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Abstract

Chemical and isotope data (e40Ca, d44/42Ca, 87Sr/86Sr, d18O) of river water samples were collected twice daily for 28 days in
2009 from the outlet river of Leverett Glacier, West Greenland. The water chemistry data was combined with detailed geo-
chemical analysis and petrography of bulk rock, mineral separates and sediment samples in order to constrain the mineral
weathering sources to the river. The average isotopic compositions measured in the river, with 2SD of all the values measured,
were e40Ca = +4.0 ± 1.4, d44/42Ca = +0.60 ± 0.10& and 87Sr/86Sr = 0.74243 ± 0.00327. Based on changes in bulk meltwater
discharge, the hydrochemical data was divided into three hydrological periods. The first period was marked by the tail-end of
an outburst event and was characterised by water with decreasing suspended sediment concentrations (SSC), ion concentra-
tions and pH. During the second hydrological period, discharge increased whilst 87Sr/86Sr decreased from 0.74550 to 0.74164.
Based on binary mixing diagrams using 87Sr/86Sr with Na/Sr, Ca/Sr and e40Ca, this is interpreted to reflect an increase in reac-
tive mineral weathering, in particular epidote, as the water residence time decreases. The decrease in water residence time is a
result of the evolution from a distributed (long water residence time) to a channelised (short water residence time) subglacial
drainage network. The third hydrological period was defined as the period when overall discharge was decreasing. This
hydrological period was marked by prominent diurnal cycles in discharge. During this period, significant correlations between
d44/42Ca and SSC and d18O were observed which are suggestive of fractionation during adsorption. This study demonstrates
the potential of radiogenic Ca to both identify temporally changing mineral sources in conjunction with 87Sr/86Sr values and
to separate source and fractionation effects in d44/42Ca values.
� 2014 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Large scale glaciation directly affects climate by altering
the albedo of the land surface, and indirectly by changing
sea level and ocean circulation patterns (Imbrie et al.,
http://dx.doi.org/10.1016/j.gca.2014.09.016
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1992; Sundquist and Visser, 2003). Many feedbacks exist
which determine the periodicity of glacial-interglacial cycles
but a climate-stabilising negative feedback, which operates
over long timescales, is thought to exist between climate
and the chemical weathering of silicate rocks (Walker
et al., 1981; Berner et al., 1983). In such a model, elevated
temperatures lead to an enhanced drawdown of atmo-
spheric CO2 by intensified chemical weathering, therefore
reversing the initial warming. Owing to enhanced physical
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erosion, glaciers could potentially alter weathering rates
compared to non-glaciated terrain, providing a pathway
for glaciation to impact atmospheric CO2 levels (Gibbs
and Kump, 1994; Sharp et al., 1995). However, at present,
there is no consensus on whether glaciation increases or
decreases total chemical weathering fluxes (Gibbs and
Kump, 1994; Sharp et al., 1995; Gı́slason et al., 1996;
Ludwig et al., 1999; Tranter et al., 2002; Foster and
Vance, 2006; Anderson, 2007). Although chemical weather-
ing rates may not change during glacial periods, transient
increases in weathering rates could occur during de-glacia-
tion due to increased runoff from ice melt and the exposure
of reactive glacial debris (Vance et al., 2009). Nevertheless,
due to the unique weathering conditions occurring in glaci-
ated environments (high physical weathering, high dis-
charge) the chemical composition of water emerging from
glaciers has a unique chemical composition. Typically, in
granitic catchments, Ca and K concentrations are elevated
compared to similar un-glaciated terrain (e.g. Hindshaw
et al., 2011). Potassium concentrations are elevated as a
result of the preferential release of inter-layer cations in bio-
tite (Anderson et al., 1997; Blum and Erel, 1997) and
enhanced Ca concentrations have been attributed to the
weathering of carbonate phases (Tranter et al., 2002). Gla-
cial meltwaters, containing the products of weathering, are
transferred by rivers to the ocean, where they affect biogeo-
chemical processes. For example glacial runoff has been
found to contain elevated labile iron concentrations due
to high physical erosion, which could have a direct effect
on primary productivity in the oceans (Raiswell et al.,
2006; Bhatia et al., 2013b). It is therefore crucial to charac-
terise and quantify glacial solute fluxes.

The Greenland Ice Sheet (GrIS) is the world’s largest
mass of ice outside Antarctica. Presently it provides 1%
(excluding iceberg calving) of the world’s freshwater runoff
(Mernild et al., 2009) and comprises about 21% of the gla-
cial meltwater flux to the oceans (Raiswell et al., 2006).
Increased air temperatures over the last century have
resulted in increased runoff from the GrIS, and runoff is
projected to continue to increase further during the next
century (Alley et al., 2005; Hanna et al., 2008). Despite
the potential impacts of increasing this chemically distinct
source of runoff, very little has been published to date on
the chemical composition of glacier runoff from Greenland.
A limited number of hydrochemical studies exist from gla-
ciers not connected to the main ice sheet (Hasholt, 1976;
Hasholt, 1993; Hagedorn and Hasholt, 2004; Yde et al.,
2005) and outlet glaciers of the main ice sheet (Yde and
Knudsen, 2004; Wadham et al., 2010; Wimpenny et al.,
2010; Bhatia et al., 2011; Wimpenny et al., 2011; Ryu and
Jacobson, 2012; Bhatia et al., 2013a). Previously, it has
been assumed that weathering underneath the GrIS would
be negligible (Gibbs and Kump, 1994) since the glacier
would be frozen to the bed and isolation from the atmo-
sphere was thought to be a limiting factor (Hodgkins
et al., 1998). Yet recent studies have demonstrated that
the outlet glaciers have a similar hydrological regime to
alpine glaciers whereby the subglacial drainage system
evolves over the melt-season in response to increased
melt-water fluxes (Bartholomew et al., 2010; Bhatia et al.,
2011; Chandler et al., 2013). The meltwater composition
from alpine glaciers has been shown to be sensitive to the
configuration of the subglacial drainage system (e.g.
Hindshaw et al., 2011a) and it is therefore expected that
the chemical composition of meltwaters draining the GrIS
will vary accordingly.

It is relatively common to assess the lithological sources
to the dissolved load of a river based on solute chemistry,
for example, to partition silicate and carbonate weathering
(e.g. Gaillardet et al., 1999). However, it is less common to
constrain mineral apportionation estimates for a specific
catchment by analysing mineral separates from bulk rock
samples (Blum et al., 1994). In addition, reliance solely on
the comparison of the riverine dissolved load with bulk
rock data (if available) is problematic due to weathering
incongruency, ion exchange and adsorption reactions which
occur in glacial streams characterised by high sediment
loads and dilute concentrations (e.g. Tranter, 2003). Radio-
genic isotope systems, such as Rb/Sr and K/Ca, can be used
to help constrain mineral sources as the ingrowth of the
radiogenic daughters (87Sr and 40Ca) varies as a function
of mineral specific Rb/Sr and K/Ca ratios. The application
of 87Sr/86Sr as a source tracer is well-established (e.g. Capo
et al., 1998) and is often used to trace Ca sources, although
this assumes that Ca and Sr have identical geochemical
behaviour. However this assumption has been questioned,
particularly in the context of plant-soil cycling (e.g.
Poszwa et al., 2000; Wiegand et al., 2005). Ideally, it would
be best to use radiogenic Ca to trace Ca sources, but the
long half-life (1.268 � 109 yr, Min et al., 2000) and natu-
rally high abundance of 40Ca (97%) had previously
restricted the use of e40Ca to studies concerning Archaean
rocks which were old enough for significant radiogenic
enrichments to be detected (Marshall and DePaolo, 1989;
Fletcher et al., 1997; Kreissig and Elliott, 2005; Harrison
et al., 2010). With recent improvements in analytical preci-
sion (e.g. Caro et al., 2010; Schiller et al., 2012), there has
been an increase in the number of studies reporting e40Ca
data. Farkaš et al. (2011) used e40Ca values to investigate
the source of Ca to trees, which were growing on a Precam-
brian substrate, and a laboratory study on the dissolution
of a 1.7 Ga granodiorite demonstrated the ability to track
the weathering of the minerals biotite and K-feldspar
through time using e40Ca values (Ryu et al., 2011). The lat-
ter two studies clearly demonstrate the potential of e40Ca to
trace the release of Ca from individual minerals directly. At
present there are very few direct measurements of e40Ca val-
ues in water samples. Seawater has no discernible enrich-
ment of radiogenic Ca (Amini et al., 2009; Simon et al.,
2009; Caro et al., 2010; Schiller et al., 2012) though rivers
draining the Himalayas are radiogenic (Brahmaputra
(e40Ca = +1.00) and Ganges (e40Ca = +1.39), Caro et al.,
2010).

In addition to the radiogenic system, calcium has six sta-
ble isotopes and fractionation in stable Ca isotopes has
been widely used to investigate the Ca biogeochemical cycle
(for a recent review see Fantle and Tipper, 2014). Stable Ca
isotope ratios can contain source information, but in addi-
tion, they also contain information on fractionation pro-
cesses, providing additional constraints on the controls on
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Ca concentrations. In terms of weathering reactions, negli-
gible stable Ca isotope fractionation has been observed dur-
ing the initial dissolution of silicate minerals (Hindshaw
et al., 2011a; Ryu et al., 2011). In terrestrial systems, biolog-
ical uptake into plants appears to be the dominant cause of
stable Ca isotope fractionation: vegetation is enriched in
light Ca and the magnitude of fractionation is dependent
on the type of vegetation (Cobert et al., 2011; Hindshaw
et al., 2013a; Schmitt et al., 2013). Rivers draining grey-
wacke rivers in New Zealand had lighter d44/42Ca values
compared to bedrock and this was attributed to mixing
with a soil exchangeable pool containing Ca fractionated
by grasses (Moore et al., 2013). In contrast, the impact of
uptake into vegetation in heavily forested catchments
appears to have minimal influence on riverine d44/42Ca val-
ues (Holmden and Bélanger, 2010; Bagard et al., 2013).
Processes such as secondary mineral precipitation (Ewing
et al., 2008; DePaolo, 2011; Harouaka et al., 2014) and
adsorption reactions (Ockert et al., 2013) are also known
to fractionate stable Ca values and there is tentative evi-
dence that these processes do affect the d44/42Ca composi-
tion of river waters (Tipper et al., 2006; Hindshaw et al.,
2013b).

Combining the radiogenic and the stable isotope systems
of Ca could potentially allow for an unequivocal distinction
between source changes and fractionation processes,
enabling a greater understanding of the processes affecting
Ca in the weathering environment. Due to the Archaean
age of the bedrock in Greenland, variable radiogenic 40Ca
anomalies between minerals should have developed, mak-
ing it a promising location for testing the utility of e40Ca
to trace mineral weathering reactions. This study aims to
identify the mineral weathering reactions occurring under
an outlet glacier of the GrIS by analysing the river water
chemistry with a particular focus on stable and radiogenic
Ca isotopes and radiogenic Sr isotopes. We focussed on
Leverett Glacier, West Greenland, which has been the sub-
ject of high-intensity hydrological investigations
(Bartholomew et al., 2010; Bartholomew et al., 2011;
Chandler et al., 2013), allowing the obtained chemical data
to be put into a hydrological context.

2. FIELD AREA DESCRIPTION

Leverett Glacier is a land-terminating outlet glacier of
the Greenland Ice Sheet situated on the west coast of
Greenland approximately 25 km east of Kangerlussuaq
(Søndre Strømfjord). Leverett Glacier drains two lithologi-
cal units of Precambrian age (Fig. 1). To the north side of
Leverett is the Ikertôq complex of the Nagssugtoqidian fold
belt, which is composed of re-worked epidote amphibolite
to amphibolite facies basement gneisses and granites
(Henriksen et al., 2000). Amphibolite layers and lenses
occur which are thought to be metamorphosed remnants
of dolerite dykes (Escher et al., 1976). There was a peak
of tectonic and metamorphic activity ca 1850 Ma after
which the area stabilised as part of the Laurentian shield
ca 1600 Ma (Henriksen et al., 2000). Leverett Glacier is
situated approximately 2 km north of the arbitrary
boundary between the Nagssugtoqidian complex and the
pre-Nagssugtoqidian (Archaean) complex (Escher, 1971).
The rocks to the south of Leverett Glacier are a late
Archaean (ca 2.5 Ga) felsic intrusion related to the Qôrqut
granite (Escher, 1971; Nutman et al., 2010). The exact
boundary between these two lithological units underneath
the glacier is unknown.

The area experiences an Arctic climate with a mean
annual temperature (1973–1999) of �5.7 �C (Cappelen
et al., 2001). There are strong seasonal variations in temper-
ature: the mean temperatures in January and July are �19.8
and +10.7 �C respectively (Cappelen et al., 2001). The
region receives relatively little precipitation (155 mm, Van
Tatenhove, 1996) and annual evapotranspiration (300 mm,
Hasholt and Sogaard, 1978) exceeds annual precipitation.
In the unglaciated area, permafrost is continuous with an
active layer thickness of 0.1–2.5 m (Van Tatenhove, 1996).

One main river emerges from underneath the northern
edge of Leverett glacier. Recent studies have indicated that
Leverett glacier experiences strong seasonal variations in
subglacial hydrology similar to those observed in smaller
alpine glaciers whereby an inefficient distributed drainage
network transforms into an efficient channelized
network of drainage channels as the summer progresses
(Bartholomew et al., 2010; Chandler et al., 2013). Seasonal
changes in subglacial hydrology have also been observed in
other outlet glaciers of the Greenland Ice Sheet (Bhatia
et al., 2011; Palmer et al., 2011; Meierbachtol et al., 2013)
suggesting that the subglacial hydrology of Leverett is rep-
resentative of outlet glaciers from the Greenland Ice Sheet.
It has been estimated that the hydrological catchment area
of Leverett, when the subglacial drainage system is fully
developed, is in excess of 600 km2 and extends more than
50 km east from the snout of the glacier into the main ice
sheet (Bartholomew et al., 2011).

3. METHODS

3.1. Water samples

The main river was sampled twice a day, at approxi-
mately 08:00 and 17:30 local time, from 5th July to 1st
August 2009 at 67�03.7550N, 50�11.8740W, including two
24-h periods when samples were taken every 2 h (14th–
15th July and 28th–29th July). The sampling location was
approximately 1 km downstream from the glacier front.
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 the bulk river chemistry.
Temperature and pH were measured in situ (Hanna HI
98160 pH meter). Water samples were collected in a bucket
previously rinsed with river water and filtered on the day of
collection through 0.2 lm nylon filters using a Nalgene fil-
tration unit connected to a hand pump. A filtered water
sample was titrated with 3.3 mM HCl and alkalinity was
calculated from the titration curve using the Gran method
(Stumm and Morgan, 1996). Filtered samples were stored
in pre-cleaned HDPE bottles and those intended for later
analysis of cations and isotopes were acidified to pH 2 with
single-distilled concentrated HNO3.
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Additional water samples were collected to constrain
potential end-member sources. This included five samples
of supraglacial streams, two cryoconite samples, one sam-
ple from the supraglacial stream draining parallel to the
northern lateral moraine, three end-moraine lake samples,
one other lake sample and two ice samples taken from
the river draining Russell glacier (4 km to the north)
(Fig. 1, Table S1). The ice samples were taken from the
river and contained some sediment. These samples were
treated as described above for the river water samples.
No snow samples were taken because the snow-line was
too far inland.

Automatic measurements of water stage, electrical con-
ductivity and turbidity were obtained by Bartholomew
et al. (2011) 2 km downstream of the glacier front from
18 May to 3 September 2009. A rating curve was obtained
from 29 dye dilution gauging tests and the error in the rat-
ing curve is estimated to be 15%. Turbidity was converted
to suspended sediment concentrations (SSC) by calibration
with 49 manually collected suspended sediment samples
and the error is estimated to be 7%. Additional monitoring
50 m from the glacier front revealed that conductivity and
SSC did not change significantly between the glacier front
and the main hydrological station 2 km downstream
(Bartholomew et al., 2011).

3.2. Solid samples

Four rock samples (two orthogneisses and two amphib-
olites) were collected from the area close to where the water
samples were taken. No rock samples were taken from the
south side of Leverett glacier. In addition, samples of river
sediment, moraine material and sand were collected (Fig. 1,
Table S1).

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 sam-
ples were ground to a fine powder using a rotary disc mill
with an agate grinding set for further analysis. The remain-
der of the rock samples were ground to <1000 lm and min-
eral separates were obtained from the <425 lm fraction
using heavy liquids, magnetic separation and hand-picking.
Mineral abundances were obtained by point counting on
thin section microphotographs combined with SEM back-
scattered images (Hitachi S-3500N microscope equipped
with Thermo Noran energy dispersive spectrometer at the
University of Bristol) and element maps.

3.3. Element analysis

For all water samples, major cations, Sr and Si were
measured by inductively-coupled plasma optical emission
spectrometry (ICP-OES, Vista-MPX, Varian Inc., USA at
ETH Zurich) and anions by ion chromatography (IC, 761
Compact IC, Metrohm AG, Switzerland at ETH Zurich).
Measured cation concentrations of the water standard
SLRS-4 (National Research Council Canada) were within
8% of the certified values. External reproducibility, as mea-
sured by 14 pairs of replicate field samples, was <3% for
cations and <8% for anions. Calculated charge balance
errors (CBE) were <4% for the vast majority of samples,
confirming the accuracy of the anion and cation measure-
ments (Table 1).

Element concentrations of solid samples were obtained
by three different methods: ICP-OES, XRF and micro-
probe. For ICP-OES analyses, approximately 0.2 g of each
rock powder 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 finally redissolved
in 2% HNO3 for cation analysis. For microprobe analysis
of minerals, a five-spectrometer Cameca SX100 electron
microprobe analyser (SEM) at the University of Bristol
with a 20 kV accelerating voltage and a beam current of



Table 1
Summary the chemical and isotopic composition of water samples from Leverett Glacier.

Sample
name

Local
time

Runoff
(mc/s)

SSC
(g/L)

pH T �C CBEa% Ca
lmol/L

Mg Na K Si F Cl NO3 SO4 HCO3 Sr
nmol/
L

d18O 87Sr/86Srb d44/42

Cac
e40Cad

0705am 09:10 108 9.0 9.32 0.1 9 67.7 22.9 110.1 58.4 71.4 3.2 6.4 1.9 33.0 212.4 114 �23.64 0.745054 0.55 4.3
0705pm 17:15 112 7.5 8.95 0.2 56.4 14.3 91.4 44.8 36.0 2.4 2.1 30.1 83 �23.66 0.744528
0706am 09:00 97 7.4 9.34 0.1 4 56.0 13.7 89.9 48.4 36.8 2.4 6.6 1.6 29.5 185.3 79 �23.78 0.745082
0706pm 18:35 112 5.7 8.85 0.2 4 46.7 16.7 75.8 44.6 61.2 1.7 8.9 1.6 23.4 166.9 87 �24.07 0.59 3.7
0707am 08:30 108 4.6 8.88 0.2 0 42.6 10.5 65.3 37.6 27.1 1.5 4.7 1.3 21.6 158.1 60 �23.98 0.745002
0707pm 17:10 123 3.7 8.25 0.2 0 32.2 8.6 49.2 34.1 21.1 1.2 7.4 1.3 15.3 122.5 49 �24.18 0.744562
0708am 08:25 130 3.6 8.48 0.2 3 34.0 8.7 48.4 32.1 21.5 1.2 5.2 1.2 15.4 119.1 51 �23.92 0.745272 0.62 3.2
0708pm 17:45 145 3.3 8.02 0.2 0 26.6 7.1 35.9 25.2 17.2 0.9 4.1 0.9 11.2 99.3 41 �24.15 0.744986 0.50 3.5
0709am 08:25 150 3.3 8.42 0.2 1 29.8 7.7 41.0 28.0 19.5 1.2 4.9 1.3 12.6 108.0 43 �23.95 0.745495 0.59 4.6
0709pm 17:10 159 3.1 7.98 0.2 �1 27.5 7.7 38.8 27.5 17.8 1.0 4.0 1.3 11.8 108.3 41 �24.09 0.744519
0710am 08:30 160 2.9 8.22 0.2 �5 31.9 8.0 42.4 29.0 20.3 1.2 4.8 1.1 15.2 128.4 48 �23.85 0.744776
0710pm 17:00 175 2.7 7.68 0.2 �2 30.0 7.7 38.9 39.4 19.1 1.0 16.5 1.5 14.0 114.6 48 �24.06 0.744241 0.58 4.5
0711am 08:20 173 2.9 8.32 0.2 1 35.3 8.5 50.2 47.8 21.5 1.3 14.8 1.7 17.6 129.5 56 �23.85 0.744195
0711pm 17:15 191 2.6 8.28 0.3 �6 28.6 7.3 36.4 25.3 19.3 0.9 3.8 1.1 14.0 117.3 45 �24.08 0.744516 0.68 2.4
0712am 08:15 195 2.8 8.33 0.3 �1 31.5 7.7 39.1 31.0 18.4 1.2 5.4 1.2 15.0 113.5 48 �23.88 0.743492
0712pm 18:10 221 2.3 7.92 0.3 �7 26.5 6.6 30.6 23.4 15.3 0.8 3.4 1.2 11.5 110.2 42 �24.05 0.744072
0713am 08:15 231 3.0 8.44 0.2 �1 29.0 7.0 33.8 24.1 16.3 0.9 3.8 1.3 12.7 101.4 43 �23.89 0.743966
0713pm 18:20 249 2.8 8.07 0.3 0 28.4 8.4 32.9 27.3 19.3 0.8 3.5 0.6 11.7 105.5 48 �23.85 0.743391 0.59 4.2
0714.08 08:00 257 3.2 8.21 0.2 �3 30.9 8.3 35.2 23.8 20.2 0.9 3.2 0.6 14.0 113.2 50 �23.73
0714.10 10:00 262 3.4 8.21 0.2 �5 31.6 7.9 35.2 24.1 18.1 1.0 2.7 1.0 13.9 121.9 50 �23.71
0714.12 12:00 267 3.4 8.06 0.2 �3 30.0 7.8 34.5 24.1 19.7 0.9 2.6 0.6 13.3 112.4 51 �23.76
0714.14 14:00 272 3.0 7.93 0.2 �3 30.2 7.4 33.1 22.8 16.9 0.9 2.7 0.8 13.0 109.5 49 �23.83
0714.16 16:00 279 3.0 7.94 0.2 0 31.2 8.5 33.9 22.7 21.0 0.8 3.1 0.3 12.5 106.6 50 �23.83
0714.18 18:00 285 2.7 7.98 0.2 0 30.2 7.5 32.1 21.6 16.9 0.8 3.4 0.9 11.9 101.4 46 �23.85
0714.20 20:00 285 2.7 8.00 0.2 0 29.9 7.4 31.9 22.1 16.3 0.7 3.4 0.9 11.8 99.8 44 �23.79
0714.22 22:00 287 2.7 8.03 0.2 �1 31.1 7.7 32.1 21.2 17.2 0.8 2.8 0.8 12.1 105.1 48 �23.77
0715.00 00:00 287 2.9 8.02 0.2 �2 33.8 8.4 34.0 23.7 17.9 0.9 4.4 1.0 12.6 116.4 52 �23.79
0715.02 02:00 282 3.0 8.12 0.2 3 36.1 8.8 34.4 23.2 18.4 0.8 3.9 0.4 12.9 108.4 54 �23.68
0715.04 04:00 281 3.0 8.25 0.2 �1 33.9 8.4 35.2 24.3 18.1 0.8 5.2 0.9 13.4 112.1 50 �23.71
0715.06 06:00 275 3.3 8.24 0.2 �1 34.8 8.5 37.1 27.8 18.9 0.9 7.5 1.1 13.8 118.5 52 �23.69
0715am 08:00 274 3.4 8.25 0.1 4 38.8 9.4 39.4 28.4 23.6 1.0 5.9 1.4 15.2 111.5 63 �23.18 0.742515 0.53 3.9
0715pm 17:35 299 3.0 7.96 0.2 3 29.2 7.5 33.3 22.0 17.2 0.9 2.8 1.1 12.2 92.5 45 �23.97 0.742430 0.68 4.1
0716am 08:15 281 4.0 8.10 0.1 1 32.5 8.4 39.2 25.4 19.7 1.1 3.9 0.0 14.9 109.1 50 �23.81 0.742035
0716LP 14:00 297 3.2 7.97 0.1 �4 30.2 7.4 34.7 21.7 17.0 0.9 2.9 0.8 13.5 111.9 46 �24.18 0.742406
0717am 08:05 279 3.4 8.18 0.1 �1 32.9 7.9 38.7 24.7 18.8 1.1 3.3 1.0 15.8 111.2 50 �23.86 0.741892
0718am 08:10 274 3.0 8.25 0.1 4 36.2 8.5 39.0 25.5 20.9 1.2 4.4 1.7 15.6 104.6 58 �23.68 0.741530
0718pm 17:20 293 2.8 7.73 0.2 �5 32.1 8.7 36.0 23.4 17.5 0.9 4.8 0.0 13.8 121.5 50 �23.98 0.741642
0719am 08:15 259 3.0 8.05 0.1 0 34.4 8.2 39.1 25.2 19.6 1.6 4.8 0.5 15.8 110.8 53 �23.86 0.741570
0719pm 17:00 272 3.8 7.98 0.2 0 31.8 8.3 35.7 24.7 18.9 0.8 4.5 0.0 13.8 107.4 52 �24.02 0.741220
0720am 08:15 240 3.0 8.02 0.2 2 33.4 8.2 37.7 26.8 18.6 0.9 6.4 1.0 15.0 103.6 51 �23.98 0.741276
0720pm 17:20 259 7.81 0.1 0 30.4 7.6 33.6 21.9 17.0 0.8 3.2 0.2 13.1 100.5 47 �24.16 0.741248
0721am 08:15 231 3.6 7.89 0.1 0 32.2 8.0 36.1 26.0 17.3 1.0 9.1 1.1 13.8 102.5 50 �23.91 0.741263 0.56 3.6

(continued on next page)
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0721pm 20:45 247 7.56 0.1 �1 29.6 7.7 31.4 20.0 15.7 0.8 2.9 0.4 12.8 98.2 46 �24.04 0.740631
0722am 08:15 229 3.3 8.08 0.1 0 35.7 8.4 37.6 24.6 19.1 0.9 4.1 0.9 17.1 109.1 55 �23.85 0.741305
0722pm 17:40 247 8.01 0.1 3 36.0 8.5 37.4 26.0 18.7 1.1 5.3 0.8 17.8 100.2 56 �24.06 0.741286
0723am 08:15 221 3.5 8.12 0.1 2 37.6 8.6 38.9 24.7 19.7 1.0 3.3 0.8 18.1 108.8 57 �23.85 0.741436
0723pm 18:35 239 8.00 0.1 1 34.6 8.5 36.2 23.2 18.6 0.9 2.9 0.9 16.4 105.4 54 �23.99 0.741036
0724am 08:15 216 3.9 8.17 0.1 0 36.0 8.4 38.1 25.5 20.1 0.9 4.5 0.9 17.0 111.5 55 �23.94 0.741344
0724pm 17:50 235 7.88 0.1 3 33.5 8.7 36.7 23.9 17.9 1.0 4.4 0.5 15.4 99.9 53 �24.15 0.740911 0.66 3.6
0725am 08:10 209 3.8 8.21 0.1 0 33.6 7.9 36.3 28.5 18.2 0.9 8.3 0.6 15.9 107.6 52 �23.93 0.741391
0725pm 17:55 225 4.1 8.19 0.1 2 35.1 8.3 35.6 23.5 18.8 0.8 5.2 1.3 16.0 101.5 55 �24.07 0.741061
0726am 08:10 209 4.2 8.08 0.1 0 35.9 8.3 37.3 23.6 19.9 0.9 4.9 1.2 16.4 110.7 54 �23.82 0.741016
0726pm 17:40 221 4.4 8.22 0.1 �1 36.0 8.4 35.7 23.1 19.2 0.9 3.0 0.7 16.2 112.5 56 �23.99 0.741065
0727am 09:30 203 5.1 8.52 0.1 �2 36.3 8.7 37.7 22.9 19.7 1.0 5.0 0.6 16.9 117.7 56 �23.86 0.741043
0727pm 18:40 223 8.04 0.1 �1 34.2 8.5 36.1 22.3 19.4 0.9 4.3 0.7 15.9 108.7 55 �24.01 0.740832 0.67 4.6
0728.08 08:00 208 3.7 8.28 0.1 2 39.0 8.4 38.0 25.5 20.7 0.9 2.8 0.3 16.6 113.9 57 �23.88
0728.10 10:00 205 3.8 8.34 0.1 �1 39.7 9.0 40.1 27.1 22.4 1.0 3.8 0.7 17.7 126.5 62 �23.88
0728.12 12:00 206 4.0 8.38 0.1 �1 40.8 9.1 41.7 27.2 22.3 1.0 3.7 0.0 18.6 128.8 62 �23.85
0728.14 14:00 209 4.1 8.08 0.1 �2 42.5 9.3 42.4 27.6 23.5 1.2 5.8 2.2 19.2 131.7 66 �23.93
0728.16 16:00 214 3.9 8.37 0.2 0 41.3 9.2 41.8 28.1 21.5 1.2 5.3 1.3 18.5 124.4 63 �23.94 0.60 3.1
0728.18 18:00 216 3.6 8.28 0.1 �2 39.4 8.7 38.9 24.7 20.6 0.9 3.2 0.5 17.8 126.2 60 �24.02
0728.20 20:00 218 3.6 8.19 0.1 1 39.1 8.7 38.4 25.3 19.6 0.9 3.9 0.9 17.5 115.0 56 �23.76
0728.22 22:00 211 3.7 8.17 0.1 �1 38.7 8.9 38.0 26.2 19.6 1.0 6.6 0.8 16.7 120.8 60 �24.04
0729.00 00:00 208 3.7 8.26 0.2 �2 38.2 8.8 37.9 25.3 19.2 1.0 5.6 0.9 16.5 121.6 60 �24.00 0.61 4.8
0729.02 02:00 204 3.7 8.42 0.2 �2 40.0 9.0 38.3 23.0 19.6 0.9 2.8 0.7 16.9 126.6 60 �23.95
0729.04 04:00 199 3.9 8.05 0.2 1 41.6 9.5 39.0 23.7 20.3 0.9 3.0 0.7 17.0 122.4 63 �23.96 0.60 5.0
0729.06 06:00 195 4.0 8.22 0.2 2 41.4 9.3 40.3 25.7 20.9 1.1 3.0 0.3 17.4 122.3 63 �23.92
0729am 08:10 192 4.2 8.30 0.1 6 44.5 9.8 42.9 28.8 24.3 1.1 4.5 0.9 18.6 116.6 72 �23.60 0.741185
0729pm 17:55 204 4.6 8.37 0.1 2 40.1 9.4 48.8 33.9 22.2 1.1 10.1 1.0 19.0 124.9 62 �24.02 0.741088
0730am 08:10 185 4.4 8.38 0.1 1 36.5 8.8 41.7 26.7 21.8 1.1 4.3 0.8 17.4 114.7 57 �23.94 0.740653
0730pm 17:35 199 4.1 8.34 0.2 0 38.8 8.8 41.0 25.5 21.0 0.9 4.1 0.6 17.7 122.1 58 �24.06 0.741121
0731am 08:05 179 3.7 7.69 0.1 1 34.8 8.0 38.0 26.9 20.1 0.9 6.3 0.5 16.1 108.1 54 �23.83 0.741081
0731pm 17:15 192 4.4 8.01 0.2 0 34.7 8.8 38.6 24.4 19.6 0.9 4.0 0.0 16.7 111.7 55 �24.04 0.740777
0801am 08:00 172 3.5 7.88 0.1 �11 20.8 6.0 35.0 21.5 18.4 0.9 4.0 0.6 15.5 99.7 n �23.93 0.740861 0.59 4.5
0717RGf 17:55 7.81 3.2 �6 17.9 4.9 6.2 8.3 7.4 0.2 2.3 0.5 4.4 55.9 23 �27.57 0.740990 0.48 1.8
Icee 5.98 n 5.90 0.4 3.3 2.1 0.2 0.0 16.1 2.0 0.9 2 �31.07 0.728373 0.53 1.6
SGe 5.31 0.1 0.0 0.0 0.4 0.1 0.1 0.0 0.2 0.0 0.0 0 �28.26 0.736035
Crye 6.91 0.5 0.0 0.1 1.5 1.6 0.0 0.0 2.1 0.1 0.0 0 �27.27 0.733685
0708LGSf 13:00 5.58 0.1 4.2 1.7 1.4 2.2 6.4 0.0 8.8 0.0 1.5 10 �32.47 0.748421 0.39 4.1
0723TMLf 15:00 7.08 6.4 �2 16.2 4.0 10.6 18.6 12.2 0.0 3.8 0.4 2.1 64.3 20 �32.20 0.761406 0.56 4.7
0717CLf 13:50 8.93 14 4 834 1134 1008 400 0.0 28.9 1099 0.0 30.0 3767 1007 �9.46 0.755445 0.49 3.6
0711PGL1f 13:45 8.12 12.8 3 1165 268 215 221 0.0 15.8 102 0.0 803 1405 1252 �13.09 0.753358
0711PGL2f 14:15 7.63 14.7 1 461 92.5 67.2 96.3 35.2 13.7 22.6 0.0 361 485.8 507 �12.09 0.753197 0.24 3.9

a CBE = charge balance error = ((R+ � R�)/(R+ � R�)) * 100 in meq.
b The average of 2 repeat measurements. External error is 15 ppm (long-term drift-corrected reproducibility of standard).
c The average of 2 repeat measurements. External error is 0.07& (long-term drift-corrected reproducibility of standard).
d The average of 2 repeat measurements. External error is 1.5 �-units (long-term drift-corrected reproducibility of standard).
e Combined samples. Ice = two different ice samples. Cry = two different cryoconite samples. SG = five different supraglacial streams draining into moulins.
f 0717RG = Russell Glacier, 0708LGS = Lateral Glacial Stream, 0717CL = ‘Camp Lake’, 0711PGL = Pro-glacial Lake.
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20 nA was used. Natural and synthetic silicates and oxides
were used as standards and the error on concentration mea-
surements was typically less than 2%. Bulk rock composi-
tions were calculated from the mineral abundances and
concentration data obtained by microprobe analysis. Ele-
ment concentrations of the bulk rock and sediment samples
were also determined by X-ray fluorescence spectrometry
(XRF, Spectro X-Lab 2000, Spectro Analytical Instru-
ments, Germany at ETH Zurich). The error on concentra-
tion measurements was less than 5% for major elements and
7% for Sr. A comparison of bulk rock compositions deter-
mined by XRF, ICP-OES and microprobe can be found in
Table S2.

3.4. Isotope analysis

For the analysis of Ca isotopes, a volume of solution
containing 3 lg Ca was dried down in teflon beakers
together with 22 lL of a 7 ppm 43Ca–46Ca double-spike.
The solid residue was re-dissolved in concentrated HNO3,
dried down again and re-dissolved in 3 M nitric acid for col-
umn chemistry. The procedural blank through chemical
separation was less than 10 ng. The purification chemistry
and analytical procedures used were identical to those pre-
viously described by Hindshaw et al. (2011a). Briefly, a
four-stage ion exchange column chemistry procedure was
used in order to remove interfering elements prior to anal-
ysis by thermal ionisation mass spectrometry (TIMS, Tri-
ton, Thermo Fischer Scientific at ETH Zurich) using the
43Ca–46Ca double-spike to correct for instrumental mass
bias. Ca (0.7–1 lg) was loaded in nitric form together with
1 lL of Ta phosphate activator solution (Birck and Allègre,
1978) onto degassed rhenium filaments. Samples were run
as single filaments in static multicollector configuration.
Stable calcium isotope ratios are reported in delta notation
relative to the standard NIST SRM 915a:

d44=42Ca ¼ 1000

44Ca
42Ca

� �
sample

44Ca
42Ca

� �
SRM915a

� 1

8><
>:

9>=
>;

ð1Þ

Samples in each turret were bracketed by standards and a
secondary correction was applied to correct for the drift
of standards with time (Hindshaw et al., 2011a). The exter-
nal reproducibility of d44/42Ca for NIST SRM 915b was
0.07& (2SD, n = 101). Relative to NIST SRM 915b, NIST
SRM 915a had a value of �0.35 ± 0.02& (2SD, n = 46).
Therefore, to convert to the 915a scale, 0.35& was added
to all d44/42Ca915b values. The measured value for seawater
was 0.96 ± 0.04& (2SD, n = 45).

From the same filament run, radiogenic Ca values were
calculated. Radiogenic 40Ca anomalies are reported in epsi-
lon units:

�40Ca ¼ 10; 000

40Ca
42Ca

� �
sample

40Ca
42Ca

� �
bulk Earth

� 1

8><
>:

9>=
>;

ð2Þ

The 42/44Ca normalization ratio is 0.31221 and the
40Ca/42Ca is 151.016 after DePaolo et al., 2004. As with
the stable Ca isotope values, a drift was observed in the
e40Ca values of NIST SRM 915b and seawater over the
course of this study (Fig. S1). To correct for the drift, sam-
ples were bracketed by NIST SRM 915b, the value of which
was set to 0. The long-term 2SD of �40Ca for NIST SRM
915b was 1.5 (n = 101). The �40Ca values of seawater and
BHVO-2 were 0.8 ± 1.2 (2SD, n = 18) and 0.3 ± 1.2
(2SD, n = 5), in agreement with previous studies (Amini
et al., 2009; Caro et al., 2010; Schiller et al., 2012). For both
the radiogenic and stable Ca isotope data, the error used for
samples is the long-term drift-corrected 2SD external repro-
ducibility of NIST SRM 915b. This is approximately a fac-
tor of 5 greater than the internal precision (1 SEM) of a
single sample measurement.

Samples for strontium isotope analysis were first puri-
fied, based on methods by Deniel and Pin (2001) and de
Souza et al. (2010), to remove matrix ions. The procedural
blank through chemical separation was less than 100 pg.
Samples were measured by TIMS (Triton, Thermo Fischer
Scientific at ETH Zurich). Approximately 250 ng of Sr was
loaded in nitric form together with 1 lL of tantalum phos-
phate activator solution onto degassed single rhenium fila-
ments. Data acquisition was comprised of 200
measurements with a 4 s integration time in static mode.
The exponential law was applied to correct for instrument
mass fractionation and all 87Sr/86Sr ratios were normalised
to 86Sr/88Sr = 0.1194. 85Rb was monitored to correct for
rubidium interferences on 87Sr. At least two different stan-
dards (of NBS 987, seawater and an in-house carbonate
standard) were analysed in each session to monitor machine
drift and each sample was measured twice. Samples in each
turret were bracketed by NBS 987 and a secondary correc-
tion to give 87Sr/86Sr ratios of 0.710250 for NBS 987 was
applied to all samples. Reproducibility (2SD) of standards
over the course of this study were 0.709177 ± 21 (n = 22)
and 0.708675 ± 20 (n = 26) for seawater and the in-house
standard respectively. The long-term drift-corrected 2SD
external reproducibility of NBS 987 was 15 ppm
(n = 45)and this is used as the error for all samples.***

The oxygen isotopic composition (d18O) of water sam-
ples was measured using the CO2 equilibration method:
200 lL samples of water were pipetted into 12 mL sep-
tum-capped vials which were subsequently filled with a mix-
ture of 0.3% CO2 and He. After equilibration at 25 �C for at
least 18 h the CO2/He mixture was measured using a Gas
Bench II (Thermo Scientific) connected to an isotope ratio
mass spectrometer (Delta V plus, Thermo Scientific at ETH
Zurich). Measurements were calibrated with the interna-
tional standards SMOW, SLAP and GISP. The results
are reported in the conventional delta notation with respect
to VSMOW and sample standard deviation was less than
0.1& (2SD).

4. RESULTS

4.1. Hydrochemistry

Hydrochemical data for the sampling period is presented
in Table 1, Figs. 2 and 3. The temporal variation in dis-
charge is typical for a glacial catchment, with increased dis-
charge during the warmer, summer months as a result of
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Fig. 2. Overview of river water chemistry. Blue line: The fourth
outburst event which coincided with the drainage of a supraglacial
lake (Bartholomew et al., 2011). The green lines demarcate the
three hydrological periods P1, P2 and P3 (highlighted by different
background colours and defined in Section 5.1). First green line:
end of the outburst event as measured by the end of the marked
decrease in element and SSC measurements. Second green line:
discharge has reached its maximum value and begins to decrease
and the decrease in 87Sr/86Sr values ends. Temporal changes in
discharge, SSC, pH, Ca2+ and HCO3

� concentrations, 87Sr/86Sre40Ca,
d44/42Ca and d18O are shown. Discharge and suspended sediment
data are from Bartholomew et al. (2011). (For interpretation of the
references to colour in this figure legend, the reader is referred to
the web version of this article.)
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R.S. Hindshaw et al. / Geochimica et Cosmochimica Acta 145 (2014) 50–71 57
increased surface melting. Discharge from Leverett Glacier
was <6 m3 s�1 prior to the start of June and then increased
to a maximum value of 317 m3 s�1 on 16th July before grad-
ually declining. When observations ceased on 3rd September
discharge was 42 m3 s�1 (Bartholomew et al., 2011). The
overall temporal variation in discharge is typical for this
river which has been monitored since 2009. Cumulative
discharge in 2009 was similar to that observed in 2011
but was lower than the record melt years of 2010 and
2012 (Mernild et al., 2011; Nghiem et al., 2012; Chandler
et al., 2013; Hawkings et al., 2014). The rising limb of the
hydrograph in 2009 was punctuated by four distinct
discharge pulses, which were coincident with transient
increases in suspended sediment concentrations and
electrical conductivity. The last of these pulses started on
3rd July, just before the samples presented in this study
were collected (Fig. 2, the first three discharge pulses are
not shown). The discharge pulses have been linked to the
sudden drainage of lakes on the glacier surface which were
observed by satellite observations (Bartholomew et al.,
2011) and have been observed every year this glacier has
been monitored (Bartholomew et al., 2011; Chandler
et al., 2013; Hawkings et al., 2014).

All major cation and anion concentrations are highest at
the start of the sampling period and then decrease rapidly
over a period of 4 days, with the exception of Cl� and
NO3

�, which remain relatively constant. For example,
Na+ concentrations decrease from 186 lmol L�1 to around
40 lmol L�1 for the remainder of the sampling period
(Table 1). After the initial decrease, concentrations are sta-
ble with a diurnal cycle (Fig. 2). In general, concentrations
are higher in the morning (ca 08:00), when discharge is
lower, than in the evening (ca 17:30). For the majority of
river samples, [Na2+] > [Ca2+] > [K+] > [Mg2+] and HCO3

�

was the dominant anion (Table 1, Fig. 3). The low Ca/Na
molar ratio, which is 0.6 at the start of the sampling period,
is unusual for a glacial river; typically calcium is the most
abundant cation in glacial rivers regardless of lithology
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(Anderson, 2007). The pH follows a similar trend to the
major ions with a maximum value of 9.34 at the start of
the sampling period, which then decreases to around 8.12
(Fig. 2). Basic pH values are typical of rivers draining gla-
ciated catchments (Tranter, 2003).

Similar to the major ion concentration profiles, 87Sr/86Sr
ratios are highest at the start of the sampling period
(Fig. 2). However, the decrease in 87Sr/86Sr ratios begins
after the decrease in major cation concentrations and
occurs over approximately 16 days, compared to 4 days
for the major ion concentrations (Fig. 2). Diurnal varia-
tions are observed in 87Sr/86Sr with values approximately
0.00019 higher in the morning than in the evening (Table 1).

The river exports radiogenic Ca with a mean e40Ca value
of +4.0, which is higher than the modern day seawater
value of 0 (Caro et al., 2010; Schiller et al., 2012). The
e40Ca values show no temporal variation outwith the exter-
nal analytical error of 1.5 e-units (Fig. 2). The stable Ca iso-
tope values vary from +0.50& to +0.68& during the
sampling period but there is no clear relationship with
either discharge or Ca concentrations (Table 1, Fig. 2).
The d18O ratio of the river has an average value of
�23.9& (range = �23.2& to �24.2&). In the latter part
of the sampling period, when discharge starts to decrease,
there are clear diurnal variations with an average magni-
tude of 0.2& (Fig. 2).

4.2. Rock samples and mineral separates

Rock samples were collected from the Ikertôq complex
of the Nagssugtoqidian fold belt which lies to the north side
of the river draining Leverett glacier. Two varieties of
orthogneiss were collected: a pink sample (GR02) and a
grey sample (GR04). The distinction between pink and grey
orthogneisses in the Nagssugtoqidian fold belt has previ-
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(1990) and Qôrqut granite from Brown et al. (1981). Sediment samples ar
cone sediment on surface of glacier, SM sed = side moraine sediment (T
content is shown for reference. (b) The anorthite content (An) of individu
content (Table S4). The grey bar indicates the An composition of plagiocl
that plagioclase from GR02 has a negligible contribution to the sediment
glacier is probably minor.
ously been reported with the pink orthogneiss having low
CaO (<2%) and high K2O (4.5–7%) compared to the grey
orthogneiss (Kalsbeek et al., 1987). GR02 and GR04 have
similar bulk chemical compositions to other gneissic sam-
ples collected from the fold belt approximately 100 km fur-
ther north (Fig. 4a, Kalsbeek et al., 1987). The main
minerals in the orthogneiss samples are plagioclase
(An0.3)K-feldspar and quartz which together comprise 92–
98% of the mineral abundance (Table 2). Biotite has been
altered to chlorite and epidote and the majority of plagio-
clase crystals have been completely altered to sericite, car-
bonate and clays. Apatite and zircon are only present in
trace amounts (<1%). Mafic lenses were present in the field
area and two samples were collected, one with garnet (4%,
GR01) and one with clinopyroxene (22%, GR03). The main
mineral in both mafic rocks was hornblende (69% GR01,
45% GR03) followed by plagioclase (14–18%) (Table 2).
In addition, GR01 contained quartz (10%), titanite (3%)
and magnetite (1%) whilst GR03 contained epidote (3%),
scapolite (12%) and titanite (<1%). The chemical composi-
tion of the mafic rocks is very similar to amphibolites from
the Nagssugtoqidian fold belt in the east of Greenland near
Angmagssalik (Fig. 4a, Messiga et al., 1990). No samples
were collected from the Qôrqut granite on the south side
of Leverett glacier but the Qôrqut granite complex further
south near Nuuk (Brown et al., 1981) is very similar in com-
position to orthogneiss GR02 (Fig. 4a). The main mineral
phases in the Qôrqut granite are plagioclase An�20, quartz,
K-feldspar, biotite with traces of magnetite, epidote, zircon,
apatite and titanite. Some of the plagioclase has been
altered to muscovite and epidote (Brown et al., 1981).

For the whole rock samples, 87Sr/86Sr and e40Ca are
correlated (Fig. 5c, R2 = 0.94, p < 0.04): orthogneiss
GR02 is the most radiogenic (e40Ca = +8.3 and 87Sr/86Sr =
0.745644) whilst amphibolite GR03 is the least radiogenic
Qôrqut granite Amphibolite

River sediment (JM1) d PGL 1

 (GR02) Amphibolite (GR01) and (GR03)

Q
ôr

qu
t

b

55 60 65 70

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

An
 (%

)

SiO2 (wt.%)

d sediment compositions. The samples measured in this study are
neiss from Kalsbeek et al. (1987), amphibolites from Messiga et al.
e shown as grey diamonds, LC sand = sand, MH1 and MH2 = dirt
ables 2 and S1). The classification of igneous rocks based on SiO2

al plagioclase grains in rock and sediment samples versus their SiO2
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Table 2
Bulk composition of solid samples from XRF, microprobe and ICP-OES data.

Name Abundance % SiO2

wt%
Al2O3

wt%
FeOa

wt%
TiO2

wt%
CaO
wt%

MgO
wt%

K2O
wt%

Na2O
wt%

P2O5

wt%
MnO
wt%

Sr
mg/kg

LOIb

wt%
Total
wt%

GR01 – Garnet Amphibolite

Whole Rock – measured 49.7 12.4 15.9 1.7 10.1 5.6 0.5 1.7 0.2 0.3 100 0.5 98.4
Whole Rock – calculated 49.4 13.5 15.5 1.9 10.2 5.3 0.4 2.2 0.0 0.2 98.5
1. Garnet 4 38.0 21.2 24.8 0.1 12.1 1.8 – – – 3.0 – 101.0
1. Hornblende 68 42.1 13.1 19.9 1.1 11.5 7.7 0.5 1.6 – 0.2 – 97.7
1. Iron oxide 1 0.2 0.4 91.2 0.3 – – – – – – – 92.2
1. Plagioclase 14 59.1 26.3 0.1 – 7.8 – 0.1 7.6 – – – 101.0
1. Quartz 10 100.0 – 0.2 – – – – – – – – 100.1
1. Titanite 3 30.5 1.3 0.4 37.4 28.6 – – – 0.2 – – 98.5

GR03 – Amphibolite

Whole Rock – measured 48.3 16.1 9.5 0.7 13.6 6.0 0.8 3.0 0.1 0.0 101 1.1 99.2
Whole Rock – calculated 47.4 14.5 10.4 0.4 14.5 7.0 0.7 2.8 0.0 0.2 97.8
3. Clinopyroxene 22 51.5 2.2 10.0 0.1 23.1 11.7 – 0.8 – 0.4 – 99.9
3. Epidote 3 38.0 25.4 9.5 0.1 23.9 0.1 – – – 0.1 – 97.1
3. Hornblende 45 41.3 12.4 17.6 0.7 12.0 9.8 1.4 1.7 – 0.3 – 97.2
3. Plagioclase 18 59.7 25.1 0.1 – 6.7 – 0.2 7.9 – – – 99.7
3. Scapolite 12 46.9 26.3 0.1 – 17.5 0.0 0.1 3.8 – – – 94.7
3. Titanite <1 30.2 1.6 0.8 36.3 28.7 – 0.1 0.1 0.1 – – 97.8

GR04 – Grey orthogneiss

Whole Rock – measured 69.6 15.6 2.6 0.4 3.1 0.9 2.1 4.7 0.1 0.0 391 0.6 99.8
Whole Rock – calculated 66.7 15.9 1.2 0.0 3.7 0.2 2.0 4.2 0.0 0.0 93.8
4. Amphibole <1 n.m. n.m. 25.3 1.3 14.7 6.3 1.5 1.2 – – – n.c.
4. Apatite <1 0.1 0.0 0.1 – 53.7 – – – 42.1 – – 96.7
4. Chlorite 1 27.6 17.8 29.0 0.3 0.3 14.2 0.1 – 0.0 0.3 – 89.7
4. Epidote 7 37.5 23.5 11.7 0.1 23.5 0.1 – – – 0.2 – 96.5
4. K-feldspar 44 53.9 20.4 0.1 – 1.9 0.0 4.4 5.5 – – – 97.8
4. Plagioclase 21 61.5 24.4 0.0 – 5.7 – 0.2 8.4 – – – 100.2
4. Quartz 27 100.6 – – – – – – – – – – 100.6
4. Titanite <1 n.m. n.m. 1.0 31.1 25.4 0.1 0.1 0.1 – – – n.c.
4. Zircon <1 30.9 0.0 0.3 – 0.2 – – – – – – 95.0

GR02 – Pink orthogneiss

Whole Rock – measured 71.7 14.6 1.7 0.2 1.2 0.7 4.2 4.2 0.1 0.2 251 0.7 99.5
Whole Rock – calculated 71.7 15.1 1.2 0.5 0.3 0.3 3.7 5.7 0.0 0.1 98.5
2. Apatite <1 0.2 – 0.1 – 54.9 – – – 40.6 0.1 – 95.9
2. Chlorite 2 26.4 17.6 30.5 0.2 0.1 12.1 – – – 0.5 – 87.5
2. Epidote <1 n.m. n.m. 13.0 1.0 23.1 0.7 0.2 0.1 – – – n.c.
2. Ilmenite 1 – – 47.8 47.4 – 0.2 – – – 0.5 – 95.9
2. K-feldspar 24 64.3 19.0 0.1 – 0.0 0.0 14.8 1.4 – – – 99.6
2. Plagioclase 50 67.5 20.3 0.2 – 0.5 0.0 0.4 10.8 – 0.1 – 99.8
2. Quartz 22 99.8 0.0 – – 0.0 – – 0.0 – – – 100.0
2. Titanite <1 n.m. n.m. 1.3 24.8 29.6 0.4 0.1 0.1 – – – n.c.
2. Zircon <1 29.0 0.1 0.8 0.0 0.4 – – – – 0.1 – 30.4

Sediment samples

Sed 1 – river sediment 58.9 12.5 12.5 2.0 5.8 3.1 1.0 2.6 0.1 0.3 246 �0.3 98.7
Sed 2 – river sediment 66.2 13.6 6.0 0.8 4.7 1.9 1.5 3.6 0.1 0.1 352 0.1 98.6
JM1 – river sediment 73.8 13.3 1.9 0.3 3.4 1.0 1.5 4.3 0.2 0.0 – 99.7
LC Sand – sand 68.0 13.6 4.8 0.6 4.1 1.6 2.0 3.7 0.1 0.1 328 0.4 98.8
SM Sed – side moraine material 71.6 13.2 3.9 0.5 3.7 1.2 1.8 3.6 0.1 0.1 330 0.5 100.1
MH1 – dirt cone sediment 70.6 13.9 3.3 0.4 3.4 1.1 2.2 3.8 0.0 0.0 345 0.3 99.3
MH2 – dirt cone sediment 71.9 12.9 4.1 0.5 3.7 1.3 1.7 3.5 0.1 0.1 325 0.1 99.9
PGL 1 – pro-glacial lake sediment 73.3 13.2 2.5 0.3 2.9 0.9 2.3 3.7 0.1 0.1 338 0.2 99.3

Whole rock and sediment data (except JM1) from XRF analysis. Mineral separate and JM1 data from EMPA analysis. n.m. = not measured.
n.c. = not calculated. The concentrations for these minerals were obtained by ICP-OES analysis. A dash indicates that element was below the
detection limit of the technique.

a Total Fe as FeO.
b LOI = Loss on Ignition.
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(e40Ca = +0.3 and 87Sr/86Sr = 0.711730). The highest e40Ca
and 87Sr/86Sr values in mineral separates were measured in
the K-feldspar from GR02 (e40Ca = +18.4) and the chlorite
from GR04 (87Sr/86Sr = 2.228516) respectively. 87Sr/86Sr
and e40Ca values were not correlated for the mineral sepa-
rates (R2 = 0.20, p > 0.05). The lack of correlation in the
mineral separates could be due to the varying amounts of
K and Rb loss and gain experienced by each mineral cou-
pled to the difference in half-lives between the two radio-
genic systems (Kreissig and Elliott, 2005).

Moraine material and river sediment samples were col-
lected and provide an averaged chemical composition of
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mixing from GR04 minerals since the river sediment compositional data
Fig. 4b).
the rocks being drained. The three river sediment samples
(JM1, Sed 1 and Sed 2) were collected from a periodically
flooded ‘beach’. Sed 2 represents a darker sediment and is
more enriched in amphibole based on the higher proportion
of Fe and Mg than the lighter coloured sediments repre-
sented by JM1. Only JM1 was analysed by EMPA for min-
eral abundances. Plagioclase is the most abundant mineral
phase in the sediment JM1 (42%) followed by quartz (34%),
K-feldspar (8%) and hornblende (6%). The remaining 10%
comprises apatite, biotite, clinopyroxene, epidote, garnet,
ilmenite, orthopyroxene, titanite and zircon (Table S3). This
indicates a granitic-gneissic sediment source (Section 5.2).
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suggested that the contribution of GR02 was minor (Section 5.2,
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The bulk sediment composition most closely resembles
GR04 (Fig. 4a) and the chemical composition of individual
plagioclase grains in the sediment most closely resembles
the plagioclase found in GR04 and the Qôrqut granite
(Fig. 4b, Table S4). The average 87Sr/86Sr value of river sed-
iments Sed 1 and Sed 2 was 0.712762 and the e40Ca value of
Sed 2 was +2.0. For both Sr and Ca the river sediment is less
radiogenic than both the average stream water isotopic com-
position (87Sr/86Sr = 0.74243, e40Ca = +4.0) and the miner-
als contained in the gneissic samples (Table 3, Fig. 5).
Table 3
Calcium and strontium concentrations from ICP-OES analysis of digest

Name Abundance % Density Ca g/kg Fraction Ca Sr mg

GR01 – Garnet Amphibolite

Whole rock – measured 70 117
Whole rock – calculateda 104 167
Garnet 4 3.80 70 0.04 3
Hornblende 68 3.30 99 0.83 41
Plagioclase 14 2.60 32 0.04 281
Titanitec 3 3.54 205 0.08 –

GR02 – Orthogneiss

Whole rock – measured 8 270
Whole rock – calculateda 11 259
Chlorite 2 3.00 33 0.13 90
Epidote 0 3.45 165 0.00 2430
K-feldspar 24 2.60 3 0.12 90
Plagioclase 50 2.60 9 0.75 287
Titanite 0 3.54 212 0.00 37

GR03 – Amphibolite

Whole rock – measured 89 106
Whole rock – calculateda 122 191
Clinopyroxene 22 3.40 134 0.28 10
Epidote 3 3.45 187 0.05 214
Hornblende 45 3.20 117 0.48 11
Plagioclase 18 2.60 56 0.07 226
Scapolitec 12 2.66 125 0.11 –

GR04 – Orthogneiss

Whole rock – measured 26 521
Whole rock – calculateda 74 706
Chlorite 1 3.00 14 0.01 25
Epidote 7 3.45 137 0.44 1343
Feldspard 65 2.60 25 0.56 407
Hornblende 0 3.20 105 0.00 80
Titanite 0 3.54 181 0.00 44

Other solid samples

Sed 1e 102 292
Sed 2e 77 398
0728.16sedf 34 415
0729.00sedf 35 427

a The discrepancy between calculated and measured bulk rock values is
of Ca and Sr rich mineral phases such as apatite and scapolite for which

b External reproducibility from repeat measurements of primary stan
isotopic measurement and does not include error in concentration measu

the formula SDTotal ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ððSD1Þ2 þ ðSD2Þ2 þ � � � þ ðSDnÞ2Þ

q
.

c No mineral separate digested. Concentration from microprobe analy
d Feldspar = Plagioclase and K-feldspar.
e River sediments taken from a ‘beach’ adjacent to sampling location.
f Suspended sediments collected on a 0.2 lm nylon filter paper.
g Does not include epidote for which the Ca isotopic composition was
5. DISCUSSION

5.1. Hydrology and bulk hydrochemistry

In order to put the isotope and hydrochemical data in
context we will first discuss the hydrology of the catchment.
Subglacial drainage is thought to have two end-members: a
distributed and a channelized network (e.g. Nienow et al.,
1996). The channelized network can be thought of as
‘tunnels’ incised into the ice which can transport large
ed samples and isotope ratios.

/kg Fraction Sr d44/42Ca 2SDb e40Ca 2SDb 87Sr/86Sr 2SDb

0.39 0.07 0.9 1.5 0.716992 15
0.716788 26

0.00 0.714639 15
0.47 0.731341 15
0.53 0.706679 15
0.00

0.20 0.07 8.3 1.5 0.745644 15
0.41 0.12 6.9 2.6 0.746576 34

0.01 0.47 0.07 4.1 1.5 0.740431 15
0.00 0.718558 15
0.13 0.39 0.07 18.4 1.5 0.757632 15
0.86 0.40 0.07 5.6 1.5 0.745007 15
0.00 0.720407 15

0.50 0.07 0.3 1.5 0.711730 15
0.715945 30

0.05 0.713768 15
0.15 0.704890 15
0.11 0.791731 15
0.70 0.706757 15
0.00

0.28 0.07 3.2 1.5 0.723673 15
0.21g 0.10 4.7g 2.1 0.717282 34

0.00 0.38 0.07 10.7 1.5 2.228516 15
0.32 0.716072 15
0.68 0.21 0.07 4.7 1.5 0.716208 15
0.00 0.729100 15
0.00 0.713045 15

0.712560 15
0.41 0.07 2.0 1.5 0.712963 15
0.36 0.07 4.1 1.5
0.36 0.07 3.1 1.5

most likely due to uncertainties in mineral abundances, particularly
no isotope data were obtained.

dard. The calculated whole rock error only considers error in the
rements or mineral abundances. Whole rock error calculated using

sis. Sr concentrations below detection limit.

not measured.
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volumes of water rapidly and therefore contact time with
sediments is low. The distributed network is conceptually
thought of as a network of linked cavities, created by ice
flowing over obstacles. Flow paths are tortuous and the res-
idence time of the water is long (Walder, 1986). At the start
of the melt season, the subglacial drainage system is pre-
dominantly distributed. However, as melt rates increase
due to increased snow and ice melt, the increased volume
of water forces the expansion of the channelized drainage
network (Röthlisberger, 1972). Surface melt reaches the
bed of the glacier via crevasses, moulins and englacial chan-
nels. The ‘catchment area’ of the glacier affected by the
channelized network closely follows the retreat of the
snow-line and therefore increases as the melt season pro-
gresses (Nienow et al., 1996).

Immediately prior to the start of this sampling campaign
a spike in discharge occurred which was coincident with a
dramatic increase in suspended sediment concentrations
and electrical conductivity (Bartholomew et al., 2011). This
discharge event has been linked to the drainage of a group
of seven supraglacial lakes to the bed of the glacier via mou-
lins. It has been suggested that this pulse of water
(7.2 � 106 m3) forced the subglacial drainage network to
shift from a slow, distributed drainage system (long water
residence time) to a fast, channelized system (short water
residence time) (Bartholomew et al., 2011). Tracing experi-
ments conducted in 2009 provide clear evidence for a
decrease in water residence time beneath the glacier as the
melt season progresses (Chandler et al., 2013).

Given the hydrological history of the catchment immedi-
ately prior to sampling, it is likely that the high (but
decreasing) SSC, pH and ion concentrations (Fig. 2) in
the first four days of sampling are linked to the aftermath
of the supraglacial lake drainage event. We define these
four days as Period 1 (Julian Day (JD) 186–189, 5–8 July).
The high ion concentrations measured in the river are not
consistent with an input from an acidic (pH = 5.3) and
extremely dilute supraglacial melt water source (Table 1).
Tracing experiments conducted early in the melt season
suggest that a large proportion of the subglacial drainage
system closes over winter (Chandler et al., 2013), providing
an opportunity for isolated pockets of water to form with
high ion concentrations and SSC. The pulse of supraglacial
water triggered a subglacial outburst event releasing water
with high dissolved and suspended sediment loads
(Bartholomew et al., 2011).

After Period 1, discharge continued to increase rapidly
(Fig. 2), as a result of the increase in surface area subject
to melting, causing the efficient subglacial draining network
to expand further from the front of the glacier. At the
height of the melt season, this channelized drainage system
is thought to extend at least 41 km inland from the front of
Leverett Glacier (Chandler et al., 2013). The d18O values
are constant which suggests that the ratio of snow
(�12.3& to �23.0&, Yde and Knudsen, 2004; Bhatia
et al., 2011) to ice (�31.07&, Table 1) melt does not change
significantly. In small alpine glaciers, considerable variabil-
ity is observed in d18O which can be attributed to the glacier
losing the majority of its snow cover in summer (Hindshaw
et al., 2011b). In contrast, glaciers draining large ice sheets
effectively have an unlimited supply of snow, and thus any
fractionation effects due to ‘old’ snow melting, which is iso-
topically heavier than fresh snow, are balanced by access to
‘fresh’ snow (Taylor et al., 2001; Liu et al., 2004). Despite
the increase in discharge, ion concentrations and SSC
remain fairly constant suggesting that there is no supply
exhaustion i.e. there is a constant supply of fresh reactive
material (Bartholomew et al., 2011). However, the 87Sr/86Sr
ratio is anti-correlated to discharge (R2 = 0.86, p < 0.01),
suggesting a change in the source of Sr to the river water
as discharge increases (see Section 5.3). We define Period
2 as starting directly after Period 1 and ending when dis-
charge reaches its maximum value and the decrease in
87Sr/86Sr ratios stops (JD 190–199, 9–18 July).

From the middle of July (Period 3, JD 200–213, 19 July–
1 August), discharge begins to decrease (Fig. 2) as the mean
daily temperature at the upper reaches of the ablation zone
(area of annual net ice mass loss) drops below 0 �C
(Bartholomew et al., 2011). As the freezing level descends
to lower elevations the effective catchment area contribut-
ing melt water decreases, decreasing overall discharge. By
the middle of July, at this latitude, there is no longer 24-
hour daylight and the intensity of insolation on the glacier
surface undergoes a diurnal cycle, resulting in more pro-
nounced diurnal discharge variations (Fig. 2), whereby dis-
charge is higher in the afternoon compared to the morning
(e.g. Nienow et al., 1996). The afternoon samples typically
have lower ion concentrations and lower d18O ratios, indi-
cating increased ice melt, which has a lower d18O value than
snow melt (Gat, 1996). In contrast to Period 2, 87Sr/86Sr
ratios are constant indicating that the sources of Sr do
not change (Fig. 2).

Despite the large changes in discharge during Period 2,
ion concentrations remain remarkably constant (Fig. 2).
This behaviour has been called ‘chemostatic’ and is in con-
trast to small alpine glaciers where ion concentrations are
typically inversely correlated to discharge (e.g. Tranter,
2003; Hindshaw et al., 2011b). Chemostatic behaviour
occurs when the rate of solute production is proportional
to the water flux (Godsey et al., 2009; Clow and Mast,
2010), such that in a log(concentration (X)) � log(discharge
(Q)) plot the slope is zero. A slope of �1 would indicate
dilution. In Period 2 the slopes in such plots are close to
zero for SSC, Ca, Mg and Si (Fig. 6) confirming that supply
exhaustion is not occurring (Bartholomew et al., 2011). In
Period 3, however, the slopes are much closer to �1, which
represents dilution. There is no change in slope for Na and
K between Periods 2 and 3, the reason for this is unclear but
may be due to an ion exchange process with H+ ions
derived from meltwater (Clow and Mast, 2010). Thus, as
the overall discharge from the subglacial drainage system
starts to decrease in Period 3, the diurnal increase in dis-
charge dilutes ion concentrations, rather than creating
new channels and accessing new material as observed in
Period 2.

5.2. Origin of sediments

Due to the presence of the glacier, it is not known what
the relative contribution of the different rock types underneath
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the glacier is. However, the river bedload sediments provide a
homogenised sample, constraining the relative contribution of
the different rocks. The sediment samples have bulk composi-
tions plotting on a mixing line between the amphibolites and
the grey gneiss (Fig. 4a). This suggests that the sediments were
sourced from the amphibolite and the grey orthogneiss, and
that the pink orthogneiss and Qôrqut granite sources (which
have higher alkali contents) had no or only a minor contribu-
tion. Immature blocks (millimetre thick) in the sediments con-
tain plagioclase + hornblende + quartz + epidote ± garnet ±
clinopyroxene. Since hornblende, garnet, coarse grained epi-
dote and clinopyroxene are only present in the amphibolite
rocks, these blocks are certainly derived from the amphibo-
lites. Additionally, immature blocks containing quartz +
plagioclase + K-feldspar (sometimes as macrocrysts) +
biotite ± zircon are abundant in the sediments. K-feldspar,
apatite and zircon were not documented in the amphibolites
but occur in the orthogneisses and the Qôrqut granite. In
some blocks, a metamorphic overprint is observed where bio-
tite has been altered to chlorite and epidote. Such textures are
systematic in the two orthogneiss rock samples, which are
probably the source of these blocks, whereas blocks with no
observed metamorphic overprint originate from the Qôrqut
granite (Brown et al., 1981). Plagioclase is found in all the
lithologies and the sediment composition ranges from An37

to An13 (Fig. 4b). The plagioclase crystals in the amphibolite
rock samples are normally zoned. The core composition
(An�37) overlaps with the Ca-rich plagioclase in the
sediments, whilst the thin rims have a distinctly lower
An-content. The pink orthogneiss plagioclase grains have an
albitic composition that does not overlap with the sediment
grains. The grey orthogneiss and the Qôrqut granite (Brown
et al., 1981) plagioclase compositions are An�25 and An�20

respectively. Together they overlap with 95% of all the
plagioclase grains in the sediments (Fig. 4b). In summary,
the sediments are derived from the amphibolite lenses, the
grey orthogneiss and the Qôrqut granite in variable
proportions with only a minor contribution of the pink
orthogneiss (GR02).
5.3. Temporal change in mineral weathering reactions

In Period 2 the 87Sr/86Sr ratio decreases from 0.74550 to
0.74164 (Fig. 2) indicating a change in mineral weathering
source. The decrease is coincident with a change from a
predominantly distributed to a predominantly channelized
drainage network with a concomitant decrease in average
water residence time (Section 5.1, Chandler et al., 2013).

The preferential release of 87Sr from biotite as a result of
the inter-layer Sr being more radiogenic than Sr in octahe-
dral sites (Taylor et al., 2000) is thought to be important in
controlling the 87Sr/86Sr values of rivers draining glacial
catchments where there are high rates of physical erosion,
exposing fresh mineral surfaces, and high discharge
(Anderson et al., 2000). In this catchment, nearly all of
the biotite has been metamorphosed to chlorite. Although
the structure of chlorite is not the same as biotite, both con-
tain octahedral and interlayer sites (Eggleton and Banfield,
1985), therefore chlorite can be expected to weather in a
similar manner to biotite with respect to Sr release. If the
preferential release of 87Sr from chlorite was the dominant
process controlling river 87Sr/86Sr values in this glaciated
catchment, then values would be expected to be positively
correlated with Sr/Na ratios as was observed in a biotite/
chlorite laboratory dissolution experiment (Erel et al.,
2004). Instead, over Period 2, Sr/Na and 87Sr/86Sr are
anti-correlated (Fig. 5a, R2 = 0.52, p < 0.01) suggesting that
preferential release of radiogenic 87Sr from chlorite is not
the dominant process controlling river 87Sr/86Sr values in
this glaciated catchment.

Instead, the decrease in 87Sr/86Sr and increase in Sr/Na
(and Ca/Na) over Period 2 is suggestive of the increased
weathering of Ca and Sr rich reactive phases, which are
comparatively unradiogenic (Brantley et al., 1998). Mineral
phases such as apatite and epidote contain relatively high
concentrations of Sr and Ca relative to other minerals, have
low 87Sr/86Sr ratios compared to bulk rock and occur in the
bedrock and river sediment samples (Tables 2 and 3).
Apatite was not abundant in the collected rocks (Table 2)
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and no mineral separate was obtained. In agreement with
the low abundance of apatite, phosphate was not detected
in any of the river water samples. Epidote, on the other
hand, is relatively abundant comprising 7% of the mineral
abundance of GR04 (Table 2).

In order to assess the potential contribution of Ca and Sr
rich reactive phases to the weathering budget we constructed
mixing diagrams (Fig. 5). In Fig. 5a and b, mixing lines will be
straight lines assuming that the individual minerals weather
congruently with respect to their element and isotopic com-
positions. Taken at face value the two figures appear to
provide contradictory information. Assuming congruent
weathering, the high Na/Sr river water values could be
explained by a contribution from hornblende or clinopyrox-
ene dissolution (Fig. 5a). However, these phases also have
extremely high Ca/Sr ratios, yet the Ca/Sr ratios in river
water show no temporal variation (Fig. 5b). This suggests
that the element ratios Na/Sr and Ca/Sr are affected by chem-
ical processes such as ion-exchange, incongruent weathering
and secondary mineral precipitation (see Section 5.4),
compromising their use as tracers of weathering sources.

In order to circumvent this problem it is necessary to
combine two radiogenic isotope tracers (e.g. Aubert et al.,
2001). Radiogenic isotope ratios should not be affected by
chemical processes and will therefore only trace mineral
sources, assuming the congruent weathering of individual
mineral phases. It has been suggested that biotite could
preferentially release 40Ca in the early stages of weathering
(Holmden and Bélanger, 2010) and chlorite may weather in
a similar manner. However Ryu et al. (2011) found no evi-
dence for the preferential release of 40Ca from biotite
weathering during a dissolution experiment of a granodio-
rite and we therefore assume congruent weathering of chlo-
rite. Although the precision on the e40Ca values for river
water samples precludes the detection of temporal variation
over Period 2, mixing lines can still be tested for consis-
tency. Three mixing lines are shown in Fig. 5c which would
be consistent with the decrease in 87Sr/86Sr over Period 2
and the radiogenic e40Ca values: a three component mixture
of minerals from GR04 (epidote, chlorite and feldspar) and
two two-component mixtures with minerals from GR02
(chlorite-K-feldspar and plagioclase-epidote). Analysis of
the river sediment compositional data indicated that the
contribution of GR02 was minor (Section 5.2, Fig. 4b), thus
we assume that the mixing line based on three-component
mixing from GR04 minerals is the most likely. This mixing
line would imply an increasing proportion of epidote
weathering as discharge increases (and water residence
times decrease). Conversely, waters with a long residence
time would be expected to have more radiogenic 87Sr/86Sr
values and this is observed for the lake samples (samples
3–5 in Fig. 5). An increase in epidote weathering with
increasing discharge is consistent with both Fig. 5a and b,
assuming Sr is lost relative to both Na and Ca, which shifts
the river water samples to the right of the mixing lines. It is
also in agreement with data from other field sites indicating
the importance of reactive mineral weathering in control-
ling solution compositions (Blum and Erel, 1997; White
et al., 1999a; Aubert et al., 2001; Arn et al., 2003; Oliva
et al., 2004; Mavris et al., 2010). This conclusion also
provides further evidence for the critical role of hydrology
in determining the relative contributions of minerals weath-
ered in a catchment (Bullen et al., 1996; Clow and Drever,
1996; Maher, 2010). In Periods 1 and 3 there were no clear
correlations between either 87Sr/86Sr or e40Ca and element
ratios or discharge, suggesting a more complex interplay
of different mineral weathering sources.

5.4. Fractionation of stable Ca isotopes

The average d44/42Ca value of the river draining Leverett
Glacier is +0.60&, which is 0.10–0.40& heavier than the
bulk rock and mineral separate d44/42Ca values (Fig. 7).
The comparatively heavy river d44/42Ca values indicate
either a mixture between rock derived Ca and an external
isotopically heavy source of Ca or a fractionation process.

Seawater has a d44/42Ca value of +0.96 ± 0.04&

(Hindshaw et al., 2011a) and as Leverett Glacier is only
160 km from the coast, precipitation could be strongly
influenced by seawater and could therefore influence the
d44/42Ca values of the river water. In order to assess the
contribution of meteorological precipitation to the Ca iso-
topic composition of the dissolved load we applied a Cl�

correction (Eq. (3)) which assumes that all Cl� measured
has originated from precipitation and that the Ca/Cl ratio
in precipitation is identical to seawater.

d44Ca=42Ca� ¼ d44Ca=42Car � Car � ððCa=ClÞsw � ClrÞ � d44Ca=42Casw

Car � ðCa=ClÞsw � Clr

ð3Þ
In Eq. (3), the subscripts r and sw stand for ‘river’ and
‘seawater’ respectively. The calculated d44/42Ca*values are
less than 0.01& different from the uncorrected values
indicating negligible contribution from meteorological
precipitation with a seawater composition. The Ca isoto-
pic composition of supraglacial streams can be assumed
to be representative of atmospheric inputs (modern pre-
cipitation plus glacial melt). No d44/42Ca values were
measured for the supraglacial streams but a lateral gla-
cial stream sample (0708LGS), which has had contact
with morainal material, and an ice sample had d44/42Ca
values of +0.39& and +0.53& respectively (Table 1).
These values are lower than the Ca isotopic composition
of water draining Leverett glacier, further indicating the
negligible impact of atmospheric deposition with a sea-
water isotopic composition.

Dust deposition is another potential source of material
to the catchment. The main dust producing regions relevant
for Greenland are the deserts of northern China (mainly
Takla Makan) and the Sahara (Bory et al., 2002; Lupker
et al., 2010). There is very little information presently avail-
able for the d44/42Ca composition of dust. The only data are
from the Black Rock desert in Nevada, USA (Fantle et al.,
2012) where the acid-soluble d44/42Ca values ranged from
+0.31& to +0.45&. It is not known if these d44/42Ca values
would be representative of other dust producing areas in
the world, but it seems unlikely that d44/42Ca values in dust
will be significantly heavier than bulk silicate Earth
(+0.46&, DePaolo et al., 2004) since dust is not strongly
weathered.
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In summary, atmospheric inputs (either as marine aero-
sol or as dust) are not a source of isotopically heavy Ca to
this catchment and cannot explain the difference between
d44/42Ca values in the river and those in the rocks and min-
erals, indicating that fractionation of stable Ca isotopes is
occurring either in the subglacial environment or in the
pro-glacial area (Fig. 7). This fractionation process is unli-
kely to be due to the fractionation of stable Ca isotopes
during mineral dissolution (Ryu et al., 2011; Hindshaw
et al., 2011a). However, in rivers draining glaciated catch-
ments in Iceland it was suggested that the formation of sec-
ondary phases or adsorption onto suspended sediment
could cause variations in d44/42Ca values (Hindshaw et al.,
2013b).

The stable Ca isotopic composition of two different sus-
pended sediment (>0.2 lm) samples was +0.36& (Table 3).
This value is 0.24& lighter than the Ca isotopic composi-
Table 4
Fraction of dissolved Ca remaining in river water assuming
different values of e and d44/42Ca0.

e fCa d44/42Ca0 = 0.28a fCa d44/42Ca0 = 0.41b

�0.12c 0.07 0.21
�0.50d 0.53 0.68
�1.5e 0.81 0.88

a value of GR04.
b value of Sed 2.
c value inferred from Iceland glacial rivers (Hindshaw et al.,

2013b).
d value from calcite precipitation experiments (DePaolo, 2011).
e value from stirred gypsum precipitation experiments (Harouaka

et al., 2014).
tion of the dissolved sample collected at the same time
(sample 0728.16, Table 1) and strongly suggests that light
Ca is preferentially removed from solution. This inference
is in agreement with laboratory experiments, which showed
that light Ca preferentially adsorbs to clay minerals in an
artificial seawater medium (Ockert et al., 2013), but dis-
agrees with the results from Fantle et al., 2012 who suggest
that heavy Ca is preferentially adsorbed to clay. Although
the ionic strength of a glacial river is very different to seawa-
ter, the magnitude of fractionation due to adsorption
observed in natural marine sediments with no added NH4

at 4 �C was 0.03–0.23& (Ockert et al., 2013), in good agree-
ment with the magnitude of fractionation observed in Lev-
erett. An estimate of the amount of Ca loss can be
calculated using the formula below which assumes a Ray-
leigh distillation process.

d44=42Ca ¼ d44=42Ca0 þ e ln f Ca ð4Þ

where fCa is the fraction of Ca remaining in solution, d44/

42Ca is the measured (final) river water composition, d44/

42Ca0 is the initial river water composition assumed to be
identical to the rock composition and e equals
1000�(a � 1) where a is the fractionation factor. Table 4
summarises fCa for different values of e and d44/42Ca0. The
main conclusion from these calculations is that, even for
relatively low values of e, at least 10% of Ca has to have
been removed from solution. Applying the e value of
�0.12 determined from field data from glaciated catch-
ments in Iceland (Hindshaw et al., 2013b) gives fCa values
of 0.07–0.21 (79–93% removal), in agreement with an esti-
mate of 79% Ca removal using a simple mass balance equa-
tion of the form:
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d44=42Cabulk ¼ d44=42Cadissolved � f CaðdissÞ þ d44=42Casolid

� ð1� f CaðdissÞÞ ð5Þ

where fCa(diss) is the fraction of dissolved Ca and the follow-
ing d44/42Ca values were assumed: d44/42Casolid as +0.36&

(suspended sediment), d44/42Cadissolved as +0.60& (average
river) and d44/42Cabulk as +0.41& (Sed 2). A loss of Ca
on this magnitude would compromise the use of element
ratios involving Ca to identify mineral weathering sources
(Fig. 5b).

The likelihood of secondary mineral precipitation being
responsible for the loss of Ca can be assessed through the
use of Phreeqc, an aqueous geochemical modelling pro-
gram, to calculate saturation indices (Parkhurst et al.,
1999). The results indicate that kaolinite and iron oxide
phases (amorphous and crystalline) are the only phases
over-saturated and therefore potentially able to precipitate
in the river. Calcium is not a major component (if at all) of
these phases and no crystallised secondary mineral phases
were observed in SEM images at the surface of the sediment
grains. Thus, the fractionation of stable Ca isotopes as a
result of secondary mineral precipitation is unlikely to
occur in Leverett. In contrast, glacial rivers have high
SSC and adsorption could therefore be a very important
process. Adsorption of metal cations onto oxides is
favoured at basic pH due to a more negative surface charge
compared to at neutral pH (Stumm and Morgan, 1996).
High pH together with dilute concentrations, conditions
found in glacial rivers, strongly favour adsorption
(Kinniburgh et al., 1975; Kinniburgh and Jackson, 1982).
Experimental studies indicate that at Ca concentrations
comparable to those measured in the Leverett river, more
than 75% of calcium is adsorbed onto amorphous Fe oxide
at pH 8 (Kinniburgh and Jackson, 1982), in good agree-
ment with the estimate of 79–93% removal calculated above
(e = �0.12, Table 4). Iron oxide phases were detected in
both GR01 and GR02 (Table 2).

Evidence for the role of suspended sediment (which pro-
vides adsorption sites) in influencing d44/42Ca concentra-
tions comes from the significant positive correlations of
d44/42Ca with SSC (R2 = 0.64, p < 0.05) and d18O
(R2 = 0.65, p < 0.01) in Period 3 (Fig. 8), when there are
well-defined diurnal cycles in discharge (Fig. 2). A similar
trend of increasing d44/42Ca values with increasing SSC was
also observed in glaciated Icelandic catchments (Fig. 8a,
Hindshaw et al., 2013b). The correlation observed in Period
3 between SSC and d44/42Ca is not observed during the rest
of the sampling period. This could simply be due to hydro-
logical differences (Fig. 6). For example, the changing mineral
and water sources in Period 2 could serve to obscure the cor-
relations observed in Period 3. Within a single day in Period
3, d18O values are higher and SSC values lower in the morn-
ing at low discharge compared to at high discharge in the
afternoon. The diurnal variation in d18O is a result of
increased solar insolation during the day which increases
ice melt (low d18O) and therefore discharge. The increased
discharge acts to flush out suspended sediment. Increasing
SSC could lead to an increase in the surface area of potential
adsorption sites, resulting in a greater proportion of Ca
removed from solution and increased stable Ca isotope frac-
tionation from rock/mineral values under high discharge con-
ditions. Adsorption processes are strongly controlled by both
pH and ion concentration (Stumm and Morgan, 1996). There
is, however, no significant correlation between pH and d44/

42Ca during period 3 (R2 = 0.00, p > 0.05) which suggests
that it is the changes in Ca concentration relative to a given
number of adsorption sites, rather than pH, which exert the
main control on the magnitude of stable Ca isotope fraction-
ation. Alternatively, the daily influx of dilute meltwater could
be driving rapid ion-exchange processes, which could also
result in isotope fractionation. Further studies are needed
in order to assess if this observation is common to all rivers
with temporally variable SSC or whether it is confined to riv-
ers draining glaciated catchments.

5.4.1. Inter-mineral variability in d44/42Ca

Significant d44/42Ca inter-mineral variation was
measured in the two orthogneiss samples. In both rocks



Table 5
Element fluxes from glaciated granitic catchments.

Glacier Ca Mg Na Kkmol/km2/yr Si SO4 HCO3 Total cation meq/m2/yr Reference

Leverett, Greenland 62 15 71 48 36 28 201 273 This study
Mittivakkat, Greenland 60 33 44 11 40 65 69 241 Hagedorn and Hasholt (2004)
Damma, Swiss Alps 32 6 19 21 33 11 64 117 Hindshaw et al. (2011b)
Rhone, Swiss Alps 44 7 25 27 40 18 101 154 Hosein et al. (2004)

All fluxes have been corrected for precipitation inputs using a Cl correction based on local snow samples, apart from Leverett where no snow
samples were taken.
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chlorite, which replaced biotite during greenschist meta-
morphism, has higher d44/42Ca values compared to feldspar
group minerals. The higher d44/42Ca values for chlorite
compared to feldspar is in agreement with Ryu et al.
(2011). Ryu et al. (2011) suggested that inter-mineral
variability in d44/42Ca was due to a mass-dependent frac-
tionation process and that igneous rock differentiation
was responsible. Recently, Huang et al. (2010) proposed
that inter-mineral Ca isotope fractionation is predomi-
nantly controlled by the strength of the Ca–O bond and
the coordination number: a shorter bond and a lower coor-
dination number are predicted to result in a higher d44/42Ca
value. Ca in feldspar group minerals has a coordination
number of 8, whereas Ca in biotite/chlorite is likely to exist
in the inter-layer sites, most probably as a hydrated ion,
which has a coordination number of between 6 and 8
(Kaufman Katz et al., 1996; Colla et al., 2013). Based on
the coordination number, the Ca in biotite/chlorite would
be predicted to have the stronger bond and thus the highest
d44/42Ca value, in agreement with the few mineral data
points which exist to date. Clearly though, there is a lack
of stable Ca isotope data on individual minerals and more
experimental data is needed to substantiate this hypothesis.

5.5. Element and isotopic fluxes to the ocean

It is not possible to calculate a catchment area norma-
lised dissolved load flux with confidence because the catch-
ment area is entirely dependent on how much melting takes
place in a given melt-season and will therefore be highly
variable. The catchment area also changes during the
melt-season and in this area of the Greenland Ice Sheet
the catchment boundaries at high elevation are uncertain
and may vary from year to year (Bartholomew et al.,
2011; Palmer et al., 2011).

Using the estimated catchment area of 600 km2

(Bartholomew et al., 2011) to calculate annual area norma-
lised element fluxes will provide a minimum estimate of these
values. The total discharge during the 115 day long melt-sea-
son in 2009 was 1 km3 and the discharge during the field cam-
paign corresponded to 45% of the total discharge
(Bartholomew et al., 2011). The flux values, calculated by
integration, for the duration of the field campaign (27 days)
were therefore all scaled by a factor of 1/0.45 to obtain
annual fluxes (Table 5). The total cation flux is higher than
those published for glaciated granitic catchments in the Euro-
pean Alps (Table 5, Hosein et al., 2004; Hindshaw et al.,
2011b), but is similar to the total cation flux calculated for
a glaciated granitic catchment on the east coast of Greenland
(Table 5, Hagedorn and Hasholt, 2004).
Both the average 87Sr/86Sr (0.74243) and e40Ca (+4.0)
values are significantly more radiogenic than present day
seawater values (0.70925 and 0 respectively). The present
day runoff from Greenland (excluding iceberg calving) is
429 km3/yr (Mernild et al., 2009) which is about 1% of
the global freshwater flux to the oceans (de Couet et al.,
2009). The contribution of glacial runoff to the total global
riverine flux varies and has been modelled to be up to 30%
at certain times during the last 130 kyr (Tranter et al.,
2002). Nevertheless, radiogenic Sr and Ca fluxes from
Greenland are unlikely to have a measurable effect on the
87Sr/86Sr and e40Ca ratios in the ocean because glacial
cycles are short (Imbrie et al., 1992) in relation to the resi-
dence times of Sr (2 Ma, Veizer and Compston, 1974) and
Ca (1 Ma, Fantle, 2010) in the ocean and glacial meltwaters
are dilute compared to non-glacial rivers. For example, the
Sr concentration (0.06 lmol/L) in Leverett is a factor of 10–
100 times more dilute compared to the largest non-glacial
rivers (Gaillardet et al., 1999).

6. CONCLUSIONS

The chemical composition of the river water draining an
outlet glacier of the Greenland Ice Sheet is strongly con-
trolled by the seasonal evolution of the subglacial draining
network. By combining 87Sr/86Sr, e40Ca and element ratios
(Na/Sr and Ca/Sr) measured in mineral separates with the
values measured in the river we were able to identify the
main mineral sources to the river and constrain the evolu-
tion of these sources over time. The start of sampling period
is characterised by highly radiogenic Sr values
(87Sr/86Sr = 0.74505), in addition to high suspended sedi-
ment and ion concentrations. This water is most likely
stored basal water which was subsequently flushed out by
a pulse of melt-water, attributed to supraglacial lake drain-
age. After the meltwater pulse, discharge increases and the
subglacial system evolves from a distributed to a channe-
lised configuration. Ion concentrations do not vary, indicat-
ing that no supply exhaustion occurs. However, the
87Sr/86Sr ratio decreases and this decrease is best explained
by an increase in the proportion of epidote weathering as
discharge increases. The ability to trace mineral sources
over time is a pre-requisite to understanding how extrinsic
factors alter weathering reactions. As a weathering tracer
e40Ca is ideal since calcium is a major element in a large
number of key mineral phases, unlike other radiogenic trac-
ers such as Nd. However, the full potential of e40Ca as a
weathering tracer will only be realised with high precision
measurements in sufficiently old catchments. Despite the
Greenland Ice Sheet being a source of radiogenic Ca and
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Sr to the oceans, the flux is not large enough to have an
impact on the seawater Ca and Sr radiogenic isotopic
compositions.

By combining stable Ca isotopes with radiogenic Ca and
Sr, source and fractionation effects in the weathering envi-
ronment affecting the dissolved d44/42Ca ratio could be sep-
arated. The average d44/42Ca of Leverett river water was
+0.60&, at least 0.10& heavier than measured mineral
and whole rock isotopic compositions. This offset can not
readily be explained by mixing with known external sources
of Ca to the catchment and is therefore attributed to a frac-
tionation process. Significant correlations with suspended
sediment concentrations strongly suggest that an adsorp-
tion process is responsible for the observed fractionation.
This process could alter the d44/42Ca composition of all riv-
ers with a significant suspended sediment load, not just
those draining glaciers. If it is confirmed that adsorption
is an important removal process for Ca (and other major
ions), as indicated by the stable Ca isotope data, then actual
silicate weathering fluxes from this catchment would be
higher than the 273 meq/m2/yr calculated and therefore this
process would need to be taken into consideration when
assessing silicate weathering rates in sediment laden rivers.

This study highlights the key role of water residence time
in controlling mineral weathering reactions in subglacial
systems and therefore that hydrological information is
key to the interpretation of radiogenic and stable isotope
data in river water. Even if chemical weathering fluxes from
glaciated catchments were not different from those of com-
parable unglaciated terrain, the chemical composition of
that flux clearly has high temporal variability, indicating
the potential for changes in the chemical composition of
the runoff from the Greenland Ice Sheet to the fjord ecosys-
tem as melt rates increase.
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