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Magnesium and lithium stable isotope ratios Mg and ’Li) have shown promise
as tools to elucidate biogeochemical processes both at catbment scales and in
deciphering global climate processes. Nevertheless, theantrols on riverine Mg and Li
isotope ratios are often dif cult to determine as a myriad ofactors can cause fractionation
from bulk rock values such as secondary mineral formation ahpreferential weathering of
isotopically distinct mineral phases. Quantifying the rafive contribution from carbonate
and silicate minerals to the dissolved load of glacierizedatchments is particularly crucial
for determining the role of chemical weathering in modulatg the carbon cycle over
glacial-interglacial periods. In this study we report Mg ah Li isotope data for water,
river sediment, rock, and mineral separates from the LeveteGlacier catchment, West
Greenland. We assess whether the silicate mineral contriltions to the dissolved load,
previously determined using radiogenic Sr, Ca, Nd, and Hf idopes, are consistent
with dissolved Mg and Li isotope data, or whether a carbonatecontribution is required
as inferred previously for this region. For’Li, the average dissolved river water value
(C19.2 2.5h , 2SD) was higher than bedrock, river sediment, and mineral Li 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 wiih 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 pkgously identi ed from
radiogenic isotope measurements as controlling the dissekd load chemistry. Glacier
fed rivers previously measured in this region had?®Mg values 0.80h lower than
those measured in the Leverett River which could be caused bw larger contribution
from garnet ( 1.63h ) dissolution compared to Leverett. This study highlightshiat
dissolved Mg and Li isotope ratios in the Leverett River ardf@cted by different processes
(mixing and fractionation), and that since variations inlsiate mineral 26Mg values exist,
preferential weathering of individual silicate mineral$weuld be considered in addition to
carbonate when interpreting dissolved 2°Mg values.
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1. INTRODUCTION cycle through the formation of magnesium carbonatBsrier

et al., 198p Carbonate 25Mg values ( 6 to Ch ) tend to be
Chemical weathering in glacierized regions results in watth  |ower than silicate rocks (1 to C2h ) potentially enabling the
a chemical composition distinct to that originating from nen partitioning of carbonate and silicate weatherirfe(ig, 201).
glacierized regions (e.g:ranter, 200} Glacial erosion produces However, Mg isotopes are also fractionated during secondary
ne grained sediments that, combined with high dischargecjay formation and biological processé®(nascak et al., 20).6
conditions during the melt season, leads to the preferentiglithium is a trace element predominantly hosted in silicateks
weathering of mineral phases such as calcite, sul de, aniitdjio (Huh et al., 199Band as a consequence, Li isotopes have the
resulting in elevated Ca and K concentratiorsi(lerson et al., potential to be a tracer of silicate weathering (eMdisra and
1997; Blum and Erel, 1997; Tranter et al., 20@lacial runo  Froelich, 201). In natural systems secondary mineral formation
can contain elevated concentrations of key nutrients swdam  and/or adsorption onto particles imparts a large (ofterith )
(Raiswell et al., 2006; Bhatia et al., 2013; Hawkings €10dK),2  fractionation and biological processes have minimal impact
phosphorus Klawkings et al., 20)6and silica {eire etal., 2016; (e.g.,Pistiner and Henderson, 2003; Vigier et al., 2008; Clergue
Hawkings et al., 20)7and therefore has a direct impact on the et al., 201} It is therefore hypothesized that the Li isotopic
adjacent fjord environment\{/ehrmann et al., 2014; Hopwood composition of rivers provides information on the balance
etal., 201pand potentially the wider ocean. between dissolution of primary (silicate) minerals and setzog

Understanding how glaciation alters chemical uxes andmineral formation occurring in a catchment (e.gellinger et al.,
the underlying chemical weathering reactions is importaot f 2015. Waters draining from the Greenland ice sheet were found
understanding how weathering reactions changed duringigla to have lower 26Mg values compared to suspended sediment
interglacial cycles\ance et al., 2009; AMAP, 2017; Hawkingsand this was attributed to disseminated carbonate weatieri
et al., 201Y. If calcite and sul de weathering dominate uxes in (Wimpenny et al., 2011 The ’Li values were higher than
glacial catchments, as concluded from studies of alpinéagiac suspended sediment and the authors concluded this was due to
then these areas would not contribute to long-term remowvial oadsorption to subglacially formed amorphous iron hydroxides
COy, and may even be a source(arp et al., 1995; Torres et al.,(Wimpenny et al., 2010 Nevertheless, mineral separates to
2017. However, recent studies of ice sheets, in particular frontonstrain local end-members were not analyzed, which léads
outlet glaciers of the Greenland Ice Sheet, indicate thHalag® an element of uncertainty in source apportionment.
weathering is dominantGraly et al., 2014; Hindshaw et al., 2014; Research on the 2Mg values of mineral separates has
Andrews and Jacobson, 20 &hd therefore large-scale glaciation demonstrated variation in 28Mg values which in some cases
could contribute to the drawdown of atmospheric @@ver overlaps with the Mg range in carbonate rocks 6.57 to
geological timescale®\alker et al., 1981; Berner et al., 183 0.3& , Teng, 201y, e.g., biotite ( 0.40 toC0.44 , Shen et al.,

A rst estimate of the relative contributions of carbonateda  2009; Liu S.-A. et al., 2010; Ryu et al., JP¢hlorite ( 1.82 to
silicate weathering to dissolved uxes can be done by applyin@0.4t , Ryu et al., 2011; Pogge von Strandmann et al., 2015;
an end-member mixing analysis to major ion concentrationsChapela Lara et al., 20) Zclinopyroxene (0.62 toC0.4% ,
utilizing “ideal” end-members (e.gGaillardet et al., 1999 Pogge von Strandmann et al., 2011; Wang et al., 2012, 2014; Hu
However, this method is particularly problematic in glaciexdd et al., 2016; Li et al., 2016; Chen et al., 2018; Stracke 20%8,
catchments due to weathering incongruency (net e ect ofandgarnet( 1.96to 0.3% ,Wangetal., 2012, 2014; Pogge von
dissolution and precipitation/adsorprtion reactions bothtlwi Strandmann et al., 2015; Hu et al., 2016; Li et al., 2016ckstra
respect to bulk rock and with respect to individual minerals),et al., 2018 Within single rock samples, resolvable variation has
ion exchange and adsorption reactions which occur in glacialso been observed e.g.,H.Between chlorite and hornblende
streams characterized by high sediment loads and dilutetesol in granite (Ryu et al., 2011 This silicate mineral source variation
concentrations (e.g.Tranter, 2003 For example, the use in 2%Mg has only recently begun to be acknowledged as a
of end-member ion ratios such as Ca/Na to calculate th@ource of variation in river 26Mg values Chapela Lara et al.,
relative proportions of carbonate and silicate weatheringldo 2017; Kimmig et al., 20)8Given that recent studies of chemical
overestimate the carbonate contribution if the preferelnétease weathering in the Kangerlussuag area of West Greenland have
of Cafromindividual silicate minerals is not accounted (@fiva  stressed the role of silicate weatheringiiipenny et al., 2011;
et al., 2004; Hindshaw et al., 2Q1lsotope tracers (stable and Andrews and Jacobson, 2Q1®&e wanted to test whether silicate
radiogenic) have been developed in recent decades to re @e timineral variation in 25Mg values could also account for low
apportioning of carbonate and silicate weathering in catchine 2%Mg values in river samples from this area. There is less data
studies (e.g.Blum et al., 1994; Bullen and Bailey, 2005; Nezabn Li isotope variation between mineral§eng et al., 2006;
etal., 2010; Sullivan et al., 2016 Pogge von Strandmann et al., 2011; Penniston-Dorland et al.,

Magnesium (Mg) and lithium (Li) isotopes have shown2017; Neukampf et al., 201LBut variation has been reported
promise at tracing weathering sources and processesi@scak where there is a dierence in coordination number gh ,
et al., 2016; Teng, 20)L@and have both been applied to study Wunder et al., 2007and in eld sites with a history of magmatic
glacial weathering in the Kangerlussuagq area of West Gaeenl di erentiation ( 8to C17h , Marks et al., 2007 Dissolved "Li
(Figure 1, Wimpenny et al., 2010, 20).IMagnesium is the 5th values may therefore also be impacted by variations in &lica
most abundant element in the continental crust (MgD 3.7  mineral isotopic compositions, particularly when the geolofy o
wt.%,Wedepohl, 199pand it is intimately coupled to the carbon the catchment is heterogeneous.
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[ ]lce ] Orthogneiss, mainly granodioritic to tonalitic @ Hindshaw et al. (2014),
[ Rivers/lakes Kangamiut mafic dyke swarm Rickli et al. (2017), this study

Glaciofluvial and marine deposits [l Augen gneiss, granodioritic, K-feldspar, porphyritic @ Wimpenny et al. (2010, 2011)
[ Undifferentiated metasedimentary rocks

FIGURE 1 | (A) The study site is indicated by a yellow staB) Geological map of the Kangerlussuaq area of West Greenland'he location of the time series of water
samples from the river draining Leverett Glacier analyzed this study is marked as a red circle. River sediment and rockamples were also collected at this location.
The water samples with a glacier contribution, bedload, sysended sediment, and bedrock samples analyzed byVimpenny et al. (2010, 2011)are marked as green
circles together with their sample names (GR1-GR9). WatsdRiver refers to the river after the con uence of the Qinnguat&uussua and Akuliarusiarsuup Kuua rivers,
Geological basemap from Geological Survey of Denmark and &enland, and Ministry of Mineral Resources under the Govemment of Greenland. Datum and
projection: WGS84 UTM Zone 24N.

Previous work on water draining the Leverett Glacier, anis the @rkendalen subcatchment to the south containing the
outlet glacier in the Kangerlussuaq ardeigure 1), used Ca, Qinnguata Kuussua River (QKR). The third subcatchment (Point
Sr, Nd, and Hf data of water, rock, and mineral separates t660) lies to the north of Russell Glacier and has an area of
constrain chemical weathering reactions contributing teet 40 km?. Water draining Point 660 catchment feeds into water
dissolved loadHlindshaw et al., 2014; Rickli et al., 201@ur aim  draining Russell Glacier. Approximately 19 km upstream from
in this study was to analyse mineral separates, bulk rock sanplé&angerlussuaq this water merges with the Leverett Riverrta fo
sediments, and water samples féfMg and “Liin ordertotest the Akuliarusiarsuup Kuua River (AKR). Unlike Leverett River,
whether the dissolution of silicate minerals previously iled  which has a single subglacial portal, the river draining past
as controlling the dissolved load composition in this cateimh  Russell Glacier has several inputs of water sourced from both
were consistent with dissolved®Mg and 7Li values from this non-glacial lakes and sub-glacial sourc&eifnermalm et al.,
region or whether a carbonate contribution to dissolvéMgis  201). The watershed areas referred to above are the maximum
indeed required. summer extent as the catchment area grows and shrinks each

melt-season in line with the expansion and contraction of the
subglacial drainage networkcfiandler et al., 20)3In addition,
2. FIELD SITE there is water piracy where the catchment areas and positions
change with subglacial water pressuten(lback et al., 2095
Leverett Glacier is a land-terminating outlet glacier ofeth In 2009, the melt season wasl15 days long at Leverett and
Greenland Ice Sheet situated on the west coast of Greenlaadpeak discharge of 3173 ! was measured on 16th July

25 km east of Kangerlussuaq (Sgndre Stramfjgidure 1).  (Bartholomew etal., 20).1
Together with Russell Glacier to the north these two glaciers Leverett Glacier drains distinct tectonic units of Precarabr
form one of three subcatchments of the Watson River with aage Figure ). To the north of Leverett is the Southern
combined area of 900 kf(Lindback et al., 20)5Bartholomew  Nagssugtogidian Orogen, which is composed of re-worked
et al. (2011)estimated the hydrological catchment of Leverettepidote amphibolite to amphibolite facies basement tonaliic t
Glacier to be 600 kf The largest subcatchment (11,100%m granodioritic orthogneissEscher, 1971; Van Gool et al., 2002
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The orthogneisses were intruded by the 2.04 Ga Kangamiutmaand ion concentrations. The rst period (P1) was de ned as
dyke swarm Cadman et al., 20QLnow forming amphibolite the period from the start of measurements to the end of the
lenses, with deformation increasing toward the nortfa( Gool marked decrease in elemeiigure 2 and suspended sediment
et al., 2002; Engstrom and Klint, 20170 the south of Leverett concentrations. The second period (P2) was characterized by
is the North Atlantic Craton, composed of granulite-faciesincreasing discharge and decreasifgrf®Sr values. During this
granodioritic augen orthogneiss and paragneiss locallscfier period the subglacial drainage system was expanding. The thir
et al., 1976; Henriksen et al., 2000he augen orthogneiss period (P3) was characterized by decreasing discharge with a
was intruded by late Archaean felsic intrusions (45 km southdiurnal cycle. During P2 and P3 element concentrations were
of the Leverett Glacier) related to the Qo6rqut granite (c& 2 relatively stableKigure 2). High radiogenic Sr and Ca isotope
Ga, Escher et al., 1976; Nutman et al., 2018eeBrown et al. ratios at the start of the sampling period were interpreted to
(1981) for a petrographic description of the Q6rqut granite. re ect ushed out water stored over winter with ions derived
The exact boundary between the above-described tectoriis unfrom chlorite and feldspar weathering. As the melt-season
underneath the Greenland ice sheet is unknown. progressed and the subglacial drainage system expanded, the
The area experiences an Arctic climate with a mean annuaélative contribution of unradiogenic trace minerals suck a
temperature (2001-2011) of 3.9 C (Hanna et al., 20)2 epidote was inferred to increase as water-rock residence tim
There are strong seasonal variations in temperature: thenmealecreased, resulting in the observed decrease in radio§eand
temperatures in winter and summer arel6.1 andC10.3C, Ca isotope ratiosHindshaw et al., 20J)4For this study a subset
respectively Klanna et al., 2002 The region receives relatively of ten samples were selected for isotope analyses covering all
little precipitation [258 63 mm (2001-2012), Mernild  three hydrological periodsHigure 2). Samples were selected to
et al.,, 201) and annual evapotranspiration exceeds annuatoincide with those already measured for Ca and Sr isotopes. W
precipitation ohansson et al., 2019n the non-glacierized focussed in particular on P2 where the subglacial drainadersys
area, permafrost is continuous with an active layer thicknefs expands and where a decreaséi8r£%Sr from 0.745 to 0.741

0.1-2.5 mY{an Tatenhove, 1996 was interpreted to represent a change in the relative contidinu
of di erent mineral weathering reactions to the dissolveddo
3. METHODS (Hindshaw et al., 2004
Wimpenny et al. (2010, 201Zpllected their glacial samples
3.1. Water Samples between 11 and 14 July 2006 but discharge data was not reported.

The Leverett River was sampled twice a day from 5 July tDischarge data from the Watson River at Kangerlussuaq shows

1 August 2009 at 6D3.759N, 50 11.874N. The sampling that during this period discharge was increasing and comgarab

location was 1 km downstream from the glacier front to the form of the hydrograph in 2009 for the same time period

(Figure 1). At this location there was no braiding in the river (van As et al., 20)7Both years had similar total water ux: 5.4

channel and the water was turbulent. Therefore, we assun®9 kn? in 2006 and 4.9 0.9 kn? in 2009, and peak ux: 1,690

that the river was well-mixed and samples taken at the edge 1,190 ni s 1 in 2006 and 1,430 210 n¥ s 1 in 2009 an

of the river are representative of bulk river water chemistryAs et al., 201)7 Therefore, these samples were likely collected

Temperature and pH were measuredsitu (Hanna HI 98160 when discharge conditions resembled those of P2 and we can

pH meter). Water samples were collected in a bucket previouslssume that the hydrological conditions during the two $tsd

rinsed with river water and Itered on the day of collection are comparable.

through 0.2 m nylon lters using a Nalgene lItration unit

connected to a hand pump. Filtered samples were stored in pre- . .

cleaned HDPE bottles and acidi ed to pH 2 with single-distille 3-2- ROCK, Sediment, and Mineral

concentrated HNQ. Discharge was measured as described ioeparates

Bartholomew et al. (2011)n terms of the number of days, the Four rock samples representing the dominant rocks types on

sampling campaign covered 24% of the 2009 melt-season andthre north side of Leverett Glacier (Southern Nagssugtegidi

terms of water ux it covered 45% of the total of that year. Orogen, Figure 1) were collected and described Hindshaw
The hydrology and chemistry of the Leverett River during theet al. (2014)and Rickli et al. (2017)These rock samples were

2009 melt-season have previously been reporBadtholomew two orthogneisses and two amphibolites and were locatedmvith

et al., 2011; Hindshaw et al., 2014; Rickli et al., ptand 1 km of where the water samples were taken. In addition, two

the main results are summarized here. The hydrology wasulk samples of river sediment were analyzed. These samples

typical for a glacierized catchment with strong seasonaatian.  were analyzed in this study for Mg and Li isotopes.

Before June discharge was$ m/s and rapidly increased to A sample of augen gneiss from the North Atlantic Craton

a maximum of 317 s on 16 July before decreasing again(Figure 1) collected 20 km southwest of Leverett (50.338066

(Bartholomew et al., 20)IThe sampling season was divided intoW, 66.894928 N) by the Geological Survey of Denmark and

three periods based on changes in hydrochemistiyndshaw  Greenland (GEUS) was analyzediickli et al. (2017Wwhere this

et al., 2013 Immediately prior to the sampling period there sample was referred to as “Archaean granit&ckli et al. (2017)

was a spike in discharge linked to the sudden drainage afoncluded, based on Nd isotope data, that the contribution of

supraglacial lakesF{gure 2, Bartholomew et al., 20)1This gneiss from the North Atlantic Craton to the dissolved load

pulse of water coincided with high pH, suspended sedimentf Leverett River was negligible and therefore this rock was
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(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 apatiteR{ckli et al., 201)/ In both
orthogneisses, chlorite and epidote replaced biotite dugregn
schist metamorphism. The garnet amphibolite rock sample Rol
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.%ickli
et al., 201). Amphibolite Ro3 contains hornblende (47 wt.%),
clinopyroxene (24 wt.%), plagioclase (15 wt.%), and scapo(te (1
wt.%) and trace minerals are epidote (3 wt.%) and titanitd (
wt.%) Rickli et al., 201) Although the alteration of plagioclase
to Ca-rich carbonate was observed in the orthogneiss samples
(Ro2 and Ro4Hindshaw et al., 20)4hrough 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, clinopymxen
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& %), and minor € 2%) apatite,
biotite, chlorite, epidote, ilmenite, orthopyroxene, matjee
titanite, and zircon Rickli et al., 201)

Approximately 0.2 g of each rock powder or sediment sample
FIGURE 2 | Time series. From top to bottom: Mg concentration, 26Mg, Li and 0.02 9 Of.eaCh .ml.neral were dlgeSted n a mIth.'lre of
concentration, ’Li and discharge. White circles are samples analyzed for i Concentrated' Smgle'dlStIIIEd HNQHC" and HF. The solution
study and black circles are time series data fronHindshaw et al. (2014) The was repeatedly dried down and redissolved until clear and was

blue band marks the fourth outburst event of 2009 which coinided with the nally redissolved in 2% HNQ for cation analysis.
drainage of a supraglacial lakeKartholomew et al., 2011). The green lines
mark indicate divisions between three hydrological peric(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 hgrrograph, and 33 C(_)ncentratlon_ An_aIySIS )
P3 the falling limb. Magnesmm concentrations in water, rock, and mineral sefgara

samples were measured by inductively-coupled plasma optical
emission spectrometry (ICP-OES, Vista-MPX, Varian Inc., USA
not analyzed for Li and Mg isotopes (see further discussion imt ETH Zurich) as described and reported kfindshaw et al.
section 5.3). (2014) The Mg concentration of the water standard SLRS-4
Rock samples were washed, weathered surfaces removed witational Research Council Canada) was 1,68&0 ¢ L !
a diamond saw and crushed using a jaw crusher. A portion of2SD,n D 7) compared to a recommended value of 1,60
each rock sample and all of the other solid samples were grourd ! (Yeghicheyan et al., 2007Magnesium concentrations of
to a ne powder using a rotary disc mill with an agate grinding minerals in rocks were additionally determined using a Camec
set for further analysis. The remainder of the rock sampleewerSX100 electron microprobe analyser (EMPA) at University of
ground to< 1,000 m and mineral separates were obtained fromBristol and a JEOL JXA-8200 EPMA at ETH Zurich, with a 15
the <425 m fraction using heavy liquids, magnetic separationkV accelerating voltage and a beam current of 20 nA. Natural
and hand-picking. and synthetic silicates and oxides were used as standards and
Two river sediments (Sed1 and Sedi@ble 1) were collected the error on concentration measurements was typically less
from the riverbank, and can therefore be considered comdarabthan 2%. Lithium concentrations were measured by ICP-OES.
to the bedload samples reportedivimpenny et al. (2010, 2011) The Li concentration of the water standard SLRS-4 (National
Mineral abundances were obtained by point counting onResearch Council Canada) was 0.560.03 g L ! (2SD,
thin section (rock samples) and EPOXY mounts (sedimentsh D 6) compared to a recommended value of 0.5¢ L !
microphotographs combined with scanning electron microscopéYeghicheyan et al., 2007
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TABLE 1 | Magnesium and lithium concentrations and isotope ratios ofocks, mineral separates, and river sediment samples.

Name Abundance Mg 2 Mg® Fraction © Mg 2SD 26Mg 2SD Li Fraction ¢ “Li 2SD
wt.% g/kg g/kg Mg h h mg/kg Li h

Rol - 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 53 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 69 0.4

R03 - 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 44.3 043 6.5 0.3

Hornblende 47 62.4 59.1 0.63 0.03 0.04 0.06 0.08 26.4 0.50 121 0.2

Ro02 - 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 34 Q2

K-feldspar 24 0.9 0.0 0.11 n.m. n.m. n.m. n.m. 10.0 0.64 n.m. nm.
Plagioclase 49 0.1 0.3 0.03 n.m. n.m. n.m. n.m. 0.0 0.00 n.m. nm.
Ro4 - Orthogneiss 10.8 —-0.09 0.02 -0.20 0.02 6.3 5.0 0.8

Chlorite 7 325 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 15 0.6 0.02 n.m. n.m. n.m. n.m. 12 0.03 n.m. n.m.
Feldspaf 64 0.1 0.1 0.03 n.m. n.m. n.m. n.m. 6 0.31 n.m. n.m.
FeldspaiCEpidote’ 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 Nagssugtoqgidian Orogerfrigure 1). Mineral abundances and Mg concentrations are frontindshaw 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 Rolral Ro3.

€FeldsparD Plagioclase and K-feldspar.

fvalues in italics are calculated by mass balance using the fractiomd concentrations of Mg and Li reported for the respective minerals.

3.4. Isotope Analysis were analyzedLi-N and “Li-N for Li, and “Cambridge1” and
An aliquot of each sample, corresponding to15 ng Li was “Zurichl” for Mg. The values obtained for these standards
dried down in a te on beaker. The solid residue was re-digsdl are reported inTable 2 and are in agreement with previously
in concentrated HNQ, dried down again and re-dissolved in reported values Tipper et al., 2006, 2012b; Carignan et al.,
0.4 M HCI for column chemistry. The rst column contained 2007; Millot et al., 2010; Wimpenny et al., 2)1&eawater
1 mL Bio-Rad AG 50W-X12 200-400 mesh resin. In the rst(OSIL IAPSO batch P157) was processed identically to therwate
column the sample was eluted in 0.4 M HCl and the rst 15 ofsamples and gave values Mg D —0.81 0.11 (2SDn D 5)
50 mL containing Li and Na were collected. The Mg cut was theand ’LiD C31.4 0.4 (2SDn D 3), in agreement with both our
collected in 15 mL 1 M HCI. For rocks and mineral samples, dong-term values for this standard¥®g D —-0.80 0.11, 2SD,
0.5 M HF step was inserted prior to the 0.4 M HCl elution stepinn D 25; ’Li D C30.8 1.1, 2SDn D 45) and literature values
order to elute Al, Ti, and Zr{ipper et al., 2008 The Mg cutfrom  ( 2®Mg D —0.8% , Teng et al., 2015 ’Li D C30.8 , Rosner
the rst column pass was passed through the column a seconek al., 200y. The synthetic water standard CCSEper et al.,
time and Mg was collected in a small volume of 6 M HCI in order200§ and USGS granite G-2 were measured for Mg isotopes
to minimize procedural blanksI{pper et al., 2008 Lithium was  giving values of 2.70 0.14 (2SDn D 13) and 0.05 0.13
puri ed from the Li-Na cut using a column containing 3 mL Bio- (2SD,n D 5) compared to the respective literature values of
Rad AG 50W-X12 200-400 mesh resin, eluting with 0.2 M HCI 2.71 0.0h (Tipper et al., 200Band 0.15 0.0h (Teng
(James and Palmer, 2000; Hindshaw et al., p@tandards were et al., 201} Lithium isotope measurements of USGS granite
processed in an identical manner to samples. G-2 wereC0.9 1.ch (2SD,n D 6) compared to literature
Both isotope systems were measured on a Neptune Plus M@alues 0ofC0.1 1.&h (Barnesetal., 20),220.1 0.& (Phan
ICP-MS (Thermo, University of Cambridge) using an APEXet al., 201 and C0.3 1.%h (Liu X.-M. et al., 201)) The
sample introduction system. Magnesium isotopes were run@t 1dong-term 2SD values from measurements of seawater stdadar
ppb and Li at 5 ppb. Magnesium and Li were standard-samplé 7LiD 1.1h , 2MgD 0.1h ) are used as a measure of the
bracketed to DSM3 and L-SVEC (NIST RM 8545), respectivelpverall uncertainty of the analytical procedure and is iradécl
For each isotope system mono-elemental secondary standarais all gures.
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TABLE 2 | Major cation Hindshaw et al., 2014 and isotopic composition of Leverett River water sample$1i2009.

Sample Local Runoff pH Ca Mg Na K Li “Li 2SD Mg 2SD Mg 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 8.4 329 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 39.4 284 109.7 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 7.88 335 8.7 36.7 23.9 77.9 215 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 (0 D 59) 81 09

7Li-N (1 D 50) 302 09

Cambridgel f D 29) 135 006 -261  0.12
Zurichl 0 D 21) -1.73 0.10 -3.35 0.20
4, RESULTS half the microprobe measurement. We note that the isotope and

. concentration values reported by ICP-OES are unlikely teog
4.1. ROCk_ a_nd Mineral Separates the pure mineral phase as they will also include a contribution
The range in isotope values of the four bulk rock samples 'Fom inclusions and/or trace amounts of other minerals not

26 7
M.gD—Q.ZO IOCO'(?Q] and ‘Li DC5',O t908-3“ (Table J). removed during hand-picking. Both discrepancies are likely
The isotopic compositions of the amphibolite samples (Rol ang

. ) used by the alteration of K-feldspar to chloriteg(rels and
Ro3) overlap with those of the orthogneiss samples (Ro2 anqecl)ward, 195Y making it dicult to separate these minerals
Ro4) for “Li and 2®Mg. For Li, the range in bulk rock ’Li

) ) during hand-picking. Based on a mass balance calculatiar|yne
values agrees with the range measurewliypenny etal. (2010) all the Mg and Li in Rol is contained in hornblende $6%)

for rocks from the Southern Nagssugtogidian Orogen in thgypareas in Ro3 both clinopyroxene and homblende host these
Kangr]]erll_Jssuaq r_eg|0|®(5.8 to|C 10.4 'r']:'ggr? L ?)' ¢ elementsTable 1). Inthe orthogneiss samples the largest fraction
The river sediment sample Sed1 has’ai value ofC4.9 14 and Ljin Ro4 is in chlorite (96 and 66%, respectively) and

(Table 1) which is at the lower end of the range measured in.p,yite s also the primary host of Mg in Ro2 (86%). Lithium in

bulk rock samples from th'_s study and bedload sa_mp(és.B Ro2 is mainly contained in K-feldspar (including any potential
to C6.%n ) mgsasured bnylmpenhy et aI_. (2010)Figure 3. inclusions) (64%.Table 1) and the remaining Li is in chlorite
For Mg, the “°Mg valueg of the river sediment samples (0.3 36% Table 1).
and —O.4§ ,'I_'able 1 are in the same range as bedload sample The mineral separates display a large range #iMg
reported inWimpenny et al. (2011{-0.43to —0.58 ), butare  ¢om_16% in gamnet (Rol) to CO.0&1 in hornblende
lower than the rock samples from this studkigure 3. Based (Ro3, Table 7). The range in 2Mg is comparable to that
on the major element composition and plagioclase chemistryoynd within mineral separates from a granodiorite from
of the river sediment samples, it was determined that oBgyider Creek, USA (153, Ryu et al, 2011 Taking
the two observed orthogneiss varieties (pink and gray), gray|| the mineral separates together, hornblende has higher
orthogneisses like Ro4 have a dominant contribution to the 26\|g values compared to chloritéFigure 3), consistent with
sediment load flindshaw et al., 2004 This conclusion is mineral separate data reported byyu et al. (2011)but
supported by the fact that for both Li and Mg, rock Ro4 isin contrast to Chapela Lara et al. (201Avho observed
closest in isotope composition to the river sedimeRitgure 3.  that chlorite had higher 26Mg values than both pyroxene
The lower 2Mg value of the river sediment samples comparedby 0.2h ) and amphibole (by 0.5 ), though they note
to Ro4 is likely due to the contribution of garnet (2-4%ickli  that the amphiboles were heavily altered. Garnet had lower
et al., 201ywhich is not present in Ro4 and is derived from the 26Mg values compared to clinopyroxengigure 3), consistent
amphibolite rocks. with previous studies \{/ang et al., 2012, 2014; Hu et al.,
The measured Mg concentrations in the minerals obtained016; Li et al., 20)6 A large inter-mineral range is also
by ICP-OES agree well with the analysis of those same m#erabserved in “Li values from C3.2h in chlorite (Ro4) to
by microprobe {Table 1). Two exceptions are K-feldspar in Ro2,C12.1h in hornblende (Ro3,Table 1). As for Mg isotopes,
where the Mg concentration obtained by ICP-OES is over teimornblende mineral separates have high@ri values compared
times greater than the microprobe measurement and chloritéo chlorite mineral separatesFigure 3), in agreement with
in Ro4, where the Mg concentration obtained by ICP-OES i$/arks et al. (2007)
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FIGURE 3 | Range of magnesium(A) and lithium (B) isotope values measured in the rocks, mineral separates, ahriver water of the Leverett Glacier catchment.
Mineral abbreviations are: Grt, garnet; Hbl, hornblende; I&, chlorite; Cpx, clinopyroxene. The fraction of the elente contained in each mineral Table 1) is indicated
by the size of the square. Also shown are data fromWimpenny et al. (2010, 2011which were collected in the same region, but not the same ouélt glacier Eigure 1).
The vertical dotted lines depict the normal mantle value fdvig (-0.25h , Teng et al., 2010 and the upper mantle value for LiG4h , Teng et al., 2004). The dash-dot
lines indicate average upper continental crust values for §1(-0.22h , Li et al., 2010) and Li C0.6h , Sauzéat et al., 2019.

4.2. Hydrochemistry between the?®Mg and ’Li values of the measured minerals and
Similar to Ca and Sr concentrations, Mg and Li concentrationsulk rock samplesR? D 0.67,p < 0.01,Figure 4). This trend
are highest at the start of the sampling period (Mg 0.6 mg/lis consistent with the similar chemical radii of the two elemts
and Li 1.3 g/L) and rapidly decrease over a period of 4 daysuch that Li can readily substitute for Mg and both elements wil
(Figure 2, Hindshaw et al., 2004 After the initial decrease, therefore likely experience similar bonding environmermnisai
concentrations are stable (Mg0.2 mg/L and Li 0.6 g/L) given mineral.

with a diurnal cycle Table 2. The stable isotope values of the Based on equilibrium fractionation models at a range of
water samples range from?®Mg D —-0.15 to —0.38 and ’Li  temperatures relevant to weathering and igneous proces#as (2
D C17.8t0oC21.% and no obvious temporal trend is observed 2,000 K), the Mg and ’Li values of garnet (CND 8) are

in either Li or Mg isotope values despite the aforementionegredicted to be lower §chauble, 2011; Huang et al., 2D13
changes in concentrations and subglacial drainage camditi compared to hornblende (CND 6/5, Wunder et al., 2007and
(Figure 2, Table 2. Despite the proximity of Leverett Glacier for Mg isotopes this is what we observ&dure 3. In contrast,
to the sampling locations inVimpenny et al. (2010, 2011) the ’Li value of garnet is not markedly lower than the other
(Figure 1), the Li and Mg isotope values for the water samplesninerals as would be predicted if Li was in the dodecahedil si
in this study are distinct, having lower'Li and higher Mg  (e.g.,Yang et al., 2009 Studies of lithium-rich synthetic garnets

values Figure 3. have demonstrated that Li can be contained in sites with CNs o
4 and 6 Mazza, 1988; O'Callaghan et al., 2008; Cussen, 2010;

5. DISCUSSION Rettenwar?der et al., 20)Ldf this were true f_or natural_garnets
then the Li CN may be less than 8 accounting for tHei value

5.1. Inter-mineral Isotope Variation that is indistinguishable from the hornblende separate ie th

The range in 2°Mg and ’Li between all the mineral separatessame rock (RoEigure 4). The low 2°Mg value of garnet, 1.34
measured in the four rock samples is 1.69 andh8.&spectively. lower than the 26Mg values for the other mineralg=igure 3,
Inter-mineral variations in isotope values have been atiifol to ~ iS consistent with data from clinopyroxene-garnet pairs where
equilibrium fractionation Gchauble, 2004, 2011; Wunder et al. garnet always has lowet®Mg values compared to clinopyroxene
2007; Liu et al., 20)8Coordination number is the rst order (Huang et al., 2013; Stracke et al., 20IEhe magnitude of
control: heavy isotopes are preferentially incorporated iites  the di erence increases as metamorphism temperature desease
with a low coordination number (CN)Qi et al., 1980 Excluding  (Huang et al., 2013; Stracke et al., 20Therefore, the relatively
garnet (see later), there is a statistically signi cantretation large di erence between garnet and clinopyroxene observed in
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where subscripts 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 0.0 and <0.0% dierence for 2°Mg and
“Li, respectively). The negligible impact of meteorological
precipitation is in agreement with Ca and Sr isotope data fos thi
region Hindshaw et al., 2014; Andrews and Jacobson, R0¥8
therefore assume that the dominant solute source to therrive
is subglacial weathering reactions and as a result data atas n
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 reect mixing between distinct solute sources and/or

fractionation processes. We will examine each of these m tur
Mixing between Mg derived from isotopically distinct silicate

FIGURE 4 | Excluding garnet, where Li and Mg may be held in sites with . . .
! 99 g may mineral sources has been observed in a variety of catchments

different coordination numbers, a positive relationshigsiobserved between the

26Mg and ’Li values of the rocks (diamonds) and mineral separates (Chapela Lara et al., 2017; Kimmig et al., 201Bor Mg,
(squares). Mineral abbreviations are: Grt, garnet; Hbl, hoblende; Chl, chlorite; the 26Mg isotope ratios of the Leverett River water samples
Cpx, clinopyroxene. are intermediate between the garnet (—h63and hornblende

(C0.06h ). The 2%°Mg values measured in the river could
therefore re ect mixing between dierent mineral sources.
Previous work utilizing Ca and Sr isotope ratios concludeat th
this study is consistent with the relatively low temperatu® 5, these elements, the primary mineral sources contrititio
amphibolite facies metamorphism experienced by rocks of thge dissolved load were minerals from orthogneiss Ro4: fetdspa

Southern Nagssugtogidian Orogerignriksen et al., 2000 chlorite, and epidote Hindshaw et al., 2094 In addition, the
weathering of garnet, titanite, hornblende, and apatiterfi@o4
5.2. Assessment of External Inputs to the and other rocks was invoked to explain the radiogenic Hf and Nd

. isotope compositions in river wateR({ckli et al., 201)
Dissolved Load P P ( Y

he i directly f h h of the alaci In orthogneiss Ro4, Mg is primarily hosted in chlorite and
As the river emanate_s |rect_y rom the n.]OUt of the glaci€line 26Mg value of this mineral separate (-0t29 is identical
we consider vegetation (which in the wider eld setting is

L . . within error of the average river water (—0.300.14 , 2SD).
sparse) to have negligible impact on biogeochemical Processgavever, the weathering of chlorite only is inconsistenthwit

at this eld site and no vegetation samples were analyzed. lfhe 875186 river water data which indicate mixing with
addition to water derived from subglacial weathering réat, unradiogenic feldspar and epidotelifidshaw et al., 2094 We

solutes could be derived from sur cial inputs such as dusﬁwave not measured the?Mg values of feldspar and epidote
deposition and meteorological precipitation. It neither raghnor from Ro4. We can estimate the®Mg value of a combined

snowed during the duration of the sampling campaign. Howeveﬁ‘eldspar-epidote fraction based on mass balance, but siree th
information on atmospheric deposition could be gained frombulk rock 26Mg value (—0.20 0.1h ) is within ,analytical
supraglacial streams which are assumed to be the water Sour&’?certainty of the chlorite separate (-0.290.1% , Table 1),
most likely to be in uenced by atmospheric deposition (megfin this calculation is poorly constrained. However, based on the
snow/ice and dust). Five supraglacial streams were sampled IPservation that inter-mineral variation between mineréas
Hindshaw et al. (2014and were combined for analysis. The Mg .\ 0 \vhen Mg is octahedrally coordinated 0.061 , Liu S.-

. 1 . .
concentration was<0.05 mol L + and the Li concentration A. et al.,, 201)) we infer that the Mg isotope composition of a

was below the dgtectlon I|m|.t. The low conce.r1t.rat|.on of Lidan combined epidote-feldspar fraction is close to that of chlorite
Mg in supraglacial streams implies that precipitation and dusEnd we assume the bulk rock value of —&26or this fraction.

are unlikely to a ect subglacial river concentrations andt@pe A mixing line in 25Mg vs.87Sr8Sr space between chlorite and
ratios. The e ect of meteorological precipitation on Mg and Li of

. ) further b 4 b . h I Idspar-epidote” passes through the river water sample points
!sotope' ratps can urther be assessed by assuming t'at a fﬁgure 5. Therefore, similar to radiogenic Sr and Gaifdshaw
in the river is derived from seawater and correcting the opet

_ _ _ : et al., 201} the dissolved 2®Mg values would be consistent
rattios according to the following equation: with the dissolution of this group of minerals. However, we
emphasize that the fraction of Mg hosted in plagioclase and
Xr X (X=Chsw Ck) Xsw epidote is low (4%Table 1), and therefore these two minerals

X D X, (X=Cl)sw Cl @) are expected to have a minor contribution to dissolved Mg.

Frontiers in Earth Science | www.frontiersin.org 9 November 2019 | Volume 7 | Article 316



Hindshaw et al. Li and Mg Isotopes in Greenland

large Figure 4), itis di cult to predict what the “Liand 25Mg
values of the Mg- and Li- rich augen gneiss minerals would be.
Therefore, an accurate assessment of their contributiothéo
dissolved Mg and Liload in Leverett must await further datae W
note though thatAndrews and Jacobson (201é®9ncluded, based
on 87sSrféSr and major element data, that the waters draining
Point 660 catchment [wheréuqué et al. (2019¢ollected their
samples] drained a distinctly di erent lithology to Leverettithv
a greater proportion of K-feldspar and/or biotite weathering
compared to plagioclase weathering. Therefore, the cortiahu
of biotite weathering to the dissolved load of Leverett Riger
expected to be lower compared to Russell.

The 2%Mg 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\{/impenny 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 25Mg values were arising from the presence of nely
disseminated secondary carbonate in the catchment rocks. Th
presence of carbonate was not directly conrmed 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/NB 0.5; Ca/MgD 1.3, Wimpenny

FIGURE 5| 26Mg vs. 87Sr/8Sr. Previous work demonstrated the dominance
of orthogneiss Ro4, in particular chlorite, feldspar, and gidote, to the

dissolved and sediment load of the Leverett RiveiHindshaw et al., 2014; et al., 201). Further, calcite has recently been detected in a
Rickli et al., 2017. The mixing line between chlorite and feldspar/epidote in glacier borehole sample from the AKR catchmefRig(re 1,
Ro4 is shown. The point where this line has the sam&” Sr/%®Sr value as the Harper et al., 201)gand the presence of disseminated calcite was

average of the river water samples (0.742435(indshaw et al., 2014) is

de ned as “Ro4-Leverett.” The garnet end-member is de ned inTable 1. Two inferred from element ran_os of th,e ne fraction of till Sam
carbonate end-members are de ned based on acetic acid leachs of a felsic from north of Russell GIaC|e|ﬁ(uque etal, 20])9The estimated
(carbF) and a ma ¢ (carbM) rock from Akuliarusiarsuup Kuua Rér (AKR) contribution of carbonate weathering to dissolved Mg was%—7
(Andrews and Jacobson, 2018) and a ?°Mg carbonate value of (Wimpenny et al., 201)land this estimate is consistent with other
—3.2h (Wimpenny et al., 2011). Mixing lines between Ro4-Leverett and studies conducted in this regi0|G¢aIy et a|_, 2014; Yde et a|_,

carbonate (dashed lines) and Ro4-Leverett and garnet (sdliine) are shown
and assume congruent dissolution of each end-member. The nmbers

2014; Andrews and Jacobson, 2018

26 ;
indicate the mass fraction of the garnet or carbonate end-mmber. Mineral We observe that the Mg values of Leverett River are
abbreviations: Hbl, Hornblende; Chl, Chlorite; Cpx, Clinuyroxene; Grt, 0.82r higher compared to Wimpenny's samples. This o set
Garnet; Feld/Ep, K-feldspar, plagioclase, epidote mixture could be due to a dierence 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 0.98able 2 are
Further contributions from hornblende to the Mg budget in lower than those reported byvimpenny et al. (2011)1.07—

the river are likely based on the high fraction of Mg hosted3.88). This together with the lack of Mg-carbonate phases
in this mineral in the amphibolite rock sample3gble 1), high  detected in the Leverett catchment rock and sediment samples
abundances of hornblende in catchment sediments (up to 9.8ould suggest that the contribution of carbonate weathgiim
vol.%, Rickli et al., 201y and dissolved riverine Hf and Nd lower in Leverett compared to the surrounding region. Since
isotope compositionsRickli et al., 201/ A contribution from  carbonate has low?Mg values (-5.57 to —0.88, Teng, 201y
hornblende would also be consistent with dissolvééMg and compared to the silicate rocks in this study (—0.2036.0% ,
87SrPbsr values since the range of®™g and 87SrP8Sr values  Table 1), a smaller carbonate contribution in Leverett compared
measured in hornblende separates encompasses those measuoedimpenny's samples would result in higher dissolvévig

in the dissolved loadHigure 5). values, as observed.

Minerals derived from augen gneisEigure 1) could also In addition to carbonate, garnet also has lowéfMg values
contribute to dissolved Mg and Li in the Leverett River. Mg- andcompared to bulk silicate rocks and all the water samples
Li-rich minerals in the augen gneiss sample analyzedkli  (Figure 3 Table 1). The weathering rate of garnet (almandine) is
et al. (2017)are biotite and hornblende (both 3 wt.%). Biotite predicted to be about two orders of magnitude faster than efgido
was inferred to contribute to the dissolved load chemistfy oand chlorite at the pH of the river water®élandri and Kharaka,
the Russell Glacier riverAgdrews and Jacobson, 2018; Auqué2004.and references therein) and therefore it is plausible that the
et al., 201pand is found in river sediments from the Leverett dissolution of this mineral could impact on the dissolved |d4d
catchment € 1.4 wt.%,Rickli et al., 201)/ Mineral separates isotopic composition. The higher Ca/Na ratios in Wimpenny's
of the augen gneiss were not obtained and given the spread samples could similarly be explained by increased weathering

"Liand 2Mg in minerals from di erent rock samples is quite from silicate minerals with high Ca/Na ratios, such as garne
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(Ca/Na molar ratioD 300), which are more abundant in the had higher Hf isotopic compositions"(df D -38.12 1.2,
amphibolites compared to the orthogneissdalfle 7). Spatial 1SD) compared to Leverettif D —45.2 1.2, 1SD) which

di erences in the relative contribution of garnet weathggimay was interpreted to re ect a combination of more garnet and
therefore also account for the di erence iRMg values between less zircon in those suspended sedimertsKli et al., 201y

the two datasets. Assuming that the suspended sediments provide a measure of the

In order to test these two hypothesis (garnet and carbonategverage lithology drained, the Hf isotope data would support the

we utilize 87SrP8Sr ratios to assess if mixing between thehypothesis that the lower?®Mg values in Wimpenny's samples
proposed mineral sources ts th&Srf%Sr and 26Mg isotope  could, at least in part, be caused by increased garnet wéagher
data from the water sampleBifgure 5. Wimpenny et al. (2011) However, the inferred dierence in garnet abundance was
did not analyse their samples fd’SrP8Sr ratios, however estimated to be: 1 wt.% and therefore unlikely to result in such
data from similar sample sites along the AKR are available fa large di erence in garnet contribution to the dissolved doas
2014 and 2015Andrews and Jacobson, 2Q1&€ompared to implied by the mixing proportions frontigure 5.

2009, annual total and peak discharge were higher in 2014 and In summary, we cannot conclusively identify the origin of
lower in 2015 (an As et al., 2097 No statistically signi cant the o set between 2®Mg values in Wimpenny's samples and
change in®’SrP8Sr ratios was observed during either meltLeverett River. Both increased garnet and carbonate weather
season or between 2014 and 2015 at each site despite vagiatioompared to Leverett may play a role, but neither on its own
in discharge. Therefore, for the three sites common to bothis consistent with constraints from mineral abundances and
studies [GR1, GR2, GR8 Wimpenny et al. (2011and E, B, other geochemical data. However, there may be di erences in
D in Andrews and Jacobson (20],8yve use the site-speci c lithology between Leverett and the other catchmeiigre 1),
average®’SrP8Sr value from 2014 and 2015. We assume thainvalidating the assumption that the dissolution of orthagss
dissolved®’Sr8Sr in Wimpenny's samples is controlled by the Ro4 is the primary solute source to the dissolved load in
same reactions as inferred for Leverett, where minerals fro Wimpenny's samples. Further data from bulk rock and mineral
orthogneiss Ro4 (chlorite, feldspar and epidote) appear to cbntr separate samples from the area wheéfenpenny et al. (2011)
the dissolved load composition. This assumption is supported bgollected their samples would be required to provide additional
the overlapping range i#’Srf8Sr ratios of AKR (0.7395-0.7462, constraints on plausible weathering sources.

sites E, B, DAndrews and Jacobson, 20Q1and Leverett water

samples (0.7406-0.74%5gure 5 Hindshaw et al., 204 . . .

We dene one end-member (Ro4-Leverett) as the point2-4. Fractionation Control on River Water

where the feldspar/epidote—chlorite mixing line is at therage ~ ISotope Ratios

Leverett Rivef’Srf%Sr ratio (0.742435{indshaw et al., 2004 The ’Li values of Leverett River water samples cannot be
We then assess the impact of mixing between Ro4-Leverett amelconciled with mixing between isotopically distinct minkra
solute sources with low?®Mg values: carbonate and garnet.end-membersKigure 6). A fractionation process must therefore
There are no direct measurements of carbonate from thisoregi  control river ’Li values and could also impact o”R®Mg values.
howeverAndrews and Jacobson (20]@rformed an acetic acid The dierence in the magnitude of fractionation
leach of two rock samples (ROSF and RO5M) from the AKR1 “Liyater sed between the samples measured \Bympenny
catchment targeting carbonate. One sample was from a felsit al. (2010 20.4 ) and this study ( 14.3 ) could be due
rock (carbF, [Mg] D141 mg/kg, [Sr]D 3.1 mg/kg,8’SrP8Sr  to a dierence in lithology or the relative amount of Li lost
D 0.71558) and the other from a mac rock (carbM, [M@  from solution due to processes such as secondary mineral
107 mg/kg, [SrID 0.7 mg/kg,8’SrP8SrD 0.72240). No 26Mg  formation and adsorption. In the rst scenario, tHe’Liyater sed
values exist for these samples and we therefore apply the saraue would be constant but if the starting rock composition
26Mg value (3.8 ) that (Wimpenny et al., 201)lassumed for for Wimpenny's samples had a highefLi value compared
carbonate. The mixing lines indicate that additional weathg to Leverett then the ’Li of the water samples would be
of either carbonate or garnet could account for the lowgiMg  correspondingly higher. There is only a minor di erence in the
values observed in Wimpenny's samples compared to LeveretfLi values of the amphibolited6.8 toC8.%h ) and orthogneiss
(Figure 5). For mixing between Ro4-Leverett and carbonate, theamplesC5.0 toC6.3h , Figure 3). Similarly the range in rock
dissolved 26Mg values would require that carbonate weathering “Li values from this study@5.0 toC8.%h ) overlaps with the
dominates in the AKR catchment 05 wt.% of the weathering range reported by/Vimpenny et al. (2010{C5.8 toC10.4 ).
substrate,Figure 5), which contradicts previous conclusions Theoretically, a hornblende with a high’Li value such as
(Wimpenny et al., 2011; Andrews and Jacobson, pdh&erms that measured in Ro3Q12.h ) could dominate the dissolved
of garnet weatheringRickli et al. (2017)estimated that, based load of theWimpenny et al. (2010%amples, but that would be
on Nd and Hf isotopes, the contribution of garnet in Leverettinconsistent with the Mg, Ca, and Sr isotope dakg(re 5,
was 2%. The ?®Mg values measured in Leverett correspondHindshaw et al., 2094 As such it is unlikely that di erences in
to 0—6% garnet contribution, which is broadly consistenthwit the Liisotopic composition of the source rocks and minerals can
the proposed mixing model for Nd and Hd isotope data.accountforthe 6h dierence inthe ’Livalues of the two sets
For Wimpenny's samples, the garnet mass fraction 8.55 of river water samples.

(Figure 5. Compared to Leverett, suspended sediments in AKR, It is therefore more likely that the degree of fractionation
QKR, and Watson River collected byimpenny et al. (2010) 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 ’Li values, also cannot account for the water Li values, even if it
dominated the dissolved Li budget. Therefore, although som variation may be
attributable to mineral source heterogeneity a fractionan process must also
be occurring. Mineral abbreviations: Hbl, Hornblende; ChChlorite; Cpx,
Clinopyroxene; Grt, Garnet; Feld/Ep, K-feldspar, plagioake, epidote mixture.
Note that a change in the relative proportion of garnet weatring will have a
negligible effect on ’Li ratios. (B) The water samples measured in this study
have lower ”Li and Mg/Li values compared toWimpenny et al. (2010) The
lower Mg/Li values would be consistent either with a lower rative loss of Li
compared to Mg or with a decreased contribution from garnet veathering
(Mgl/Li garnetD 2.1, Figure 5B ). The solid line is the regression through
Leverett River samples.

magnetite (FgO4) are present in the Leverett River sediments
and Phreeqc calculations indicate that water samples froen th
region are over-saturated in amorphous and crystalline iron
oxide phasesWimpenny et al., 2010; Hindshaw et al., 2p14
Adsorption of metal cations (e.g., Li) onto these phases could
therefore occur, particularly as adsorption is favored atdphl

due to a more negative surface charge compared to at neutral pH
(Stumm and Morgan, 1996Although Wimpenny et al. (2010)
and Auque et al. (2019¢onsidered the formation of secondary
clay minerals unlikely, smectite has been detected in sewalisn
retrieved from glacier boreholes in this regid@r@ly et al., 2016
Smectite may originate from overridden soilsde et al., 2014;
Carrivick et al., 2018and adsorption onto the clay surface could
also induce isotope fractionatio®{stiner and Henderson, 2003;
Chan and Hein, 2007 Mineralogical and isotopic analysis of the
clay-sized fraction of river sediment would be required teess
the role of clay minerals on dissolve®®Mg and “Li.

The Mg/Li ratio is commonly used to assess the relative loss
of Li in water samplesellinger et al., 20105 The Mg/Li mass
ratios of theWimpenny et al. (2010samples are higher (0.6)
compared to Leverett (0.3) potentially indicating increasess|
of Li (Figure 6B). However, the Mg/Li ratio is also dependent
on the relative proportion of garnet (Mg/LD 2.1) weathering
in these samples. The dierence 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 digical
source in the Leverett catchment, higher Mg/Li ratios are
associated with higher’Li values Figure 6B), consistent with
fractionation accompanying removal of Li from solution. We
therefore consider it likely that the trend observed betwefLi
and Mg/Li in the Leverett sampleg-igure 6B) arises due to
increased loss of Li. By extension, the hightri values observed
in the Wimpenny et al. (2010samples are most likely due to
greater fractionation (greater proportion of Li lost) rathdran
source di erences.

If Li isotope fractionation in this region is caused by
adsorption, as proposed byimpenny et al. (201Q)then the
di erence in mineralogy of suspended sediments may impact the
identity and availability of adsorption sites. Suspendedmeedis
measured byVimpenny et al. (201thad Fe (3.68-5.07 wt.%) and
Li (21.5-35.4 mg/kg) concentrations higher than those mes$
in Leverett (FeD 3.46-3.92 wt.%; LD 4.9-8.3 mg/kgn 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 compated

is attributed to two main processes: adsorption and secondai/impenny's samples.

mineral formation (Huh et al., 2001; Pistiner and Henderson,

The inferred fractionation of Li as a result of adsorption tbu

2003; Vigier et al., 20038Both of these processes lead to anmply that Mg isotopes are a ected by the same process. Coupled

enrichment of ’Li in the uid. In high latitude environments

Mg and Li isotope behavior has been observed in the Mackenzie

adsorption rather than clay mineral formation likely contso River basin linked to secondary fractionation processesliing
dissolved Liisotopic compositions/ifllot et al., 2010; Wimpenny clay minerals {ipper et al.,, 2019a However, the range of
et al., 201)) Evidence for the role of adsorption in glacierizeddissolved 26Mg values in Leverett (-0.38 to —OHL5 overlaps
catchments comes from the low’Li values measured in a with those of the river sediments (-0.33 to —0.4@&ble 1)
leach targeting Fe-oxyhydroxide phases in sediments frormtWesuggesting negligible process-related fractionationh&athe

Greenland (Vimpenny et al., 2010 limenite (FeTiQ) and

Mg isotope data in Leverett can be adequately explained by
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mixing between di erent mineral source$igure 5. Although and Sr measurements as being key sources to the dissolved
the Mg isotope data in Wimpenny's samples is not fullyload (Hindshaw et al., 2004 In addition there are likely
compatible with mixing between mineral sources inferred forcontributions from garnet and hornblende. A previous study i
Leverett (section 5.3) we consider it unlikely that frantion  this region (Qinnguata Kuussua (QKR) and Akuliarusiarsuup
of Mg would occur in one catchment and not the other. Kuua (AKR) riversWimpenny et al., 201)] reported dissolved
The samples collected downstream of the con uence of rivers?®Mg values 0.80 lower than those we measured in Leverett
draining Russell and Leverett glaciers would be expected tnd concluded that there was a carbonatélflg D —1 to -5 )
represent a mixture of water draining those glaciers. Tratssef  contribution to Mg in the dissolved load. However, garnet also
water samples from AKR show an increase in dissofV&dfSr  has low 25Mg value (-1.68 ), and could also contribute to
ratios downstream of the con uence with Leverett River (aggy  dissolved Mg in these samples. Mixing calculations between a
increase 0.006678andrews and Jacobson, 2Q1Bhis increase “Leverett” end-member and either carbonate or garnet sagge
was attributed to the mixing of two end-members drainingthat whilst the weathering of both minerals could account foe t
areas with di erent geology. We would therefore also expeatli erence in 2%Mg values between the two data sets, the inferred
the ’Li and 2®Mg values downstream of the con uence (GR2mixing proportions are incompatible with other geochemical
and GR8) to re ect a mixture between LeverettMg D — data. It is likely that the mineral data from Leverett does no
0.2%, 7LiD C19.2 ) and GR1 (®Mg D -1.04 , ‘Li D  capture all mineral sources for the AQR and QKR catchments
C25.4 ) (Figure 1). Yet, this is not what is observed. Ratherdue to small di erences in lithology.
the downstream 2°Mg and ’Li values are within error of In the context of the carbon cycle it is crucial to determine
GR1 (Wimpenny et al., 2010, 20L.1We do not have a good whether Mg (and Ca) derive from carbonate or silicate
explanation for why the mixing signal for dissolved Li and Mgweathering. This study highlights that certain silicatenerials
isotope values is absent. One source of uncertainty is that vaan have 2%Mg values in the same range as carbonate
are comparing water samples collected in di erent years (200finerals, emphasizing that source rock mineral characiion
and 2009) and the subglacial drainage pathways may not lie an essential step in the interpretation of dissolved stabl
identical from year to yearl(ndback et al., 2005 potentially  isotope ratios.
resulting in inter-annual variations in the dominant lithagy
being weathered for each glacier sub-catchment. For exampATA AVAILABILITY STATEMENT
one year could have a higher proportion of solutes derived
from mac dykes compared to another year. SimultaneousAll datasets generated for this study are included
measurements of water chemistry from both glaciersin tireesa in the manuscript or are available in the referenced
melt-season would be needed to test this hypothesis. companion manuscripts.
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