-distilled HNO3, HCl, and HF. The solution
was repeatedly dried down and redissolved until clear and was
�nally redissolved in 2% HNO3 for cation analysis.

3.3. Concentration Analysis
Magnesium concentrations in water, rock, and mineral separate
samples were measured by inductively-coupled plasma optical
emission spectrometry (ICP-OES, Vista-MPX, Varian Inc., USA
at ETH Zurich) as described and reported inHindshaw et al.
(2014). The Mg concentration of the water standard SLRS-4
(National Research Council Canada) was 1,686� 40 � g L� 1

(2SD,n D 7) compared to a recommended value of 1,600� g
L� 1 (Yeghicheyan et al., 2007). Magnesium concentrations of
minerals in rocks were additionally determined using a Cameca
SX100 electron microprobe analyser (EMPA) at University of
Bristol and a JEOL JXA-8200 EPMA at ETH Zurich, with a 15
kV accelerating voltage and a beam current of 20 nA. Natural
and synthetic silicates and oxides were used as standards and
the error on concentration measurements was typically less
than 2%. Lithium concentrations were measured by ICP-OES.
The Li concentration of the water standard SLRS-4 (National
Research Council Canada) was 0.56� 0.03 � g L� 1 (2SD,
n D 6) compared to a recommended value of 0.54� g L� 1

(Yeghicheyan et al., 2007).
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TABLE 1 | Magnesium and lithium concentrations and isotope ratios ofrocks, mineral separates, and river sediment samples.

Name Abundance Mg a Mg b Fraction c � 25Mg 2SD � 26Mg 2SD Li Fraction d � 7Li 2SD

wt.% g/kg g/kg Mg h h mg/kg Li h

Ro1 - Garnet Amphibolite 48.5 –0.10 0.05 –0.20 0.06 5.2 6.8 0.7

Garnet 5 11.2 10.9 0.02 –0.84 0.04 –1.63 0.06 5.3 0.01 6.6 1.3

Hornblende 71 41.9 46.2 0.98 –0.08 0.10 –0.16 0.11 46.4 0.96 6.9 0.4

Ro3 - Amphibolite 47.0 0.04 0.08 0.09 0.13 9.19 8.3 0.1

Clinopyroxene 24 70.0 70.3 0.37 –0.07 0.03 –0.14 0.11 44.3 0.43 6.5 0.3

Hornblende 47 62.4 59.1 0.63 0.03 0.04 0.06 0.08 26.4 0.50 12.1 0.2

Ro2 - Orthogneiss 6.5 –0.04 0.06 –0.08 0.09 5.4 6.3 0.9

Chlorite 2 76.3 72.7 0.86 –0.11 0.05 –0.21 0.11 59.2 0.36 3.4 0.2

K-feldspar 24 0.9 0.0 0.11 n.m. n.m. n.m. n.m. 10.0 0.64 n.m. n.m.

Plagioclase 49 0.1 0.3 0.03 n.m. n.m. n.m. n.m. 0.0 0.00 n.m. n.m.

Ro4 - Orthogneiss 10.8 –0.09 0.02 –0.20 0.02 6.3 5.0 0.8

Chlorite 7 32.5 82.7 0.96 –0.15 0.02 –0.29 0.05 117.9 0.66 3.2 2.0

Hornblende < 1 38.1 n.m. 0.00 –0.15 0.05 –0.28 0.08 n.m. 0.00 n.m. n.m.

Epidote 3 1.5 0.6 0.02 n.m. n.m. n.m. n.m. 12 0.03 n.m. n.m.

Feldspare 64 0.1 0.1 0.03 n.m. n.m. n.m. n.m. 6 0.31 n.m. n.m.

FeldsparCEpidotef 67 0.7 0.04 6.4 0.34 8.5 2.1

Other solid samples

Sed1 20.9 –0.18 0.14 –0.33 0.16 n.m. 4.9 0.4

Sed2 12.4 –0.26 0.07 –0.48 0.15 81.2 n.m. n.m.

Rock samples are all from the Southern Nagssugtoqidian Orogen (Figure 1 ). Mineral abundances and Mg concentrations are fromHindshaw et al. (2014).
n.m., not measured.
aMeasured by ICP-OES.
bMeasured by microprobe.
cCalculated using ICP-OES concentrations.
dPlagioclase and epidote account for the rest of the Li fraction in Ro1 and Ro3.
eFeldsparD Plagioclase and K-feldspar.
f Values in italics are calculated by mass balance using the fraction and concentrations of Mg and Li reported for the respective minerals.

3.4. Isotope Analysis
An aliquot of each sample, corresponding to� 15 ng Li was
dried down in a te�on beaker. The solid residue was re-dissolved
in concentrated HNO3, dried down again and re-dissolved in
0.4 M HCl for column chemistry. The �rst column contained
1 mL Bio-Rad AG 50W-X12 200-400 mesh resin. In the �rst
column the sample was eluted in 0.4 M HCl and the �rst 15 of
50 mL containing Li and Na were collected. The Mg cut was then
collected in 15 mL 1 M HCl. For rocks and mineral samples, a
0.5 M HF step was inserted prior to the 0.4 M HCl elution step in
order to elute Al, Ti, and Zr (Tipper et al., 2008). The Mg cut from
the �rst column pass was passed through the column a second
time and Mg was collected in a small volume of 6 M HCl in order
to minimize procedural blanks (Tipper et al., 2008). Lithium was
puri�ed from the Li-Na cut using a column containing 3 mL Bio-
Rad AG 50W-X12 200–400 mesh resin, eluting with 0.2 M HCl
(James and Palmer, 2000; Hindshaw et al., 2018). Standards were
processed in an identical manner to samples.

Both isotope systems were measured on a Neptune Plus MC-
ICP-MS (Thermo, University of Cambridge) using an APEX
sample introduction system. Magnesium isotopes were run at 100
ppb and Li at 5 ppb. Magnesium and Li were standard-sample
bracketed to DSM3 and L-SVEC (NIST RM 8545), respectively.
For each isotope system mono-elemental secondary standards

were analyzed:6Li-N and 7Li-N for Li, and “Cambridge1” and
“Zurich1” for Mg. The values obtained for these standards
are reported inTable 2 and are in agreement with previously
reported values (Tipper et al., 2006, 2012b; Carignan et al.,
2007; Millot et al., 2010; Wimpenny et al., 2014). Seawater
(OSIL IAPSO batch P157) was processed identically to the water
samples and gave values of� 26Mg D –0.81� 0.11 (2SD,n D 5)
and� 7Li D C31.4� 0.4 (2SD,n D 3), in agreement with both our
long-term values for this standard (� 26Mg D –0.80� 0.11, 2SD,
n D 25;� 7Li D C30.8� 1.1, 2SD,n D 45) and literature values
(� 26Mg D –0.83h , Teng et al., 2015; � 7Li D C30.8h , Rosner
et al., 2007). The synthetic water standard CCS2 (Tipper et al.,
2008) and USGS granite G-2 were measured for Mg isotopes
giving values of� 2.70� 0.14 (2SD,n D 13) and� 0.05� 0.13
(2SD, n D 5) compared to the respective literature values of
� 2.71� 0.07h (Tipper et al., 2008) and � 0.15� 0.07h (Teng
et al., 2015). Lithium isotope measurements of USGS granite
G-2 wereC0.9 � 1.0h (2SD,n D 6) compared to literature
values ofC0.1� 1.8h (Barnes et al., 2012), C0.1� 0.8h (Phan
et al., 2016), and C0.3 � 1.9h (Liu X.-M. et al., 2010). The
long-term 2SD values from measurements of seawater standards
(� 7Li D � 1.1h , � 26Mg D � 0.11h ) are used as a measure of the
overall uncertainty of the analytical procedure and is indicated
on all �gures.
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TABLE 2 | Major cation (Hindshaw et al., 2014) and isotopic composition of Leverett River water samples in 2009.

Sample Local Runoff pH Ca Mg Na K Li � 7Li 2SD � 25Mg 2SD � 26Mg 2SD

name time (m/s) � mol/L � mol/L � mol/L � mol/L nmol/L h h h

0705a.m. 09:10 108 9.32 67.7 22.9 110.1 58.4 192.5 19.4 0.9 –0.07 0.04 -0.15 0.09

0708a.m. 08:25 130 8.48 34.0 8.7 48.4 32.1 98.4 17.8 0.2 –0.12 0.07 –0.24 0.12

0708p.m. 17:45 145 8.02 26.6 7.1 35.9 25.2 78.1 18.2 0.2 –0.18 0.04 –0.34 0.07

0710p.m. 17:00 175 7.68 30.0 7.7 38.9 39.4 87.4 18.1 0.4 –0.12 0.04 –0.23 0.09

0711p.m. 17:15 191 8.28 28.6 7.3 36.4 25.3 83.0 19.4 0.1 –0.19 0.02 –0.38 0.06

0713p.m. 18:20 249 8.07 28.4 8.4 32.9 27.3 78.3 20.6 0.3 –0.14 0.00 –0.28 0.06

0715a.m. 08:00 274 8.25 38.8 9.4 39.4 28.4 109.7 17.9 0.3 –0.19 0.13 –0.35 0.16

0715p.m. 17:35 299 7.96 29.2 7.5 33.3 22.0 87.3 19.2 0.4 –0.18 0.10 –0.35 0.15

0724p.m. 17:50 235 7.88 33.5 8.7 36.7 23.9 77.9 21.5 0.3 –0.18 0.01 –0.35 0.02

0801a.m. 08:00 172 7.88 20.8 6.0 35.0 21.5 19.8 0.1 –0.14 0.01 –0.28 0.00

Mono-elemental standards
6Li-N (n D 59) –8.1 0.9
7Li-N (n D 50) 30.2 0.9

Cambridge1 (n D 29) –1.35 0.06 –2.61 0.12

Zurich1 (n D 21) –1.73 0.10 –3.35 0.20

4. RESULTS

4.1. Rock and Mineral Separates
The range in isotope values of the four bulk rock samples is
� 26Mg D –0.20 toC0.09h and� 7Li D C5.0 toC8.3h (Table 1).
The isotopic compositions of the amphibolite samples (Ro1 and
Ro3) overlap with those of the orthogneiss samples (Ro2 and
Ro4) for � 7Li and � 26Mg. For Li, the range in bulk rock� 7Li
values agrees with the range measured byWimpenny et al. (2010)
for rocks from the Southern Nagssugtoqidian Orogen in the
Kangerlussuaq region (C5.8 toC10.4h , Figure 1, 3).

The river sediment sample Sed1 has a� 7Li value ofC4.9h
(Table 1) which is at the lower end of the range measured in
bulk rock samples from this study and bedload samples (C4.8
to C6.9h ) measured byWimpenny et al. (2010)(Figure 3).
For Mg, the� 26Mg values of the river sediment samples (–0.33
and –0.48h , Table 1) are in the same range as bedload samples
reported inWimpenny et al. (2011)(–0.43 to –0.53h ), but are
lower than the rock samples from this study (Figure 3). Based
on the major element composition and plagioclase chemistry
of the river sediment samples, it was determined that of
the two observed orthogneiss varieties (pink and gray), gray
orthogneisses like Ro4 have a dominant contribution to the
sediment load (Hindshaw et al., 2014). This conclusion is
supported by the fact that for both Li and Mg, rock Ro4 is
closest in isotope composition to the river sediment (Figure 3).
The lower� 26Mg value of the river sediment samples compared
to Ro4 is likely due to the contribution of garnet (2–4%,Rickli
et al., 2017) which is not present in Ro4 and is derived from the
amphibolite rocks.

The measured Mg concentrations in the minerals obtained
by ICP-OES agree well with the analysis of those same minerals
by microprobe (Table 1). Two exceptions are K-feldspar in Ro2,
where the Mg concentration obtained by ICP-OES is over ten
times greater than the microprobe measurement and chlorite
in Ro4, where the Mg concentration obtained by ICP-OES is

half the microprobe measurement. We note that the isotope and
concentration values reported by ICP-OES are unlikely to re�ect
the pure mineral phase as they will also include a contribution
from inclusions and/or trace amounts of other minerals not
removed during hand-picking. Both discrepancies are likely
caused by the alteration of K-feldspar to chlorite (Garrels and
Howard, 1957) making it di�cult to separate these minerals
during hand-picking. Based on a mass balance calculation, nearly
all the Mg and Li in Ro1 is contained in hornblende (> 96%)
whereas in Ro3 both clinopyroxene and hornblende host these
elements (Table 1). In the orthogneiss samples the largest fraction
of Mg and Li in Ro4 is in chlorite (96 and 66%, respectively) and
chlorite is also the primary host of Mg in Ro2 (86%). Lithium in
Ro2 is mainly contained in K-feldspar (including any potential
inclusions) (64%,Table 1) and the remaining Li is in chlorite
(36%,Table 1).

The mineral separates display a large range in� 26Mg
from –1.63h in garnet (Ro1) to C0.06h in hornblende
(Ro3, Table 1). The range in � 26Mg is comparable to that
found within mineral separates from a granodiorite from
Boulder Creek, USA (1.53h , Ryu et al., 2011). Taking
all the mineral separates together, hornblende has higher
� 26Mg values compared to chlorite (Figure 3), consistent with
mineral separate data reported byRyu et al. (2011)but
in contrast to Chapela Lara et al. (2017)who observed
that chlorite had higher� 26Mg values than both pyroxene
(by � 0.2h ) and amphibole (by� 0.5h ), though they note
that the amphiboles were heavily altered. Garnet had lower
� 26Mg values compared to clinopyroxene (Figure 3), consistent
with previous studies (Wang et al., 2012, 2014; Hu et al.,
2016; Li et al., 2016). A large inter-mineral range is also
observed in � 7Li values from C3.2h in chlorite (Ro4) to
C12.1h in hornblende (Ro3,Table 1). As for Mg isotopes,
hornblende mineral separates have higher� 7Li values compared
to chlorite mineral separates (Figure 3), in agreement with
Marks et al. (2007).
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FIGURE 3 | Range of magnesium(A) and lithium(B) isotope values measured in the rocks, mineral separates, and river water of the Leverett Glacier catchment.
Mineral abbreviations are: Grt, garnet; Hbl, hornblende; Chl, chlorite; Cpx, clinopyroxene. The fraction of the element contained in each mineral (Table 1 ) is indicated
by the size of the square. Also shown are data fromWimpenny et al. (2010, 2011)which were collected in the same region, but not the same outlet glacier (Figure 1 ).
The vertical dotted lines depict the normal mantle value forMg (–0.25h , Teng et al., 2010) and the upper mantle value for Li (C4h , Teng et al., 2004). The dash-dot
lines indicate average upper continental crust values for Mg (–0.22h , Li et al., 2010) and Li (C0.6h , Sauzéat et al., 2015).

4.2. Hydrochemistry
Similar to Ca and Sr concentrations, Mg and Li concentrations
are highest at the start of the sampling period (Mg 0.6 mg/L
and Li 1.3� g/L) and rapidly decrease over a period of 4 days
(Figure 2, Hindshaw et al., 2014). After the initial decrease,
concentrations are stable (Mg� 0.2 mg/L and Li� 0.6 � g/L)
with a diurnal cycle (Table 2). The stable isotope values of the
water samples range from� 26Mg D –0.15 to –0.38h and � 7Li
D C17.8 toC21.5h and no obvious temporal trend is observed
in either Li or Mg isotope values despite the aforementioned
changes in concentrations and subglacial drainage conditions
(Figure 2, Table 2). Despite the proximity of Leverett Glacier
to the sampling locations inWimpenny et al. (2010, 2011)
(Figure 1), the Li and Mg isotope values for the water samples
in this study are distinct, having lower� 7Li and higher� 26Mg
values (Figure 3).

5. DISCUSSION

5.1. Inter-mineral Isotope Variation
The range in� 26Mg and � 7Li between all the mineral separates
measured in the four rock samples is 1.69 and 8.8h respectively.
Inter-mineral variations in isotope values have been attributed to
equilibrium fractionation (Schauble, 2004, 2011; Wunder et al.,
2007; Liu et al., 2018). Coordination number is the �rst order
control: heavy isotopes are preferentially incorporated intosites
with a low coordination number (CN) (Oi et al., 1989). Excluding
garnet (see later), there is a statistically signi�cant correlation

between the� 26Mg and� 7Li values of the measured minerals and
bulk rock samples (R2 D 0.67,p < 0.01,Figure 4). This trend
is consistent with the similar chemical radii of the two elements
such that Li can readily substitute for Mg and both elements will
therefore likely experience similar bonding environments in a
given mineral.

Based on equilibrium fractionation models at a range of
temperatures relevant to weathering and igneous processes (273–
2,000 K), the� 26Mg and � 7Li values of garnet (CND 8) are
predicted to be lower (Schauble, 2011; Huang et al., 2013)
compared to hornblende (CND 6/5, Wunder et al., 2007) and
for Mg isotopes this is what we observe (Figure 3). In contrast,
the � 7Li value of garnet is not markedly lower than the other
minerals as would be predicted if Li was in the dodecahedral site
(e.g.,Yang et al., 2009). Studies of lithium-rich synthetic garnets
have demonstrated that Li can be contained in sites with CNs of
4 and 6 (Mazza, 1988; O'Callaghan et al., 2008; Cussen, 2010;
Rettenwander et al., 2016). If this were true for natural garnets
then the Li CN may be less than 8 accounting for the� 7Li value
that is indistinguishable from the hornblende separate in the
same rock (Ro1,Figure 4). The low� 26Mg value of garnet, 1.34h
lower than the� 26Mg values for the other minerals (Figure 3),
is consistent with data from clinopyroxene-garnet pairs where
garnet always has lower� 26Mg values compared to clinopyroxene
(Huang et al., 2013; Stracke et al., 2018). The magnitude of
the di�erence increases as metamorphism temperature decreases
(Huang et al., 2013; Stracke et al., 2018). Therefore, the relatively
large di�erence between garnet and clinopyroxene observed in
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FIGURE 4 | Excluding garnet, where Li and Mg may be held in sites with
different coordination numbers, a positive relationship is observed between the
� 26Mg and � 7Li values of the rocks (diamonds) and mineral separates
(squares). Mineral abbreviations are: Grt, garnet; Hbl, hornblende; Chl, chlorite;
Cpx, clinopyroxene.

this study is consistent with the relatively low temperatures of
amphibolite facies metamorphism experienced by rocks of the
Southern Nagssugtoqidian Orogen (Henriksen et al., 2000).

5.2. Assessment of External Inputs to the
Dissolved Load
As the river emanates directly from the mouth of the glacier
we consider vegetation (which in the wider �eld setting is
sparse) to have negligible impact on biogeochemical processes
at this �eld site and no vegetation samples were analyzed. In
addition to water derived from subglacial weathering reactions,
solutes could be derived from sur�cial inputs such as dust
deposition and meteorological precipitation. It neither rained nor
snowed during the duration of the sampling campaign. However,
information on atmospheric deposition could be gained from
supraglacial streams which are assumed to be the water source
most likely to be in�uenced by atmospheric deposition (melting
snow/ice and dust). Five supraglacial streams were sampled in
Hindshaw et al. (2014)and were combined for analysis. The Mg
concentration was< 0.05 � mol L� 1 and the Li concentration
was below the detection limit. The low concentration of Li and
Mg in supraglacial streams implies that precipitation and dust
are unlikely to a�ect subglacial river concentrations and isotope
ratios. The e�ect of meteorological precipitation on Mg and Li
isotope ratios can further be assessed by assuming that all Cl
in the river is derived from seawater and correcting the isotope
ratios according to the following equation:

� X� D
� Xr � Xr � ((X=Cl)sw � Clr) � � Xsw

Xr � (X=Cl)sw � Clr
(1)

where subscriptsr and sw stand for “river” and “seawater,”
respectively and X is either Mg or Li. The corrected ratios
are within experimental uncertainty of the uncorrected
ratios (< 0.04h and < 0.05h di�erence for � 26Mg and
� 7Li , respectively). The negligible impact of meteorological
precipitation is in agreement with Ca and Sr isotope data for this
region (Hindshaw et al., 2014; Andrews and Jacobson, 2018). We
therefore assume that the dominant solute source to the river
is subglacial weathering reactions and as a result data was not
corrected for additional precipitation inputs, consistent with
Wimpenny et al. (2010, 2011).

5.3. Mineral Source Control on River Water
Isotope Ratios
The Mg and Li stable isotope ratios of the dissolved load
can re�ect mixing between distinct solute sources and/or
fractionation processes. We will examine each of these in turn.

Mixing between Mg derived from isotopically distinct silicate
mineral sources has been observed in a variety of catchments
(Chapela Lara et al., 2017; Kimmig et al., 2018). For Mg,
the � 26Mg isotope ratios of the Leverett River water samples
are intermediate between the garnet (–1.63h ) and hornblende
(C0.06h ). The � 26Mg values measured in the river could
therefore re�ect mixing between di�erent mineral sources.
Previous work utilizing Ca and Sr isotope ratios concluded that
for these elements, the primary mineral sources contributing to
the dissolved load were minerals from orthogneiss Ro4: feldspar,
chlorite, and epidote (Hindshaw et al., 2014). In addition, the
weathering of garnet, titanite, hornblende, and apatite from Ro4
and other rocks was invoked to explain the radiogenic Hf and Nd
isotope compositions in river water (Rickli et al., 2017).

In orthogneiss Ro4, Mg is primarily hosted in chlorite and
the � 26Mg value of this mineral separate (–0.29h ) is identical
within error of the average river water (–0.30� 0.14h , 2SD).
However, the weathering of chlorite only is inconsistent with
the 87Sr/86Sr river water data which indicate mixing with
unradiogenic feldspar and epidote (Hindshaw et al., 2014). We
have not measured the� 26Mg values of feldspar and epidote
from Ro4. We can estimate the� 26Mg value of a combined
feldspar-epidote fraction based on mass balance, but since the
bulk rock � 26Mg value (–0.20� 0.11h ) is within analytical
uncertainty of the chlorite separate (–0.29� 0.11h , Table 1),
this calculation is poorly constrained. However, based on the
observation that inter-mineral variation between mineralsis
minor when Mg is octahedrally coordinated (� 0.06h , Liu S.-
A. et al., 2010), we infer that the Mg isotope composition of a
combined epidote-feldspar fraction is close to that of chlorite
and we assume the bulk rock value of –0.20h for this fraction.
A mixing line in � 26Mg vs.87Sr/86Sr space between chlorite and
“feldspar-epidote” passes through the river water sample points
(Figure 5). Therefore, similar to radiogenic Sr and Ca (Hindshaw
et al., 2014), the dissolved� 26Mg values would be consistent
with the dissolution of this group of minerals. However, we
emphasize that the fraction of Mg hosted in plagioclase and
epidote is low (4%,Table 1), and therefore these two minerals
are expected to have a minor contribution to dissolved Mg.
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FIGURE 5 | � 26Mg vs. 87Sr/86Sr. Previous work demonstrated the dominance
of orthogneiss Ro4, in particular chlorite, feldspar, and epidote, to the
dissolved and sediment load of the Leverett River (Hindshaw et al., 2014;
Rickli et al., 2017). The mixing line between chlorite and feldspar/epidote in
Ro4 is shown. The point where this line has the same87Sr/86Sr value as the
average of the river water samples (0.742435,Hindshaw et al., 2014) is
de�ned as “Ro4-Leverett.” The garnet end-member is de�ned inTable 1 . Two
carbonate end-members are de�ned based on acetic acid leaches of a felsic
(carbF) and a ma�c (carbM) rock from Akuliarusiarsuup Kuua River (AKR)
(Andrews and Jacobson, 2018) and a� 26Mg carbonate value of
–3.2h (Wimpenny et al., 2011). Mixing lines between Ro4-Leverett and
carbonate (dashed lines) and Ro4-Leverett and garnet (solid line) are shown
and assume congruent dissolution of each end-member. The numbers
indicate the mass fraction of the garnet or carbonate end-member. Mineral
abbreviations: Hbl, Hornblende; Chl, Chlorite; Cpx, Clinopyroxene; Grt,
Garnet; Feld/Ep, K-feldspar, plagioclase, epidote mixture.

Further contributions from hornblende to the Mg budget in
the river are likely based on the high fraction of Mg hosted
in this mineral in the amphibolite rock samples (Table 1), high
abundances of hornblende in catchment sediments (up to 9.5
vol.%, Rickli et al., 2017) and dissolved riverine Hf and Nd
isotope compositions (Rickli et al., 2017). A contribution from
hornblende would also be consistent with dissolved� 26Mg and
87Sr/86Sr values since the range of� 26Mg and 87Sr/86Sr values
measured in hornblende separates encompasses those measured
in the dissolved load (Figure 5).

Minerals derived from augen gneiss (Figure 1) could also
contribute to dissolved Mg and Li in the Leverett River. Mg- and
Li-rich minerals in the augen gneiss sample analyzed byRickli
et al. (2017)are biotite and hornblende (both 3 wt.%). Biotite
was inferred to contribute to the dissolved load chemistry of
the Russell Glacier river (Andrews and Jacobson, 2018; Auqué
et al., 2019) and is found in river sediments from the Leverett
catchment (< 1.4 wt.%,Rickli et al., 2017). Mineral separates
of the augen gneiss were not obtained and given the spread of
� 7Li and � 26Mg in minerals from di�erent rock samples is quite

large (Figure 4), it is di�cult to predict what the � 7Li and� 26Mg
values of the Mg- and Li- rich augen gneiss minerals would be.
Therefore, an accurate assessment of their contribution tothe
dissolved Mg and Li load in Leverett must await further data. We
note though thatAndrews and Jacobson (2018)concluded, based
on 87Sr/86Sr and major element data, that the waters draining
Point 660 catchment [whereAuqué et al. (2019)collected their
samples] drained a distinctly di�erent lithology to Leverett, with
a greater proportion of K-feldspar and/or biotite weathering
compared to plagioclase weathering. Therefore, the contribution
of biotite weathering to the dissolved load of Leverett Riveris
expected to be lower compared to Russell.

The� 26Mg values of river water samples previously measured
in this region (Figure 1) were also explained as arising from a
mixture of di�erent mineral sources (Wimpenny et al., 2011).
In the following discussion this sample set will be referred to
as “Wimpenny's samples.” In their study the authors suggested
that low � 26Mg values were arising from the presence of �nely
disseminated secondary carbonate in the catchment rocks. The
presence of carbonate was not directly con�rmed but was
supported by elevated Ca/Na (up to 3.9 mol/mol) and Ca/Mg (up
to 3.5 mol/mol) ratios in those water samples compared to a pure
silicate end-member (Ca/NaD 0.5; Ca/MgD 1.3, Wimpenny
et al., 2011). Further, calcite has recently been detected in a
glacier borehole sample from the AKR catchment (Figure 1,
Harper et al., 2016) and the presence of disseminated calcite was
inferred from element ratios of the �ne fraction of till samples
from north of Russell Glacier (Auqué et al., 2019). The estimated
contribution of carbonate weathering to dissolved Mg was 2–7%
(Wimpenny et al., 2011) and this estimate is consistent with other
studies conducted in this region (Graly et al., 2014; Yde et al.,
2014; Andrews and Jacobson, 2018).

We observe that the� 26Mg values of Leverett River are
� 0.82h higher compared to Wimpenny's samples. This o�set
could be due to a di�erence in the contribution of carbonate
weathering to dissolved Mg. In the Leverett River samples the
molar Ca/Na ratios in river water (0.59 to 0.98,Table 2) are
lower than those reported byWimpenny et al. (2011)(1.07–
3.88). This together with the lack of Mg-carbonate phases
detected in the Leverett catchment rock and sediment samples
could suggest that the contribution of carbonate weathering is
lower in Leverett compared to the surrounding region. Since
carbonate has low� 26Mg values (–5.57 to –0.38h , Teng, 2017)
compared to the silicate rocks in this study (–0.20 toC0.09h ,
Table 1), a smaller carbonate contribution in Leverett compared
to Wimpenny's samples would result in higher dissolved� 26Mg
values, as observed.

In addition to carbonate, garnet also has lower� 26Mg values
compared to bulk silicate rocks and all the water samples
(Figure 3, Table 1). The weathering rate of garnet (almandine) is
predicted to be about two orders of magnitude faster than epidote
and chlorite at the pH of the river waters (Palandri and Kharaka,
2004,and references therein) and therefore it is plausible that the
dissolution of this mineral could impact on the dissolved loadMg
isotopic composition. The higher Ca/Na ratios in Wimpenny's
samples could similarly be explained by increased weathering
from silicate minerals with high Ca/Na ratios, such as garnet
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(Ca/Na molar ratioD 300), which are more abundant in the
amphibolites compared to the orthogneisses (Table 1). Spatial
di�erences in the relative contribution of garnet weathering may
therefore also account for the di�erence in� 26Mg values between
the two datasets.

In order to test these two hypothesis (garnet and carbonate)
we utilize 87Sr/86Sr ratios to assess if mixing between the
proposed mineral sources �ts the87Sr/86Sr and� 26Mg isotope
data from the water samples (Figure 5). Wimpenny et al. (2011)
did not analyse their samples for87Sr/86Sr ratios, however
data from similar sample sites along the AKR are available for
2014 and 2015 (Andrews and Jacobson, 2018). Compared to
2009, annual total and peak discharge were higher in 2014 and
lower in 2015 (van As et al., 2017). No statistically signi�cant
change in 87Sr/86Sr ratios was observed during either melt
season or between 2014 and 2015 at each site despite variations
in discharge. Therefore, for the three sites common to both
studies [GR1, GR2, GR8 inWimpenny et al. (2011)and E, B,
D in Andrews and Jacobson (2018)], we use the site-speci�c
average87Sr/86Sr value from 2014 and 2015. We assume that
dissolved87Sr/86Sr in Wimpenny's samples is controlled by the
same reactions as inferred for Leverett, where minerals from
orthogneiss Ro4 (chlorite, feldspar and epidote) appear to control
the dissolved load composition. This assumption is supported by
the overlapping range in87Sr/86Sr ratios of AKR (0.7395–0.7462,
sites E, B, D,Andrews and Jacobson, 2018) and Leverett water
samples (0.7406–0.7455,Figure 5, Hindshaw et al., 2014).

We de�ne one end-member (Ro4-Leverett) as the point
where the feldspar/epidote—chlorite mixing line is at the average
Leverett River87Sr/86Sr ratio (0.742435,Hindshaw et al., 2014).
We then assess the impact of mixing between Ro4-Leverett and
solute sources with low� 26Mg values: carbonate and garnet.
There are no direct measurements of carbonate from this region,
howeverAndrews and Jacobson (2018)performed an acetic acid
leach of two rock samples (R05F and R05M) from the AKR
catchment targeting carbonate. One sample was from a felsic
rock (carbF, [Mg] D141 mg/kg, [Sr]D 3.1 mg/kg,87Sr/86Sr
D 0.71558) and the other from a ma�c rock (carbM, [Mg]D
107 mg/kg, [Sr]D 0.7 mg/kg,87Sr/86Sr D 0.72240). No� 26Mg
values exist for these samples and we therefore apply the same
� 26Mg value (–3.2h ) that (Wimpenny et al., 2011) assumed for
carbonate. The mixing lines indicate that additional weathering
of either carbonate or garnet could account for the lower� 26Mg
values observed in Wimpenny's samples compared to Leverett
(Figure 5). For mixing between Ro4-Leverett and carbonate, the
dissolved� 26Mg values would require that carbonate weathering
dominates in the AKR catchment (� 95 wt.% of the weathering
substrate,Figure 5), which contradicts previous conclusions
(Wimpenny et al., 2011; Andrews and Jacobson, 2018). In terms
of garnet weathering,Rickli et al. (2017)estimated that, based
on Nd and Hf isotopes, the contribution of garnet in Leverett
was 2%. The� 26Mg values measured in Leverett correspond
to 0–6% garnet contribution, which is broadly consistent with
the proposed mixing model for Nd and Hd isotope data.
For Wimpenny's samples, the garnet mass fraction is� 0.55
(Figure 5). Compared to Leverett, suspended sediments in AKR,
QKR, and Watson River collected byWimpenny et al. (2010)

had higher Hf isotopic compositions ("Hf D –38.12 � 1.2,
1SD) compared to Leverett ("Hf D –45.2� 1.2, 1SD) which
was interpreted to re�ect a combination of more garnet and
less zircon in those suspended sediments (Rickli et al., 2017).
Assuming that the suspended sediments provide a measure of the
average lithology drained, the Hf isotope data would support the
hypothesis that the lower� 26Mg values in Wimpenny's samples
could, at least in part, be caused by increased garnet weathering.
However, the inferred di�erence in garnet abundance was
estimated to be< 1 wt.% and therefore unlikely to result in such
a large di�erence in garnet contribution to the dissolved load as
implied by the mixing proportions fromFigure 5.

In summary, we cannot conclusively identify the origin of
the o�set between� 26Mg values in Wimpenny's samples and
Leverett River. Both increased garnet and carbonate weathering
compared to Leverett may play a role, but neither on its own
is consistent with constraints from mineral abundances and
other geochemical data. However, there may be di�erences in
lithology between Leverett and the other catchments (Figure 1),
invalidating the assumption that the dissolution of orthogneiss
Ro4 is the primary solute source to the dissolved load in
Wimpenny's samples. Further data from bulk rock and mineral
separate samples from the area whereWimpenny et al. (2011)
collected their samples would be required to provide additional
constraints on plausible weathering sources.

5.4. Fractionation Control on River Water
Isotope Ratios
The � 7Li values of Leverett River water samples cannot be
reconciled with mixing between isotopically distinct mineral
end-members (Figure 6). A fractionation process must therefore
control river � 7Li values and could also impact on� 26Mg values.

The di�erence in the magnitude of fractionation
(1 7Liwater� sed) between the samples measured byWimpenny
et al. (2010)(� 20.4h ) and this study (� 14.3h ) could be due
to a di�erence in lithology or the relative amount of Li lost
from solution due to processes such as secondary mineral
formation and adsorption. In the �rst scenario, the1 7Liwater� sed
value would be constant but if the starting rock composition
for Wimpenny's samples had a higher� 7Li value compared
to Leverett then the� 7Li of the water samples would be
correspondingly higher. There is only a minor di�erence in the
� 7Li values of the amphibolite (C6.8 toC8.3h ) and orthogneiss
samples (C5.0 toC6.3h , Figure 3). Similarly the range in rock
� 7Li values from this study (C5.0 toC8.3h ) overlaps with the
range reported byWimpenny et al. (2010)(C5.8 to C10.4h ).
Theoretically, a hornblende with a high� 7Li value such as
that measured in Ro3 (C12.1h ) could dominate the dissolved
load of theWimpenny et al. (2010)samples, but that would be
inconsistent with the Mg, Ca, and Sr isotope data (Figure 5,
Hindshaw et al., 2014). As such it is unlikely that di�erences in
the Li isotopic composition of the source rocks and minerals can
account for the� 6h di�erence in the� 7Li values of the two sets
of river water samples.

It is therefore more likely that the degree of fractionation
between the two sample sets di�ers. Fractionation of Li isotopes
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FIGURE 6 | (A) Mixing between the minerals of Ro4 (feldspar, epidote, and
chlorite) cannot explain the� 7Li values of water. Hornblende, the mineral with
the highest � 7Li values, also cannot account for the water� 7Li values, even if it
dominated the dissolved Li budget. Therefore, although some variation may be
attributable to mineral source heterogeneity a fractionation process must also
be occurring. Mineral abbreviations: Hbl, Hornblende; Chl, Chlorite; Cpx,
Clinopyroxene; Grt, Garnet; Feld/Ep, K-feldspar, plagioclase, epidote mixture.
Note that a change in the relative proportion of garnet weathering will have a
negligible effect on� 7Li ratios. (B) The water samples measured in this study
have lower� 7Li and Mg/Li values compared toWimpenny et al. (2010). The
lower Mg/Li values would be consistent either with a lower relative loss of Li
compared to Mg or with a decreased contribution from garnet weathering
(Mg/Li garnetD 2.1, Figure 5B ). The solid line is the regression through
Leverett River samples.

is attributed to two main processes: adsorption and secondary
mineral formation (Huh et al., 2001; Pistiner and Henderson,
2003; Vigier et al., 2008). Both of these processes lead to an
enrichment of7Li in the �uid. In high latitude environments
adsorption rather than clay mineral formation likely controls
dissolved Li isotopic compositions (Millot et al., 2010; Wimpenny
et al., 2010). Evidence for the role of adsorption in glacierized
catchments comes from the low� 7Li values measured in a
leach targeting Fe-oxyhydroxide phases in sediments from West
Greenland (Wimpenny et al., 2010). Ilmenite (FeTiO3) and

magnetite (Fe3O4) are present in the Leverett River sediments
and Phreeqc calculations indicate that water samples from the
region are over-saturated in amorphous and crystalline iron
oxide phases (Wimpenny et al., 2010; Hindshaw et al., 2014).
Adsorption of metal cations (e.g., Li) onto these phases could
therefore occur, particularly as adsorption is favored at basic pH
due to a more negative surface charge compared to at neutral pH
(Stumm and Morgan, 1996). Although Wimpenny et al. (2010)
and Auqué et al. (2019)considered the formation of secondary
clay minerals unlikely, smectite has been detected in sediments
retrieved from glacier boreholes in this region (Graly et al., 2016).
Smectite may originate from overridden soils (Yde et al., 2014;
Carrivick et al., 2018) and adsorption onto the clay surface could
also induce isotope fractionation (Pistiner and Henderson, 2003;
Chan and Hein, 2007). Mineralogical and isotopic analysis of the
clay-sized fraction of river sediment would be required to assess
the role of clay minerals on dissolved� 26Mg and� 7Li.

The Mg/Li ratio is commonly used to assess the relative loss
of Li in water samples (Dellinger et al., 2015). The Mg/Li mass
ratios of theWimpenny et al. (2010)samples are higher (0.6)
compared to Leverett (0.3) potentially indicating increased loss
of Li (Figure 6B). However, the Mg/Li ratio is also dependent
on the relative proportion of garnet (Mg/LiD 2.1) weathering
in these samples. The di�erence in lithology inferred from
� 26Mg values (Figure 5) implies that a common initial ion
ratio cannot be assumed for all the water samples in this
region and that the Mg/Li ratio is not a reliable measure of
relative Li loss. Nevertheless, if we assume a single lithological
source in the Leverett catchment, higher Mg/Li ratios are
associated with higher� 7Li values (Figure 6B), consistent with
fractionation accompanying removal of Li from solution. We
therefore consider it likely that the trend observed between � 7Li
and Mg/Li in the Leverett samples (Figure 6B) arises due to
increased loss of Li. By extension, the higher� 7Li values observed
in the Wimpenny et al. (2010)samples are most likely due to
greater fractionation (greater proportion of Li lost) rather than
source di�erences.

If Li isotope fractionation in this region is caused by
adsorption, as proposed byWimpenny et al. (2010), then the
di�erence in mineralogy of suspended sediments may impact the
identity and availability of adsorption sites. Suspended sediments
measured byWimpenny et al. (2010)had Fe (3.68–5.07 wt.%) and
Li (21.5–35.4 mg/kg) concentrations higher than those measured
in Leverett (FeD 3.46–3.92 wt.%; LiD 4.9–8.3 mg/kg,n D
6). The lower Fe and Li concentrations in Leverett suspended
sediment may indicate fewer Fe oxides and a lower proportion
of Li adsorbed, resulting in reduced fractionation comparedto
Wimpenny's samples.

The inferred fractionation of Li as a result of adsorption could
imply that Mg isotopes are a�ected by the same process. Coupled
Mg and Li isotope behavior has been observed in the Mackenzie
River basin linked to secondary fractionation processes involving
clay minerals (Tipper et al., 2012a). However, the range of
dissolved� 26Mg values in Leverett (–0.38 to –0.15h ) overlaps
with those of the river sediments (–0.33 to –0.48,Table 1)
suggesting negligible process-related fractionation. Rather, the
Mg isotope data in Leverett can be adequately explained by
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mixing between di�erent mineral sources (Figure 5). Although
the Mg isotope data in Wimpenny's samples is not fully
compatible with mixing between mineral sources inferred for
Leverett (section 5.3) we consider it unlikely that fractionation
of Mg would occur in one catchment and not the other.

The samples collected downstream of the con�uence of rivers
draining Russell and Leverett glaciers would be expected to
represent a mixture of water draining those glaciers. Transects of
water samples from AKR show an increase in dissolved87Sr/86Sr
ratios downstream of the con�uence with Leverett River (average
increaseD 0.006678,Andrews and Jacobson, 2018). This increase
was attributed to the mixing of two end-members draining
areas with di�erent geology. We would therefore also expect
the � 7Li and � 26Mg values downstream of the con�uence (GR2
and GR8) to re�ect a mixture between Leverett (� 26Mg D –
0.29h , � 7Li D C19.2h ) and GR1 (� 26Mg D –1.04h , � 7Li D
C25.4h ) (Figure 1). Yet, this is not what is observed. Rather
the downstream� 26Mg and � 7Li values are within error of
GR1 (Wimpenny et al., 2010, 2011). We do not have a good
explanation for why the mixing signal for dissolved Li and Mg
isotope values is absent. One source of uncertainty is that we
are comparing water samples collected in di�erent years (2006
and 2009) and the subglacial drainage pathways may not be
identical from year to year (Lindbäck et al., 2015), potentially
resulting in inter-annual variations in the dominant lithology
being weathered for each glacier sub-catchment. For example,
one year could have a higher proportion of solutes derived
from ma�c dykes compared to another year. Simultaneous
measurements of water chemistry from both glaciers in the same
melt-season would be needed to test this hypothesis.

6. CONCLUSIONS

Lithium and magnesium stable isotope ratios measured in a
time series of water samples from Leverett Glacier display
no systematic temporal variation and are a�ected by di�erent
processes. The Li isotope values of water samples are higher than
bedrock, river sediment, and mineral separate measurements,
implying a fractionation processes. A previous study concluded
that dissolved lithium isotope values in this region were
controlled by adsorption onto iron oxyhydroxide minerals
(Wimpenny et al., 2010) and the same process is likely
occurring in this catchment. In contrast, the� 26Mg values of the
dissolved load are within error of bedrock and river sediment
measurements and would be consistent with the mixing of
Mg derived from minerals contained in orthogneiss (chlorite,
feldspar, and epidote), previously identi�ed by radiogenic Ca

and Sr measurements as being key sources to the dissolved
load (Hindshaw et al., 2014). In addition there are likely
contributions from garnet and hornblende. A previous study in
this region (Qinnguata Kuussua (QKR) and Akuliarusiarsuup
Kuua (AKR) rivers,Wimpenny et al., 2011), reported dissolved
� 26Mg values� 0.80h lower than those we measured in Leverett
and concluded that there was a carbonate (� 26Mg D –1 to –5h )
contribution to Mg in the dissolved load. However, garnet also
has low� 26Mg value (–1.63h ), and could also contribute to
dissolved Mg in these samples. Mixing calculations between a
“Leverett” end-member and either carbonate or garnet suggest
that whilst the weathering of both minerals could account for the
di�erence in � 26Mg values between the two data sets, the inferred
mixing proportions are incompatible with other geochemical
data. It is likely that the mineral data from Leverett does not
capture all mineral sources for the AQR and QKR catchments
due to small di�erences in lithology.

In the context of the carbon cycle it is crucial to determine
whether Mg (and Ca) derive from carbonate or silicate
weathering. This study highlights that certain silicate minerals
can have � 26Mg values in the same range as carbonate
minerals, emphasizing that source rock mineral characterization
is an essential step in the interpretation of dissolved stable
isotope ratios.
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