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The temporal and spatial controls of stream water chemistry in a small, granitic, glacial catchment were
investigated in conjunction with high-resolution hydrological and meteorological measurements. Significant
systematic seasonal and diurnal variations were observed in the stream water chemistry, which were not
caused by the mixing of water draining different lithologies. A hydrological model (ALPINE3D, Lehning et al.,
2006) was used to calculate the relative contributions of the principal water sources, snow melt and ice melt,
throughout the period of this study. Pronounced seasonal minima in δ18O and 87Sr/86Sr were attributed to
spring snow melt. Clear changes in X/Si ratios (X=Ca, Mg, K, Na, Sr) between summer and winter were
observed. These changes are interpreted to reflect seasonal changes in the average residence time of water in
the sub-glacial drainage network with short residence times in summer, when the discharge was greatest,
leading to high X/Si ratios, and long residence times in winter, when the discharge was lowest, resulting in
low X/Si ratios. This study shows that the time dependent stoichiometry of cation to Si ratios in glacial stream
water (and likely all catchments) strongly depends on the hydrological state of the catchment at the time of
sampling. Annual fluxes based on spot samples varied by a factor of six depending on the time of year in which
the sample was collected, highlighting the importance of long-term catchment monitoring. An improved
understanding of the spatial and temporal controls acting on stream water chemistry will allow silicate
weathering processes to be more precisely quantified.
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1. Introduction

Globally, the chemical composition of river water varies widely
(Meybeck, 2003). Althoughmuch of this variation can be attributed to
different lithologies (Reeder et al., 1972; Gaillardet et al., 1999), there
is considerable variation between rivers draining similar lithologies
(Gíslason et al., 1996; White et al., 1999; Oliva et al., 2003). The
relative importance of the different extrinsic weathering factors such
as climate, runoff, tectonics and vegetation on runoff composition is
still debated (Bluth and Kump, 1994; White and Blum, 1995; Oliva et
al., 2003; Riebe et al., 2004; West et al., 2005) and disentangling these
factors is difficult since they are not independent variables, e.g.
temperature affects runoff and local vegetation. The majority of
studies that have derived estimates of CO2 consumption by silicate
weathering, based on river chemistry, have assumed that the
chemical composition of a single river derived from spot sampling is
invariant. However, an increasing number of studies of large rivers
indicate significant seasonal variations in chemical composition
(Cameron et al., 1995; Yang et al., 1996; Shiller, 1997; Galy and
France-Lanord, 1999; France-Lanord et al., 2003; Zakharova et al.,
2005; Tipper et al., 2006; Ollivier et al., 2010) and long term studies
highlight the inter-annual variability of annual weathering fluxes
(Likens et al., 1998; Gupta et al., 2011). Time series data are vital in
order to obtain accurate annual chemical weathering fluxes but also
offer an unrivalled opportunity to understand the underlying mineral
weathering processes. This is because lithology, the major control of
stream water chemistry, is constant whilst external variables such as
climate and hydrology vary, permitting an assessment of these
variables on chemical weathering processes.

High frequency sampling studies of rivers to investigate temporal
variability have tended to focus on alpine catchments which are either
glaciated (Fairchild et al., 1999; Hodson et al., 2000; Mitchell et al.,
2001; Hosein et al., 2004) or snow covered (e.g. Marsh and Pomeroy,
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Fig. 1. Map of the sampling locations. Stars mark the stream water sampling locations
and the meteorology station. Sites A and E lie on the main stream and Site B is on the
side stream. The gauging station is situated at Site A. The side moraines, which date
from 1850, are marked with dashed lines but the two most recent terminal moraines
are not shown. Numbers indicate the height of the contour lines. The star in the inset
shows the location of the Damma glacier in relation to the rest of Switzerland.
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1999). The bias towards alpine catchments results from these
catchments' importance in hydroelectric power and summer water
supply (Viviroli and Weingartner, 2004). Consequently, the focus of
many of these studies has been to ascertain where the water comes
from and not where the solutes originated (Malard et al., 1999). As a
result, the hydrology of glacial catchments tends to be very well
understood making them an ideal choice for gaining a better
understanding of chemical weathering processes.

Combining the hydrological approaches (e.g. hydrograph separa-
tion Buttle, 1994) with the chemical approaches (e.g. mass balance
Garrels and Mackenzie, 1967) offers a unique opportunity to improve
our understanding of the processes which control stream water
chemistry. A number of studies have used such a combination, most
notably that of Clow and Drever (1996) who artificially enhanced
discharge and studied the resultant effects, proving that discharge has
an important control over solute acquisition. Other studies have found
the role of discharge to be less important, invoking chemostatic
behaviour (Godsey et al., 2009; Clow and Mast, 2010). These studies
strongly indicate that although the weathering of primary minerals
provides solutes, it is the secondary processes such as adsorption
(Berner et al., 1998) and secondary mineral formation which actually
control the resultant chemical composition of the stream. These
processes are not constant over the year (Clow and Mast, 2010) and
are very difficult to constrain. More data is needed to assess their
relative importance.

Glacial catchments are ideal for exploring and further constraining
the controls on stream water chemistry. Due to the large fluctuations
in discharge over diurnal and seasonal timescales, the role of
discharge in changing stream water chemical compositions can be
evaluated. In addition, the changes in glacier hydrology over the
season and the development of glacial drainage systems are relatively
well documented (e.g. Brown, 2002). Glacial studies are typically only
conducted during the melt season, consequently, potential chemical
changes from summer to winter are not well known. Additionally, the
role of glaciers in enhancing or suppressing chemical weathering rates
is still contested (Sharp et al., 1995; Anderson et al., 1997).

Studies which use the dissolved load composition in order to
understand weathering reactions often have weak links to catchment
hydrology. In this study, we investigate whether hydrological source
information can be used to explain the observed daily and seasonal
changes occurring in glacial stream water chemistry in a small,
granitic, alpine catchment by utilising major element, 87Sr/86Sr and
δ18O data. Identifying the main controls of solute acquisition will
improve the quantification of weathering rates in catchments where
discharge data is available but frequent chemical sampling is not
possible.

2. Study area

The study area was the Damma glacier forefield: a small
(10.7 km2), granitic catchment situated in the central Swiss Alps,
which is currently being studied as part of the BigLink project
(Bernasconi et al., 2008). The glacier covers 40% of the catchment and
has been retreating since ~1850 (VAW, 2005). Due to a sharp change
in gradient a small piece (~0.14 km2) of glacier has become detached
from the main glacier during retreat and is referred to as ‘dead ice’.
Large side moraines are present dating from approximately 1850 (the
end of the Little Ice Age) and two terminal moraine bands dating from
1927 and 1992 mark the end of two short periods of re-advance
(VAW, 2005). The elevation of the catchment ranges from 1800 m to
3300 m and the entire catchment is snow covered for approximately
6 months of the year. The average annual temperature is 2.2 °C,
annual precipitation is ~2300 mm and annual runoff is ~2700 mm.
Evapotranspiration was estimated to be 70 mm in 2008 (Kormann,
2009). The positive water balance is due to the negative mass balance
of the glacier.
The valley floor is a braided stream system, and the streams are
ephemeral. Themain stream, the Dammareuss, passes underneath the
dead ice whilst the side stream cuts through the western side moraine
(Fig. 1). A gauging station has been installed downstream of the
confluence between the side and the main stream and at the
confluence the side stream contributes approximately one third of
the discharge.

The catchment is underlain by the central Aar granite which has an
intrusion age of 298 Ma (Schaltegger, 1994), though further meta-
morphic resetting took place around 50 Ma (Dempster, 1986). The
average mineralogy is: quartz (32%), plagioclase (32%, An0.1),
microcline (23%), muscovite (6%), biotite (4%), epidote (3%) together
with trace amounts of apatite. Biotite was extensively altered to
chlorite during Alpine orogeny (Dempster, 1986). Negligible levels of
carbonate (91±83 mg/kg, 1σSD) were detected by coulometric
titration in the rock samples which have been analysed so far (de
Souza et al., 2010). The soils in the glacier forefield are thin, weakly
developed and often contain large rock fragments.

3. Sampling and analytical methods

Water sampling was conducted at fortnightly intervals during the
summer of 2008, from 13th May to 28th October. In addition, two
winter samples were collected on 16th January and on 8th April 2009.
Three locations were sampled in order to assess spatial variability. The
following provides a brief description of the sampling sites: Site E was
the stream exiting from under the dead ice, Site B was the side stream
where it incised the western side moraine and Site A was by the
gauging station (Fig. 1), by which point above-ground braiding had
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ceased. Two 24-hour sampling campaigns with hourly sampling were
conducted on 24th–25th August 2008 and 2nd–3rd June 2009 at Site
A. The gauging station recorded water discharge and conductivity
every 10 min beginning early in the 2008melt season (Fig. 2). The first
two water samples were taken before the station was operational; for
these samples the discharge was estimated. In addition to the gauging
station, a meteorology station was erected in the middle of the
forefield which recorded data every 30 min. Rainfall and temperature
during the sampling period are shown in Fig. 2.

Rain water samples were collected using a 1.5 m high plastic
cylinder located near the meteorology station. The cylinder had a
plastic funnel at the top feeding into a 2 L plastic bottle and the top of
the funnel was protected by a finemesh to prevent insects from flying
in. This bottle was emptied every two weeks. Although this method
predominantly collected wet precipitation, a small amount of dry
deposition may also have been collected if it was wind-blown into the
funnel and subsequently dissolved. Snow samples were packed into
pre-cleaned HDPE bottles wearing sterile gloves after removal of the
top few centimetres of the snow pack and were allowed to melt
naturally. Porewater samples were collected from suction cups
installed at depths of 5–25 cm and groundwater samples were
collected from tube wells which reached the water table.

All water samples were filtered in the field (snow samples were
filtered oncemelted) using 0.2 μmnylon filters into pre-cleaned HDPE
bottles. Bottles for cation analysis were cleaned using 2% HNO3 and
those for anion analysis were cleaned using MQ (Millipore) water.
After filtration, samples for cation analysis were acidified to pH 2 with
distilled HNO3. A filtered water sample was titrated with 1.1 mM HCl
and alkalinity was calculated from the titration curve using the Gran
method (Stumm and Morgan, 1996).

Temperature and pH were recorded in situ (Hanna HI 98160 pH
meter).Major cations (Ca2+,Mg2+, Na+, K+) and Siweremeasured by
inductively-coupled plasma optical emission spectrometry (ICP-OES,
Vista-MPX, Varian Inc., USA) and anions (Cl−, F−, NO3

−, PO4
3− SO4

2−)
were measured using ion chromatography (IC, 761 Compact IC,
Metrohm AG, Switzerland). Phosphate in stream water samples was
always below the detection limit of the IC (b50 ppb). Measured cation
concentrations of the water standard SLRS-4 (National Research
Council Canada) were within 10% of the certified values. Average
relative standard deviations of repeatmeasurements of sampleswere:
Na+ 12%, F− 11%, K+ 9%, Ca2+ 8%, Si 7%, Cl− 6%, Mg2+ and SO4

2− 4%,
and NO3

− 3%. Calculated charge balance errors (CBE) were less than
Fig. 2. Main parameters recorded at the gauging station and at the meteorology station du
rainfall events which cause large, short-lived spikes in discharge. No data was recorded b
problems.
2.5%, indicating the accuracy of the anion and cation measurements.
Some higher charge balance errors were caused in winter samples by
measuring the alkalinity back in the laboratory over 12 h after sample
collection due to adverse weather conditions in the field. This could be
due to oversaturationwith respect to CO2: degassing occurred, altering
the carbonate equilibrium in the water sample, leading to an
overestimation of [HCO3

−] in the sample. This effect was also noted
by Yde et al. (2005) and highlights the importance of immediate
measurement in the field.

The oxygen isotopic composition was measured using the CO2

equilibration method: 200 μL samples of water were pipetted into
12 mL septum-capped vials which were subsequently filled with a
mixture 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). Measurements were calibrated with the
international standards SMOW, SLAP and GISP. The results are
reported in the conventional delta notation with respect to VSMOW
and sample standard deviation (2σSD) was less than 0.1‰.

Samples for strontium isotope analysis were first purified, based on
methods by Deniel and Pin (2001) and de Souza et al. (2010), to remove
matrix ions. The 87Sr/86Sr ratio was measured, for the majority of
samples, on a multicollector ICP-MS (Nu Plasma, Nu Instruments, UK).
Solutions (50 ppb) were introduced to the mass spectrometer using a
PFA microconcentric nebuliser with an uptake rate of ~50 μL/min and
the aerosol was dried using a desolvator (either Aridus II, Apex Q or
ApexHFdepending on the session). This gave aminimum88Sr ion beam
intensity of 5×10−11 A. Krypton and Rb interferences were corrected
using anon-peak zero and an iterative correction for any residual Kr and
Rb above background (de Souza et al., 2010). The mass bias calculated
for Sr was assumed to be valid for Rb and Kr. This is valid since the
magnitude of this correction was small compared to the external
reproducibility. SampleswerebracketedbyNBS987andall samples and
standards were normalised to 86Sr/88Sr=0.1194. Due to a clear drift in
the standard values a secondary correction to give NBS 987 87Sr/86Sr
ratios of 0.710250 was used. Each sample was measured at least twice.
Reproducibility (2σSD) of standards over the course of this study were
0.709182±66 and 0.708665±59 for seawater and an in-house
standard respectively. Sample standard deviation (2σSD) was less than
80 ppm. Samples not measured by ICP-MS were measured by thermal
ionisation mass spectrometry (TIMS) (Triton, Thermo Fischer Scientif-
ic). Approximately 250 ng of Sr was loaded in nitric form together with
ring 2008. Conductivity is inversely related to discharge but does not react strongly to
y the meteorology station from 7th–10th July and 14th–19th August due to technical
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1 μL of tantalum phosphate activator solution onto degassed single
rhenium filaments. Data acquisition was comprised of 200 measure-
ments 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
standards (of NBS 987, seawater and an in-house standard) were
analysed in each session tomonitor machine drift and each sample was
measured four times. Similar to ICP-MS, a secondary correction was
applied to all data. Reproducibility (2σSD) of standards over the course of
this study were 0.709181±25 and 0.708669±18 for seawater and the
in-house standard respectively. Sample standard deviation (2σSD) was
less than 40 ppm. Sample 20080624A was measured by both methods
and yielded identical results of 0.720637±36 (MC-ICP-MS) and
0.720636±25 (TIMS).

4. Hydrology and water chemistry

4.1. Catchment meteorology and hydrology

Air temperature, conductivity, rainfall and discharge all showed
significant temporal variability during 2008 (Fig. 2). As expected for a
glacial catchment, discharge exhibited a strong seasonal trend with
maximum discharge during the summer months and an abrupt
cessation of flow coinciding with the first snow in autumn. Heavy rain
events in the summer caused rapid increases in discharge with flows
reaching in excess of 6000 L s−1. Superimposed on the seasonal
Fig. 3. Left column: Seasonal changes in discharge, cation concentrations (represented by Ca
A, green symbols are for Site B and blue symbols are for Site E. Precipitation corrected values a
joined by a dashed line. For most data points the correction is too small to observe. Centre an
and δ18O, from site A during August and June respectively. The vertical dashed lines indica
discharge trendwere strong diurnal cycles linked to themelting of the
glacier during the day. Conductivity was inversely related to discharge
and exhibited diurnal and seasonal variations. The conductivity of
the stream water was not strongly correlated with heavy rainfall
events.

Pronounced seasonal and diurnal variations were observed in δ18O
which were similar in magnitude at all three sites (Fig. 3). Stream
water sampled at the start of the melt season was depleted in 18O
(δ18O~−17‰) and as melting progressed the δ18O value measured in
the stream rapidly increased. From July onwards δ18O continued to
increase, but at a slower rate, until thewintermonthswhen no further
increase in δ18O was observed. The highest δ18O values reached were
around −14‰. Similar seasonal trends in δ18O have been previously
recorded in snow affected catchments (Bottomley et al., 1986; Taylor
et al., 2001; Unnikrishna et al., 2002; Liu et al., 2004).

The diurnal amplitudes of δ18O variation were 0.3‰ and 0.6‰ in
June and August respectively, which were less than the seasonal
amplitude of 3‰ (Tables 1 and 2). In June, δ18O was inversely related
to discharge but there was a significant phase shift with the minimum
δ18O value reached seven hours aftermaximumdischarge. The diurnal
minimum can be explained by increased melting in response to
increased solar radiation during the day. The first half of the August
δ18O diurnal cycle was also inversely related to discharge, but the
minimum δ18O value was observed two hours before maximum
discharge. In August a second minimum occurred during the night
and this could have been caused by icemelt contributions at night due
to high night-time air temperatures (Jobard and Dzikowski, 2006).
2+), anion concentrations (represented by F−) and δ18O. Red symbols are data from Site
re indicated by orange, light green and light blue for Sites A, B and E respectively and are
d right columns: Diurnal data for discharge, cation concentrations, anion concentrations
te times of maximum discharge.
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Table 1
Major species, 87Sr/86Sr, and δ18O data for seasonal sampling. R=rain and S=snow. Measurement reproducibility is described in the text.

Site Date Time Runoff pH T Ca2+ Mg2+ Na+ K+ Si F− Cl− NO3
− SO4

2− HCO3
− Sr2+ δ18O 87Sr/86Sr

(YMD) (CET) (L s−1) (°C) (μmol L−1) (nmol L−1) (‰)

A 20080513 07:35 250 5.61 0.8 27.5 5.0 13.2 14.5 26.2 7.5 5.2 34.0 8.9 63.1 36.6 −16.47 0.72680
A 20080527 15:20 800 6.55 0.4 19.5 3.1 9.8 10.2 15.8 6.6 4.1 22.2 6.8 27.8 −16.36 0.72458
A 20080610 15:30 2528 6.34 4.7 18.7 3.3 8.9 9.5 14.6 5.1 3.6 15.8 5.9 26.2 28.3 −15.37 0.72070
A 20080624 15:30 4502 6.42 5.5 11.8 2.0 7.1 7.6 7.7 3.7 3.6 9.4 3.9 18.1 17.8 −14.78 0.72064
A 20080708 14:40 2886 6.23 6.3 11.8 2.1 6.3 7.9 9.9 4.1 3.0 9.1 4.0 16.6 18.1 −14.33 0.72194
A 20080722 15:30 1908 6.24 5.4 12.2 2.4 6.7 8.1 12.2 4.2 2.4 8.5 4.3 32.8 19.2 −14.50 0.72268
A 20080805 14:35 3595 6.51 10.5 7.9 1.5 4.3 5.5 6.4 2.3 1.9 5.2 2.5 13.9 12.3 −14.47 0.72310
A 20080819 15:35 4110 6.52 6.9 8.5 1.5 5.8 6.2 7.3 3.1 2.9 4.7 2.7 16.1 12.7 −14.19 0.72440
A 20080902 13:55 4221 6.15 5.9 7.9 1.4 3.3 4.7 6.1 2.5 1.9 4.8 2.6 13.4 11.7 −13.78 0.72486
A 20080916 15:30 916 5.84 4.9 19.9 4.1 13.9 16.1 30.0 6.7 3.2 14.5 9.1 40.6 36.1 −13.63 0.72278
A 20080930 17:00 236 5.75 4.2 19.1 4.5 15.5 16.1 37.6 7.6 2.5 12.7 7.9 49.6 34.0 −14.14 0.72319
A 20081014 14:30 420 5.55 4.2 18.6 3.6 12.4 13.2 24.1 6.8 2.5 16.6 7.9 33.6 34.7 −13.83 0.72320
A 20081028 09:50 84 5.75 2.6 24.3 5.5 24.3 20.3 54.3 9.5 3.0 14.7 10.3 97.5 42.7 −13.76 0.72489
A 20090116 20 6.30 2.2 33.9 7.8 29.8 24.0 71.1 10.8 2.6 15.7 80.4 48.2 −13.83 0.72370
A 20090408 08:05 20 6.05 2.5 42.3 11.1 35.7 24.9 70.6 9.7 3.3 40.9 14.3 72.6 73.7 −14.20 0.72445
B 20080527 13:50 6.37 −0.2 16.0 2.2 7.3 6.8 9.7 6.7 4.7 20.2 6.0 17.1 −16.43 0.73228
B 20080610 12:50 6.15 3.8 15.7 2.1 6.8 6.8 5.0 4.6 5.0 15.6 4.5 7.8 18.0 −15.99 0.72582
B 20080624 12:45 5.34 7.0 11.0 1.5 3.8 3.8 3.3 3.6 2.6 10.4 3.9 9.9 13.4 −15.10 0.72648
B 20080708 12:40 5.95 8.6 11.3 1.5 4.8 5.3 3.3 2.6 4.0 12.2 3.9 6.7 14.4 −14.60 0.72663
B 20080722 11:00 421 5.28 8.2 11.0 1.6 4.5 4.8 4.5 3.7 4.1 10.6 4.0 20.7 13.7 −14.69 0.72902
B 20080805 12:25 2092 6.43 8.4 6.5 0.9 1.7 2.4 2.0 1.7 1.0 4.4 1.8 5.8 7.7 −14.55 0.72975
B 20080819 13:00 2045 5.50 10.5 6.6 0.9 2.2 3.3 2.5 2.8 1.4 3.8 1.8 7.8 7.6 −14.40 0.73166
B 20080902 11:40 2078 5.97 7.4 6.7 0.9 2.2 3.6 2.6 1.9 1.7 4.7 2.0 6.0 7.8 −13.87 0.73248
B 20080916 13:10 175 5.88 6.7 12.9 1.7 4.7 4.9 7.3 4.2 3.0 14.5 5.8 16.6 17.6 −14.54 0.73140
B 20080930 12:15 5.90 4.5 12.0 1.6 4.7 5.5 12.3 5.1 1.7 19.6 3.8 12.8 15.1 −15.01 0.73095
B 20081014 12:10 4.90 6.1 13.4 1.8 6.0 6.4 11.2 5.8 2.2 19.0 6.0 12.0 19.0 −14.25 0.73083
B 20081028 10:20 7.30 3.5 19.0 3.0 16.0 11.0 39.3 10.1 2.8 15.9 6.6 69.8 24.3 −13.48 0.73018
E 20080527 09:30 5.83 0.2 20.0 2.9 8.9 10.0 9.4 4.5 6.5 28.9 8.4 38.6 −17.34 0.71875
E 20080610 09:30 6.40 1.3 19.7 3.7 9.3 11.3 10.3 3.6 5.4 17.8 6.8 30.6 37.7 −15.72 0.71570
E 20080624 09:15 7.19 2.5 11.0 2.1 6.6 8.6 6.4 2.7 3.6 10.7 3.9 17.1 20.3 −15.05 0.71712
E 20080708 09:10 7.15 2.0 13.4 2.7 7.1 9.3 10.3 3.1 3.4 12.0 5.0 22.1 24.1 −14.22 0.71761
E 20080722 14:00 892 6.10 2.0 10.3 2.2 6.9 8.2 7.9 2.7 4.1 7.8 3.8 28.1 20.1 −14.58 0.71820
E 20080805 09:00 1866 6.10 3.2 7.4 2.1 4.6 7.1 5.7 1.3 4.3 4.9 2.2 5.3 13.1 −14.42 0.71835
E 20080819 09:30 1083 6.20 3.1 10.3 2.1 5.7 − 8.9 2.2 2.6 6.1 3.9 20.4 19.5 −14.25 0.71889
E 20080902 08:40 723 5.98 2.5 11.0 2.2 5.3 7.8 8.1 2.5 2.4 7.5 4.5 17.1 22.6 −13.62 0.71892
E 20080916 09:45 230 6.58 1.1 21.9 5.3 13.9 17.9 26.9 5.1 2.7 17.1 12.2 50.8 50.9 −13.32 0.71831
E 20080930 09:30 50 6.16 1.2 19.7 4.9 14.0 17.7 31.9 6.4 2.9 17.3 8.9 46.4 40.9 −14.29 0.71946
E 20081014 09:00 6.45 1.5 21.0 3.8 10.9 14.4 19.3 5.3 2.2 20.8 9.0 37.8 45.7 −13.67 0.71938
E 20081028 12:40 5.85 1.3 20.7 5.4 16.2 19.6 35.2 7.5 2.2 20.5 10.8 54.7 45.2 −13.79 0.71990
R 20080624 4.6 0.5 2.3 2.0 2.4 0.0 4.9 22.4 5.4 2.8 −8.57
R 20080708 12.7 1.4 2.7 2.3 1.6 0.0 4.7 20.8 6.9 13.5 −6.41
R 20080726 5.2 0.6 2.5 2.2 1.6 0.0 3.0 12.4 3.8 3.7 −10.09
R 20080805 7.8 1.2 4.2 2.5 0.1 0.0 5.8 23.2 8.0 10.3 −7.08 0.70933a

R 20080819 7.1 0.8 2.3 1.7 2.3 0.0 3.2 11.9 4.4 6.0 −8.55
R 20080902 5.6 0.6 1.1 0.8 1.8 0.0 2.3 17.5 6.5 4.7 −7.40
R 20080916 16.5 1.3 3.7 4.9 0.9 0.0 3.0 11.5 5.5 18.9 −10.54
R 20080930 19.2 4.9 6.0 7.5 11.9 0.0 8.1 16.8 5.5 18.8 −13.96 0.70950b

S 20080513 2.2 0.1 1.7 0.7 0.05 0.0 6.4 4.9 1.0 1.7 −16.38
S 20081028 6.2 0.4 4.0 1.8 0.00 0.0 21.0 15.5 3.2 2.9 −10.85
S 20090116 3.8 0.2 1.4 8.8 0.00 0.0 20.4 8.8 3.2 1.8 −14.90
S 20090116 1.8 0.2 2.0 2.3 0.01 0.0 6.7 6.9 1.7 1.6 −18.29
S 20090116 2.7 0.4 3.8 3.3 0.00 0.0 7.4 2.9 −16.76
S 20090406 4.9 0.8 26.6 7.6 0.11 0.4 29.9 9.8 2.2 6.4 −15.37
S 20090407 2.5 0.2 0.9 1.6 0.13 0.0 9.3 1.1 −14.12
S 20090407 0.6 0.1 0.4 0.6 0.09 0.0 4.0 6.1 0.6 0.5 −15.10

PO4
3− was measured but was below the detection limit.

a Average rain, first 4 samples of the season.
b Average rain, last 4 samples of the season.
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4.2. Precipitation

There are three sources of precipitation inputs to the catchment to
consider: rain, snow and indirectly ice, each of which has a different
chemical and isotopic composition (Table 1, Tresch, 2007).

The δ18O values for rain decreased from −7‰ in spring to −14‰
in late September. The decrease in δ18O throughout the season is
caused by changes in the precipitation source characteristics and air
temperature (Gat, 1996; Unnikrishna et al., 2002). The chemical
composition of the rain was variable and was dominated by Ca2+ and
NO3

−. The average 87Sr/86Sr of two composite rain samples was
0.70941 which is similar to the 87Sr/86Sr of rain recorded in a
neighbouring catchment (Arn et al., 2003) and is considerably lower
than the ratios measured in the stream waters (0.71570 to 0.73248,
see Section 4.4).

The δ18O values in snow were lower than for rain and were
variable with time, depth and altitude2, reflecting a heterogeneous
snowpack (Unnikrishna et al., 2002). Snow samples were more dilute
than rain samples and the dominant cation and anion was K+ or Ca2+

and Cl− respectively. Si and F− concentrations were negligible
compared to those measured in the stream. A previous study in the

http://www.cces.ethz.ch/projects/clench/BigLink
http://www.cces.ethz.ch/projects/clench/BigLink


Table 2
Major species, 87Sr/86Sr and δ18O data for diurnal sampling. Measurement reproducibility is described in the text.

Time Discharge pH T Ca2+ Mg2+ Na+ K + Si F− Cl− NO3
− SO4

2− HCO3
− Sr2+ δ18O 87Sr/86Sr

(CET) (L s−1) (°C) (μmol L−1) (nmol L−1) (‰)

24–25 August 2008
08:00 677 5.78 3.7 18.7 3.7 10.5 13.2 20.5 5.6 2.7 11.6 7.2 29.2 28.2 −13.28 0.72289
09:00 559 5.52 4.7 19.3 3.8 10.9 12.5 22.0 5.6 2.5 11.6 7.7 32.4 29.5 −13.30
10:00 625 5.61 5.3 18.1 3.5 9.8 11.9 19.0 5.3 2.1 11.5 7.3 31.1 26.9 −13.30
11:00 931 5.52 6.0 17.3 3.3 9.4 11.4 17.6 5.1 1.9 10.5 6.6 27.8 26.5 −13.37 0.72229
12:00 1325 5.67 6.5 15.1 2.9 7.6 9.9 15.0 3.6 1.8 9.4 5.5 26.3 22.7 −13.50
13:00 1766 5.61 6.8 13.5 2.6 6.7 8.8 13.2 3.9 1.6 8.2 4.8 22.1 20.5 −13.61
14:00 2152 5.71 6.8 12.7 2.7 6.4 9.1 12.7 3.7 1.7 7.8 4.6 20.8 19.5 −13.66 0.72290
15:00 2557 5.73 6.6 12.6 2.3 5.8 7.9 11.4 3.7 1.5 7.5 4.3 19.9 19.0 −13.59
16:00 2666 5.53 6.1 12.8 2.4 6.1 8.3 12.1 3.7 1.3 7.6 4.4 20.9 19.6 −13.62
17:00 2542 5.55 5.5 13.4 2.5 6.4 8.2 12.6 3.9 1.2 8.0 4.8 23.9 20.7 −13.56 0.72324
18:00 2514 5.48 4.7 15.3 3.0 7.3 9.2 15.8 4.1 1.3 8.6 5.1 26.3 18.5 −13.50
19:00 2108 5.70 4.6 15.6 3.0 8.0 9.7 16.7 4.5 1.4 9.0 5.5 26.2 23.5 −13.49
20:00 1961 5.54 4.3 16.5 3.1 8.4 10.1 17.6 4.6 1.4 9.5 5.8 26.1 23.8 −13.48 0.72311
21:00 1755 5.70 4.1 16.9 3.3 8.9 10.6 19.1 4.8 1.5 9.9 6.1 28.0 23.8 −13.49
22:00 1658 5.80 4.0 17.2 3.2 9.0 10.5 18.7 4.8 1.4 10.3 6.1 28.1 25.4 −13.60
23:00 1539 5.67 3.9 17.9 3.5 9.5 11.1 20.5 4.9 1.6 10.6 6.5 30.5 27.2 −13.44 0.72306
24:00 1427 5.61 3.8 17.8 3.5 9.6 11.1 20.7 5.0 1.6 10.5 6.4 30.5 27.4 −13.51
01:00 1375 5.72 3.8 18.5 3.7 10.2 11.6 22.1 5.0 1.6 10.8 6.7 35.5 28.4 −13.51
02:00 1319 5.67 3.8 18.6 3.8 10.2 11.6 22.4 5.1 1.6 11.1 6.7 35.0 25.1 −13.56 0.72296
03:00 1274 5.49 3.8 18.4 3.6 10.1 11.6 21.4 5.2 1.6 11.2 6.7 32.4 24.8 −13.62
04:00 1226 5.68 3.7 19.2 3.7 10.6 11.9 22.6 5.3 1.8 11.5 6.9 33.2 28.3 −13.64
05:00 1150 5.75 3.7 20.5 3.7 10.6 11.8 22.0 5.3 1.6 11.2 6.7 34.0 29.1 −13.86 0.72313
06:00 1111 5.69 3.8 19.7 3.8 11.3 12.6 23.1 5.3 1.8 11.8 6.9 34.6 30.0 −13.61
07:00 1041 5.76 3.9 18.8 3.7 11.1 12.5 22.8 5.4 1.9 11.7 7.0 31.1 28.8 −13.59

2–3 June 2009
11:30 1663 7.61 3.6 22.5 5.0 12.5 13.7 12.3 6.6 9.2 23.3 7.8 40.2 30.7 −16.38
12:30 1744 7.62 3.6 21.9 5.4 11.7 14.2 12.8 6.7 4.7 20.9 7.6 40.5 30.7 −16.34
13:30 1805 6.86 3.2 25.2 4.0 10.9 12.0 10.9 6.9 3.4 21.3 7.4 29.2 −16.25
14:30 1850 6.80 2.9 20.7 3.9 10.0 11.2 11.0 6.6 2.5 19.2 7.3 32.1 28.1 −16.30
15:30 1902 6.82 2.9 20.3 3.8 9.8 11.1 10.2 6.6 2.5 19.3 7.4 32.7 27.1 −16.37
16:30 1926 6.68 2.7 20.0 4.1 10.7 12.0 10.4 5.4 3.5 19.7 7.0 26.7 −16.41
17:30 1914 6.77 2.5 19.8 3.7 9.4 10.4 10.1 6.7 2.4 18.4 7.0 30.7 24.8 −16.34
18:30 1937 6.81 2.3 19.9 4.0 9.5 10.8 10.1 5.8 2.4 18.2 6.9 28.0 −16.38
19:30 1931 6.83 2.2 20.2 4.8 9.5 11.6 11.2 5.9 2.4 18.8 7.0 31.4 28.9 −16.45
20:30 1926 6.59 2.1 19.5 3.6 9.2 10.2 9.7 6.1 2.5 18.7 7.2 30.1 27.6 −16.40
21:30 1914 6.75 2.0 19.7 3.6 9.3 10.5 9.7 5.9 2.4 18.6 7.1 27.5 −16.38
22:30 1885 6.78 2.0 20.0 3.6 9.4 10.6 9.9 6.0 3.4 19.0 7.1 29.1 −16.40
23:30 1891 6.77 2.0 20.1 3.6 9.7 11.3 9.8 5.5 3.3 21.8 7.0 33.8 28.0 −16.44
00:30 1845 6.55 2.0 20.3 3.7 9.7 11.1 9.9 6.8 2.8 21.3 7.2 30.2 26.6 −16.43
01:30 1845 6.80 1.9 20.4 3.8 9.7 10.8 10.3 6.1 2.4 20.2 8.2 28.3 −16.48
02:30 1788 6.86 1.9 20.5 3.8 9.8 11.2 10.5 5.4 3.4 19.4 7.2 28.8 −16.41
03:30 1755 6.82 1.8 20.6 3.8 9.9 10.9 10.3 5.8 2.5 20.0 7.3 33.8 29.3 −16.46
04:30 1728 6.60 1.7 20.7 3.9 9.6 11.1 10.7 6.1 2.7 19.8 7.7 32.3 28.7 −16.45
05:30 1706 6.74 1.9 21.0 3.9 10.3 11.4 10.9 5.3 4.0 20.1 7.6 29.1 −16.45
06:30 1658 6.78 2.1 21.1 4.0 9.7 11.7 11.0 6.2 2.8 20.0 8.0 31.9 27.8 −16.44
07:30 1653 6.80 2.5 21.0 3.9 9.7 11.8 11.1 6.4 2.8 20.1 9.7 34.2 30.5 −16.43
08:30 1600 6.76 3.0 21.2 4.0 9.8 11.8 11.3 5.5 3.3 20.2 8.0 31.0 −16.42
09:30 1621 6.80 3.5 21.2 4.4 10.4 12.3 11.8 6.2 3.0 20.2 7.8 29.1 −16.41
10:30 1647 6.90 3.9 21.2 4.0 9.9 11.8 11.2 6.2 3.0 19.8 7.8 29.6 −16.41
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same area reported a 87Sr/86Sr value of 0.70985 for snow (de Souza et
al., 2010), which is similar to rain.

Ice is directly derived from snow and is also a ‘precipitation’ source
of ions when it melts. The average δ18O ratio of melted ice from the
dead ice was−16.66±0.47‰. No 87Sr/86Sr value was obtained for ice.
During ice formation, solutes are excluded resulting in very low solute
concentrations (Fountain, 1996).
4.3. Correction for precipitation inputs

The water chemistry in the Damma catchment is characterised by
very dilute meltwaters (sum of positive charge b100 meq L−1),
typical of waters draining granitic lithologies (White and Blum,
1995). The dissolved load is a mixture of precipitation andweathering
products, and these dilute streamwaters could potentially be strongly
influenced by precipitation (including glacial melt).
In order to assess the contribution of weathering to the dissolved
load, external inputs need to be corrected for. This is commonly
achievedbyusing a Cl− correctionwhich assumes that all Cl−measured
has originated from precipitation. However, considering only rain is
insufficient in glacial catchments for the following reasons: (1) the
majority of precipitation occurs as snowwhich has a different chemical
composition compared to rain, (2) there is a seasonal cycle with
increased ice melt in the summer and (3) there is a daily melt cycle
where the melting of snow and ice can nearly double the discharge
(Table 2). Thus, it is necessary to determine the relative contributions of
rain, snow and ice melt at the relevant time intervals and measure the
chemical composition of each of these water sources in order to assess
the contribution of precipitation to the dissolved load. For this study, 5
snow samples, 8 rain samples and two ice samples from 2007 (Tresch,
2007) were collected. The eight rain samples were chemically different
from each other (Table 1) and the element to chloride ratios did not
correlate with the amount of rain which fell in the two week sampling



Fig. 4. (a) Proportion of snow melt and ice melt contributing to discharge on the
different sampling days as modelled by ALPINE3D (Magnusson et al., 2011). (b)
Comparison of modelled δ18O compared to the measured values. The model is based on
Rayleigh fractionation of remaining snow as the snow pack melts mixing with ice of a
constant isotopic composition as described in the text. (c) The difference between
modelled and measured δ18O. The grey area indicates the combined uncertainty of 20%
in the estimation of snow and ice proportions, 10% in the estimation of catchment snow
cover and 1‰ in the δ18O value of ice.
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period. The average rain composition was used rather than the rain
composition weighted with respect to precipitation volumes due to the
frequent overflowing of the bottle collecting the rain. The chemical
composition of snow varies during snow melt due to preferential
leaching and fractionation of ions (Johannessen and Henriksen, 1978;
Tsiouris et al., 1985; Williams and Melack, 1991; Marsh and Pomeroy,
1999) and this will result in a non-constant X/Cl ratio during the snow
melt period. Preferential leaching effects are strong for nitrate and
sulphate relative to chloride (Williams and Melack, 1991; Marsh and
Pomeroy, 1999), thus the precipitation corrections for these two anions
may introduce a seasonal bias. Preferential elution of cations relative to
chloride ismuch less pronounced (Marsh and Pomeroy, 1999), thus the
precipitation correction for cations will be less affected than nitrate and
sulphate by this leaching process. Due to the lack of samples collected
during the snowmelt periodwe could not quantify this process further.

The percentage contributions of each of the water sources (rain,
snow melt and ice melt) to the total discharge were obtained using
the ALPINE3D distributed model for the 2008 hydrological year
(Lehning et al. (2006) and applied to the Damma glacier catchment by
Magnusson et al. (2011)). ALPINE3D is an energy-balance model
which can be used to model high-resolution discharge dynamics in
glacio-nival watersheds. The model takes into account the observed
evolution of the snow pack during the ablation season (Farinotti et al.,
2010) and local meteorological parameters. Snowmelt dominated the
first half of the summer and ice melt dominated at the end of the
summer (Fig. 4a). With the modelled contribution of sources known
for each sampling day, a weighted X/Cl ratio was calculated and the
precipitation correction applied as is usual. The X/Cl ratios for each of
the precipitation sources were assumed to be constant throughout the
year. For Ca, the average percentage of the total annual dissolved flux
derived from precipitation was 10% with a range of 2% (January) to
25% (end of summer). Since the three sites were sampled at different
times of day, and a diurnal melt cycle exists, an additional correction
should also be applied to take into account the diurnal change in X/Cl
ratios in order that data from the different sites are directly comparable.
However, the data could not be corrected to take into account the time
of sampling due to incomplete discharge data from Sites E and B.

A second precipitation input correction was calculated by using
the meteorology station data, which recorded the volume of
precipitation reaching the forefield (Fig. 2). The precipitation volume
over two weeks was multiplied by the composition of the relevant
rain or snow sample (ice melt was not included in this calculation).
These were then added up to give an annual input flux from
precipitation, which was subtracted from annual discharge fluxes
obtained from the raw data and compared with annual fluxes
obtained from the chloride corrected data (Table 4). These two values
show very good agreement with each other, indicating that the
precipitation correction is robust. The correction is quite small because
dilute snow is the dominant precipitation source to this catchment.
Theprecipitation correctiondecreased absolute concentrations (Fig. 3)
but did not affect overall trends in chemical ratios (Fig. 5).

4.4. Stream water chemistry

The cation abundances were typical for glacial meltwaters draining
alpine glaciers (Anderson et al., 1997), with Ca2+NK+≈Na+NMg2+.
Anion abundances were HCO3

−NNO3
−NSO4

2−F−≈Cl− (Table 1). Al-
though the stream waters were dilute, significant spatial, seasonal and
diurnal trends were observed in both precipitation corrected and
uncorrected data (Figs. 3 and 5).

Although the three sampling sites lie within 1 km of each other
and drain a common lithology, spatial differences were observed. The
most pronounced spatial differences were observed in 87Sr/86Sr
(Fig. 6): Site B was the most radiogenic with an average 87Sr/86Sr of
0.73024 and Site E was the least radiogenic with an average 87Sr/86Sr
of 0.71838. The side stream (Site B) had more dilute major element
concentrations than the main stream (Sites A and E) for the majority
of samples (Fig. 3, Table 1). Spatial variation was also observed in
element ratios (Fig. 5). Due to diurnal variability, part of the observed
differences between sites could have been caused by sampling the
sites at different times of the day (Table 1).

The concentrations of the major elements exhibited marked
seasonal and diurnal variations in response to changes in discharge
(illustrated by Ca2+ and F− in Fig. 3). In general, the diurnal variation of
the analysed parameters was ~20% of the seasonal variation. Maximum
and minimum seasonal concentrations were observed in winter and at
the end of August respectively. Over a single day, maximum
concentrations were observed at night and minimum concentrations
were observed during mid-afternoon. Discharge varied by a factor of
over 200 over the year, whereas themaximumelemental concentration
variation, observed for Si, was only a factor of 10. A similar muted
response of concentration variations to discharge variations was
observed at the diurnal timescale and demonstrates that the variability
in solute concentrations is not only controlled by dilution. The
attenuated response of solutes to changes in discharge has been termed
‘chemostatic’ in the hydrological literature (Godsey et al., 2009; Clow



Fig. 5. Seasonal and diurnal variations in two element ratios: Ca/Si (left column) which exhibits strong temporal variability and Ca/Mg (right column) which exhibits weak temporal
variability. Red symbols are data from Site A, green symbols are for Site B and blue symbols are for Site E. Precipitation corrected values are indicated by orange, light green and light
blue for Sites A, B and E respectively and are joined by a dashed line. The vertical dashed lines highlight the times of maximum discharge. Average Ca/Sirock was 0.06 (corrected for
quartz content which is assumed not to weather) and average Ca/Mgrock was 1.3 (de Souza et al., 2010).
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and Mast, 2010). However, seasonal variations were observed in
element ratios such as Ca/Si (Fig. 5) and such variations would not be
expected if this catchment were behaving chemostatically.

At all three sites, Ca/Si ratios varied by a factor of 3–5 over the
season (Fig. 5), with the lowest values observed in winter and the
highest values observed during May/June when snow melt occurred.
The seasonal change in Ca/Si ratios has also been observed in other
glacial catchments (Hosein et al., 2004; Tipper et al., 2006; Gabet et al.,
2010). Ca/Si also varied over a diurnal timescale, with the highest
values coinciding withmaximum discharge. The diurnal variation was
most pronounced in August when the diurnal discharge amplitude
was largest (2100 L s−1 compared to 300 L s−1 in June). The high
concentrations of Si compared to Ca (low Ca/SiSiteA ratios of 0.45–1.53)
are unusual with respect to previously published data on glacial
catchments (e.g. Anderson et al., 2000). Elevated Ca/Si ratios e.g. Ca/
Si=12 (Anderson et al. (2000), Bench River) are thought to be caused
by calcite dissolution. The low streamwater Ca/Si ratios, together with
the absence of calcite in this catchment (de Souza et al., 2010),
strongly suggests that this catchment is not affected by calcite
dissolution. Calcite precipitation is unlikely to occur as stream waters
were always undersaturated with respect to calcite (SIcalciteb−4.4).
Thus, the seasonal variation in Ca/Si ratios is unlikely to be caused by
the changing proportion of carbonate to silicate weathering as
proposed by Tipper et al. (2006) for Himalayan rivers.

Although a subset of element ratios exhibit similar temporal
trends to Ca/Si, other element ratios exhibit different temporal
responses. On a diurnal timescale Ca/Mg shows essentially invariant
behaviour (Fig. 5). On a seasonal timescale there is no variation in Ca/



Fig. 6. Seasonal and diurnal variation in 87Sr/86Sr. The dashed lines highlight the times
of maximum discharge. 87Sr/86Sr decreases in response to the snow melt peak in
discharge at the start of the season but does not decrease in response to high discharge
later in the year. Similar variation is observed on the diurnal timescale but with a
smaller magnitude. The temporal trends in 87Sr/86Sr are similar to those observed in
δ18O (Fig. 3).
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Mg at Site B but at Site A similar variation to Ca/Si is observed. The
complex and varied temporal responses of element ratios are due to
different sources (e.g. preferential mineral dissolution) and processes
(e.g. ion exchange, formation of secondary phases) which act on each
element. In addition, element ratio variations observed at Site A could
also be affected by differing relative inputs from Sites B and E.

Significant temporal variation was also observed in strontium
isotopes (Fig. 6). At all three sites there was a seasonal variation in
87Sr/86Sr of 0.006, with an increase from unradiogenic values at the
start of June to more radiogenic values at the end of August. After 2nd
September 87Sr/86Sr at Site B decreased whereas at Site E it continued
to increase. Site A reflects values which are a mixture of the isotopic
fluxes at Sites B and E (discussed further in Section 5.2.1). Diurnal
variation in 87Sr/86Sr in August was 0.001 with an increase in values
frommid-morning to mid-afternoon. The temporal trends in 87Sr/86Sr
were not related to variations in discharge or element ratios but they
do appear related to the temporal trends observed for δ18O (compare
Figs. 3 and 6).
5. Discussion:water sources, solute sources andweathering processes

In the following discussion we will refer to water sources and
chemical sources. We define water sources based on hydrology and
δ18O, and chemical sources based on major element chemistry and
87Sr/86Sr. The chemical composition of each water source can be
measured at its origin, but along its flowpath its chemical composition
can change and it can mix with other water sources, complicating
source apportionment.

5.1. Identifying water sources

Identifying the sources of water and their flowpaths is crucial to
understanding how rivers acquire their solutes (Malard et al., 1999;
Brown et al., 2006), but is often neglected in many studies of chemical
weathering. The ALPINE3D hydrological model (Magnusson et al.,
2011) showed that snow and ice melt were the principal water
components of this catchment, with the first half of the summer
dominated by snow melt and the second half dominated by ice melt
(Fig. 4a). Evapotranspiration and sub-surface components are minor
contributors to the water budget of this catchment and can thus be
neglected. Evapotranspiration contributed less than 3% of the water
budget for this catchment (Kormann, 2009) and an additional sub-
surface component was not required to accurately model the annual
hydrograph. Variation in δ18O reflects the changing hydrological
properties of the catchment and the increase in δ18O over the season,
observed at all three sites, is typical for snow covered catchments (e.g.
Bottomley et al., 1986; Unnikrishna et al., 2002;Welp et al., 2005). The
δ18O values of the water inputs to the catchment can be used to
provide information on the temporal changes of the water source
contributions to the stream and aid in the interpretation of the
observed chemical changes.

The validity of the source apportionment derived from the
ALPINE3D hydrological model was tested by using it to predict the
δ18O value of the river water, and comparing these values to the
observed values. Since the response of the catchment to rain events is
very rapid (cf Fig. 2) and it did not rain on any of the sampling days,
rain was neglected as a water source, reducing the problem to snow
and ice inputs. A snow pack is initially composed of isotopically
distinct layers reflecting different precipitation events, but over time
isotopic redistribution processes serve to vertically homogenise
snowpack δ18O values (Raben and Theakstone, 1998; Taylor et al.,
2001; Unnikrishna et al., 2002). These processes occur during snow
crystal metamorphism as a result of melting, freezing and vapour
transport of water within the snowpack. The observation that
meltwaters are isotopically lighter than the snowpack is understood
to occur as a result of the fractionation of oxygen isotopes during
melting, with 18O preferentially retained in the ice phase (Taylor et al.,
2001; Unnikrishna et al., 2002).

To estimate the δ18O composition of water derived from the partial
melting of snow, it is necessary to take into account the isotopic
fractionation between the solid phase (snow/ice) and water. This
process can be represented by a Rayleigh fractionation process, where
the δ18O of the meltwater at time t (δ18Ot) is a function of the fraction
of snow remaining (f).

δ18 Ot = δ18 O0 + 1000
� �

fαwater−ice−1−1000 ð1Þ

The equilibrium fractionation factor between water and ice
(αwater− ice) was taken to be 0.9965 at 0 °C (Gat, 1996). The fraction
of snow remaining in the catchment (f) was modelled by Farinotti et
al. (2010) based on daily photographs of the catchment. It is
assumed that on 13th May, f is 1 and thus δ18O0 is taken to be
−16.47‰ (Table 1). Variations in δ18O can occur with altitude, with
lower δ18O values at higher elevations (Gat, 1996), but as no
systematic variations with altitude were observed, we assumed a
homogeneous snow-pack.

The isotopic composition of snow melt will be further modified by
mixing with ice melt. Since the fraction of ice removed compared to
the total glacial ice volume is negligible, a constant δ18O for ice of
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−16.66‰, based on sevenmelted ice samples from the dead ice block,
was assumed. The estimated δ18O values of snow melt and ice melt
were combined according to the proportions derived from the
ALPINE3D model (Magnusson et al., 2011) to estimate the bulk δ18O
of the river water.

δ18Oriver = δ18Oice⋅Fice + δ18Osnow⋅Fsnow ð2Þ

where F is the fractional contribution to discharge and Fice+
Fsnow=1.

The modelled seasonal variation of δ18O in the river was compared
to the measured values up to 2nd September. The predicted and
observed δ18O values agree remarkably well for such a simple model,
with less than 1‰ discrepancy (Fig. 4b and c). This implies that the
systematic increase in δ18O over the season can be adequately
explained by inputs from snow melt, controlled by fractional melting,
mixing with ice melt. Discrepancies with the observed data could
arise for a number of reasons. Firstly, there was an estimated error of
20% in the proportions of snow to ice melt from the ALPINE3D model.
Secondly, the δ18O value of glacier ice was not well constrained.
Thirdly, rain inputs were neglected. Although it did not rain on any of
the sampling days, water from previous rain events could still be
percolating through the forefield. Fourthly, the Rayleigh approxima-
tion assumes the snow pack is a well-mixed, uniform reservoir; a state
which is unlikely to be maintained throughout the melt season.
Fifthly, during the percolation of meltwater through the snowpack
and underlying ice, further isotopic exchange can occur (Taylor et al.,
2001; Lee et al., 2010).

Although the retreat of the snow pack is important for the balance
of snow to ice melt, it is also important to consider glacial drainage
(though this will not change δ18O) as this will determine the contact
time between water and sub-glacial sediments, potentially affecting
the chemical composition of the water. The form of the hydrograph
can help to infer glacial drainage. With its lower albedo, ice melts
much more rapidly than snow and accentuates the daily discharge
amplitude (Fountain, 1996), whereas snow cover attenuates daily
discharge amplitude. The rapid melting of ice contributes to the
development of a channelised (short water residence time) sub-
glacial drainage system which also serves to accentuate the daily
discharge amplitude (Nienow et al., 1996). Thus, the difference
between the maximum and the minimum discharge (daily discharge
amplitude) each day reflects the amount of snow cover on the glacier
and the nature of the subglacial drainage system. In 2008 the daily
discharge amplitude increased up to mid-September reflecting the
retreat of the snow-line and thereafter abruptly decreased in response
to new snow. At the start of the melt season the drainage capacity of
the glacier is low due to contracted channels and the glacier cannot
drainwater at the same rate as it is supplied from the glacier. Drainage
capacity increases as the season progresses asmelt watermelts the ice
causing channel expansion (Schuler et al., 2004). This change in
drainage can be inferred from the time difference between maximum
solar insolation and maximum discharge (Fountain, 1996) and this
time difference reached its minimum value at the end of August
(Kormann, 2009), implying that this waswhen the subglacial network
was draining most efficiently. These two parameters together point to
an expanding channel network and decreased snow cover up until the
beginning of September. Thereafter, the combination of a reducing
channel network and new snow fall in mid-September caused the
drainage efficiency and resulting discharge (Fig. 2) to sharply
decrease. Thus, although δ18O did not exhibit large variation during
September (the sources remained the same), the way the water
drained had changed. This sudden ‘shutdown’ of the glacial drainage
system induced noticeable changes in the streamwater chemistry, as
discussed below.
5.2. Identifying chemical sources of solutes

Whilst δ18O and the ALPINE3D model show that the main water
sources in this catchment are snow and ice melt, there could be
additional water sources such as porewater and groundwater which
are concentrated in solutes but are negligible for the total water
balance. Even with only two water sources, variation in flow path
length could create a number of different chemical sources through
changes in the elemental composition as a result of processes such as
dissolution, secondary mineral precipitation, exchange and biological
cycling.

5.2.1. Sources of 87Sr/86Sr
The 87Sr/86Sr ratio of the stream reflects themixing of sources with

different 87Sr/86Sr ratios, for example, different minerals or external
dust inputs. However, 87Sr/86Sr should be insensitive to secondary
process such as the precipitation of secondary phases. The δ18O ratios
of groundwater samples are similar to those of the river (Table 3)
suggesting connectivity between the stream and shallow groundwa-
ter (Malard et al., 1999; Magnusson et al., submitted for publication),
which could influence 87Sr/86Sr. If there are no Sr inputs from the
forefield areas and Sr is conservative over short timescales then Site A
should fall on a mixing line between Sites E and B in 87Sr/86Sr vs 1/[Sr]
space for each sample (Langmuir et al., 1978). The minimum
deviation between the mixing line and Site A data points can be
calculated as the perpendicular distance from the mixing line. The
calculated deviation from conservative mixing is small (b1 fmol L−1

Sr and an average 87Sr/86Sr deviation of 0.00135‰) and shows no
seasonal trend (not shown). Much of the difference can be attributed
to difference in sample collection times: 87Sr/86Sr at Site A had a
diurnal variation of ~0.001.

Ground and porewaters could contribute to the water mixture at
Site A. However, porewaters have extremely heterogeneous chemical
compositions (Table 3) and do not plot on the mixing line between
sites E and B in Fig. 7. The δ18O of the porewaters varied between rain
values and river values suggesting that some of the porewaters were
isolated with no connectivity to the stream. The groundwater sample
were neither chemically nor isotopically distinct from the stream
water samples (Fig. 7) and, as the volume contribution to total
discharge was minor (Section 5.1), will consequently have an
imperceptible effect on the stream water chemistry observed at Site
A. Althoughwe cannot completely exclude a contribution fromground
and porewaters, it is likely that the forefield soils between Sites E andA
have a negligible impact on the dissolved flux of Sr and this should be
true for other elements which have similar chemical behaviour to Sr.
Thus, for Sr, Site A can be explained as a simplemixture of waters from
Sites E and B.

Previous measurements of 87Sr/86Sr inmineral separates and rocks
from the catchment indicated a large degree of heterogeneity (de
Souza et al., 2010). It is thus likely that differences in the degree of
metamorphic resetting of radiogenic Sr are controlling the spatial
difference in 87Sr/86Sr between Sites E and B rather than different
weathering conditions in each of the sub-catchments. For example, in
terms of 87Sr/86Sr ratios (Fig. 7), Site E appears to drain a lithology
more akin to the gneissic rock sample R04 (0.71613) and the
mylonitic rock sample R05 (0.75577) is more representative of Site
B (Fig. 7, de Souza et al., 2010). Due to the large heterogeneity of 87Sr/
86Sr in the mineral separates measured by de Souza et al. (2010) we
cannot ascribe the streamwater chemistry to a specific composition of
minerals weathering.

Significant dust deposition, principally from Saharan dust storms
(De Angelis and Gaudichet, 1991; Thevenon et al., 2009), occurs along
the Alpine chain. Saharan dust contains 20–50% carbonate (Goudie
and Middleton, 2001) which is dissolved during transport by
atmospheric aerosols (De Angelis and Gaudichet, 1991). The addition
of dissolved carbonates could impact stream water chemistry at



Table 3
Major species, 87Sr/86Sr and δ18O data for groundwater (GW) and porewater (PW) samples. Measurement reproducibility is described in the text.

Sample
name

Ca2+ Mg2+ Na+ K+ Si F− Cl− NO3
− PO4

3− SO4
2− HCO3

− Sr2+ δ18O 87Sr/86Sr
(μmol L−1) (nmol L−1) (‰)

GW1a 23.2 4.8 20.2 17.4 59.1 12.1 5.3 12.1 – 7.8 62.7 34.6 −13.11 0.72959
GW1b 59.0 5.1 17.2 15.5 39.7 15.3 94.7 7.5 – 7.7 36.2 52.1 −14.17
GW1c 34.8 5.4 16.4 15.6 42.6 36.9 0.72831
GW2a 49.9 16.8 21.7 41.3 45.2 3.6 12.9 27.2 – 5.8 100.1 −13.96
GW2b 41.2 9.4 22.7 23.2 53.1 9.6 1.6 4.6 – 11.4 127.8 53.5 −14.09
GW2c 47.5 10.3 24.1 25.2 54.9 9.4 21.7 11.0 – 12.5 106.8 63.9 −14.08
GW3a 120.5 23.7 22.4 42.6 78.1 6.3 809.4 – – 3.6 144.8 −13.10
GW3b 51.2 20.9 20.5 38.0 74.7 4.4 33.1 – – 2.3 204.5 80.1 −13.27
GW3c 42.4 19.2 18.4 38.6 62.2 75.5 0.71553
GW4b 13.7 3.0 3.9 13.0 4.3 2.4 2.3 5.4 – 3.4 29.6 21.8 −14.23
GW5b 13.6 2.4 3.7 12.6 5.4 2.6 1.4 6.9 – 4.2 27.4 21.9 −14.12
GW6b 14.7 5.9 9.1 19.6 25.8 8.5 1.4 6.8 – 4.2 55.4 18.1 −14.78
PW1a 152.0 14.2 27.6 44.5 15.7 0.0 468.5 10.6 – 2.5 45.6 −18.18
PW1b 149.3 49.6 18.8 17.6 17.2 1.7 223.4 – – 2.1 119.3 −10.29
PW1c 22.3 8.6 23.1 32.3 61.9 3.4 19.0 1.4 8.7 – 30.6 −12.10 0.71691
PW1d 19.7 8.5 22.4 30.2 61.5 3.3 10.2 1.7 9.0 – 30.0 −12.24
PW1e 33.1 13.1 22.8 27.7 42.9 3.5 10.2 – – 7.6 117.9 46.2 −13.60
PW2a 2760.8 59.9 19.5 139.5 52.4 1114.0 0.70840
PW2b 75.3 5.8 15.8 44.2 14.9 3.3 250.2 6.5 1.9 1.7 23.2 −14.12
PW2c 268.5 149.4 184.0 196.8 15.0 9.3 677.0 836.6 4.6 293.5 272.8 −8.72 0.71577
PW3a 37.0 6.8 1.7 15.7 26.2 4.3 96.9 0.4 – 0.8 27.2 0.71570
PW3b 59.2 15.5 18.6 29.4 9.0 59.8 0.71652
PW4 550.4 95.5 47.5 138.5 93.9 15.6 1135.8 – – 3.3 579.3 493.6 −14.04 0.72276
PW5 591.7 8.2 51.8 26.5 20.5 0.0 3568.1 – 38.5 0.0 40.1 −19.29
PW6 78.0 10.7 18.7 8.4 34.7 0.9 159.9 – – 1.7 22.0 −6.42
PW8 57.7 1.1 352.9 11.0 2.7 2.5 125.5 2.7 – 2.2 23.7 −14.21
PW11 428.2 66.6 47.4 374.3 89.0 12.5 1304.3 11.1 – 24.9 570.8 279.8 −13.03 0.71447
PW13 3974.5 37.6 33.6 53.9 108.1 21.4 – 24.4 42.0 6.2 2753.8 −9.05
PW21 339.7 45.0 34.8 102.5 50.3 331.2 0.71237

− Indicates species was below the detection limit.
Blank space indicates species was not measured.

Fig. 7. Mixing plot of 87Sr/86Sr against [Ca]/[Sr]. Site E can be explained as a mixture
between average rock and a surface melt component. The surface melt end-member
has a Ca/Sr ratio which is an average of snow samples and a 87Sr/86Sr ratio which is the
average of the rain samples (Table 1). We assume 87Sr/86Srsnow=87Sr/86Srrain. Similarly,
Site B can be explained by mixing of the surface melt component with the most
radiogenic rock sampled (R05). Site A is a mixture between Sites B and E. The numbers
on the mixing lines refer to the fractional contribution from rock. Rock data are from de
Souza et al. (2010). Porewaters (PW) have distinct compositions and have negligible
influence on the stream water composition at Site A. Groundwater samples (GW) have
identical compositions to the stream water indicating connectivity between the two
(Magnusson et al., submitted for publication), though theywill not influence the stream
water composition at Site A.
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Damma. However, the comparatively low Ca/Si ratios observed
suggest that carbonate dust deposition does not strongly influence
the stream water chemistry of this catchment.

Seasonal trends in 87Sr/86Sr have been observed in other catchments
(Krishnaswami et al., 1992; Aubert et al., 2002; Tipper et al., 2006;
Bélanger and Holmden, 2010), and these have been linked to discharge
control of weathering sources. It was proposed that discharge controls
which chemically distinct areas of a catchment (Aubert et al., 2002) and
whichminerals (Bullen et al., 1996; Tipper et al., 2006) contribute to the
dissolved load. In this fieldsite, the lowest flows have the most
radiogenic 87Sr/86Sr ratios, which is broadly consistent with previous
studies (Bullen et al., 1996; Tipper et al., 2006). However, a simple
discharge control cannot explain the 87Sr/86Sr data since discharge is not
correlated with 87Sr/86Sr (R2SiteA=0.17).

The seasonal variation in 87Sr/86Sr at Damma is identical in form to
that which would be predicted by the rapid addition and subsequent
depletion of an unradiogenic source (Nezat et al., 2010). We
demonstrated in the previous section that δ18O can be explained by
the relative degree of snow and ice melt from the forefield and the
glacier surface. If the 27th May sample is excluded then there is a
linear relationship between δ18O and 87Sr/86Sr for all sites (e.g. Site E,
R2=0.62). The correlation of 87Sr/86Sr with δ18O suggests that the
variations in 87Sr/86Sr can similarly be explained by snow melt. Total
discharge is composed of snow melt and ice melt. We can consider
that a fraction of this flow (f⁎) comes into contact with sub-glacial
sediment where it acquires solutes and 87Sr/86Sr ratios derived from
dissolution, hereafter termed sub-glacial flow. Although two main
types of subglacial drainage system exist (channelised and distribut-
ed, Nienow et al., 1996), we assume that the isotopic composition of
strontium released from weathered sediments is unaffected by the
nature of the sub-glacial drainage system. The rest of the discharge is
en-glacial (within the glacier) or supra-glacial (on the glacier surface)
flow where there is negligible solute acquisition. We term these last
two components surface melt. As explained above, we assume that the
groundwater and porewater inputs are negligible. The following mass
balance equation can be written for Sr isotopes:

ϕt Sr½ �tRt = f ⁎ ϕice Sr½ �⁎iceR⁎ice + ϕsnow Sr½ �⁎snowR⁎snow
� �

+ 1−f ⁎
� �

ϕice Sr½ �iceRice + ϕsnow Sr½ �snowRsnow

� � ð3Þ
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where ϕ is the discharge, the subscript t is for ‘total’ and the asterisk
indicates concentrations ([Sr]) and isotope ratios (R) modified by
interaction with sub-glacial sediments. We assume ice has the same
isotopic composition and Sr concentration as snow and the combined
term is given the subscript g for ‘glacial’.

ϕt Sr½ �tRt = f ⁎ϕt Sr½ �⁎g R⁎g + 1−f ⁎
� �

ϕt Sr½ �gRg ð4Þ

If the concentrations and isotopic compositions of the two mixing
components are assumed to be constant throughout the season then
the value of f⁎ can be determined by fitting Eq. (4) with the values of
Rt, ϕt and [Sr]t observed at Site A. The physical plausibility of the
calculated values of f⁎ can then be assessed. The values of [Sr]g and Rg

are assumed to be constant with values of 2.35 nmol L−1 (average
snow [Sr], Table 1) and 0.70971 (snow 87Sr/86Sr, from de Souza et al.
(2010)) respectively. The choice of these values is supported by the
fact that stream water data for Sites B and E lie on mixing lines
between the surface melt end-member and rock compositions in 87Sr/
86Sr vs Ca/Sr space (Fig. 7). During winter, the contribution of surface
melt is expected to be negligible and these winter samples should
represent the sub-glacial component. Thus, 74 nmol L−1 for [Sr]g⁎ and
0.73248 for Rg⁎were chosen as these were the highest values observed
in the stream water during winter. The calculated amounts of sub-
glacial and surface meltwater compared to the total discharge are
illustrated in Fig. 8.

An independent approximation of the proportion of sub-glacial
water can be obtained from the shape of the diurnal hydrograph.
Diurnal discharge variations are driven by day-time melting of the
Fig. 8. The calculated amount of surface meltwater (a) and the amount of sub-glacial
meltwater (b) with respect to the observed total discharge. In both figures line 1
(dotted) represents values obtained by fitting Eq. (4) to observed values, assuming
fixed chemical and isotopic compositions of the two components (see text). In (a) the
values of line 2 (dash-dot) are the difference between the minimum diurnal discharge
and the discharge at the time of sampling, assumed to represent surface glacial melt
only. The values of line 2 in (b) are the minimum discharge values observed on the
sampling day, assumed to represent sub-glacial meltwater only. The discrepancy
between the two sets of values at the start of themelt season is likely to be due to snow-
melt causing elevated diurnal discharge minima, leading to an overestimation of the
amount of water which has interacted with sub-glacial sediments.
glacier surface. It is assumed that the difference between the
discharge at the time of sampling and the night-time minimum
represents addition of surface melt which does not weather
sediments (1− f⁎). Although some of this water will inevitably
reach the bed of the glacier, its effect, on a diurnal timescale, is to
enlarge existing channels (Schuler et al., 2004), thus increased water–
sediment contact will be minimal. Minimal melting of the glacier
surface is expected to occur at night, therefore we assume that the
diurnal minimum represents sub-glacial flow only (f⁎). These values
of f⁎ agree with the fitted values in the latter half of the season but
underestimate the proportion of surface melt water at the start of the
melt season (Fig. 8). During this part of the year, snow melt from the
glacier surface dominates andmaintains high flow rates even at night,
due to the long time lag (N7 h) between maximum runoff and
maximum solar insolation. Snow melt at night leads to an over-
estimation of the amount of sub-glacial water at this time of the year.

Although further data would be needed to verify the assumptions
made, to a first approximation, the fitted amounts of surface and sub-
glacial meltwater are plausible based on current understanding of
glacier hydrology and the strontium isotopic composition of the
stream water can be explained by a two-component mixture of
surface melt and subglacial water, whose composition is controlled by
local lithology (Fig. 7). The relative proportions of these two solute
sources are controlled by the evolution of the glacial drainage system
over the melt season.

5.2.2. Elemental sources
Elemental ratios did not correlate with Sr isotopes, which only

trace chemical sources. This implies that processes (e.g. adsorption)
play an important role in modulating stream water chemistry in
addition to chemical sources. The diurnal changes in stream water
chemistry are very similar to those observed seasonally. We thus infer
that the underlying controls on stream water chemistry are the same
at both the diurnal and the seasonal timescales.

There are at least three processes which could alter elemental
ratios within a water body: biological cycling, weathering and ion
exchange.

Biological cycling could affect elemental ratios on diurnal and
seasonal timescales in response to changing nutrient requirements.
However the effect of biology on stream water chemistry in this
catchment is expected to be negligible due to the sparse vegetation
cover and the limited influence of porewaters on stream water
chemistry (Section 5.2.1). Further, stable isotope analyses of Sr and Ca
have shown that the effect of biological cycling on river Sr and Ca is
negligible (de Souza et al., 2010; Hindshaw et al., 2011). Weathering
processes can affect element ratios by altering the ratio of ions
released into solution during dissolution or through precipitation
processes selectively removing ions from solution. Silicate dissolution
rates vary with temperature and pH and the stream water
temperature exhibited clear diurnal variation (Table 2). White et al.
(1999) reported the effect of temperature on individual elemental
release rates from laboratory experiments. Using the temperature–
elemental release rate relationships for Ca and Si derived for the most
compositionally similar granite to Damma (weathered Loch Vale
granite), we can calculate that an 8 °C variation in temperature would
be required to explain the observed diurnal variation in Ca/Si ratios in
August. This change in temperature is much larger than the 3 °C
change observed. There was no clear diurnal variation in streamwater
pH, therefore the influence of pH on Ca/Si ratios is expected to be
minimal. Thus, changing silicate dissolution rates are unlikely to cause
diurnal variations of element ratios. Ion exchange and sorption
processes have rapid kinetics (Stumm and Morgan, 1996) and are
known to cause the release of base cations during flushing with dilute
water i.e. snowmelt (e.g. Clow and Mast, 2010). The effect of flushing
with dilute water on element ratios such as Ca/Na appears to be
catchment specific (Malard et al., 1999; Tranter et al., 2002; Clow and
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Mast, 2010). Ion exchange is undoubtedly important in this
catchment but this process was unable to be quantified further.

Rather than the chemical composition of a single water body
changing, the seasonal and diurnal variations could be caused by
mixing different water bodies which have different chemical
compositions (Malard et al., 2000). Previous work on glacial drainage
systems using dye tracers has identified two major components
namely a ‘distributed’ component which is characterised by longer
residence times and a ‘channelised’ component which is characterised
by shorter residence times (Nienow et al., 1996; Brown, 2002). The
drainage system of the Damma glacier presumably behaves in a
similar way.

Waters with different residence times have the potential to
acquire different solute compositions. Laboratory experiments have
shown that the initial stages of weathering are incongruent, resulting
in the preferential release of Ca, Mg, K and Sr relative to Si and, to a
certain extent, Na (Acker and Bricker, 1992; Brantley et al., 1998;
Fig.9. Conceptual model of how the glacier hydrology controls stream water chemistry repr
arrows represent chemical contributions from snow and ice melt and red and green arrows r
respectively. (a) At the beginning of the season snow still covered the glacier, but significan
from the base of the glacier (distributed flow). (b) By August all snow in the ablation zone of
bed of the glacier expanding sub-glacial channels and creating the fast channelised compone
subject to strong melting due to cold temperatures, effectively sealed the crevasses (which g
return to distributed flow conditions which persisted throughout the winter. During winte
White et al., 1999). Under high discharge conditions (short residence
time), the stream water chemistry is likely to reflect incongruent
weathering processes, whereas water with a longer residence time is
expected reflect more congruent weathering. This prediction is in
agreement with other fieldsites where high cation/Si ratios are often
observed in water with short residence times compared to water with
long residence times (Brown et al., 2006; Tipper et al., 2006; Gabet et
al., 2010). It is therefore plausible that the diurnal and seasonal
variations are caused by the variable mixing of water with different
residence times and chemical compositions. For elemental ratios
Eq. (4) would become:

ϕtXt = af⁎⁎ϕtX⁎
ch

g + 1−að Þf ⁎⁎ϕtX⁎
dis

g + 1−f ⁎⁎
� �

ϕtXg ð5Þ

where Xg⁎ch and Xg⁎dis are the chemical ratios of the channelised
(short residence time, more incongruent weathering) and distributed
esented by three different times during the season. Figure based on Brown (2002). Blue
epresent chemical contributions from distributed and channelised sub-glacial flowpaths
t snow melt was occurring from the surface. This water mixed with concentrated water
the glacier had melted and crevasses had opened up which allowed icemelt to reach the
nt which dominated the river chemistry. (c) In September, new snow fall which was not
radually froze up) blocking transfer of melt water through crevasses. This resulted in a
r baseflow is maintained through pressure melting.



Table 4
Annual elemental fluxes.

Element Annual flux
(uncorrected)

Annual flux* Annual flux** External contribution
to annual flux* (%)

(kmol/km2/yr)

Ca 36 32 29 11
Mg 7 6 6 5
Na 21 19 18 10
K 24 21 21 12
Si 34 33 33 1
Cl 9 n.a. 8 –

F 12 11 12 5
NO3 28 21 14 23
SO4 13 11 8 12
HCO3 64 n.d. n.d. n.d.
Total cationic flux
(meq/m2/yr)

117 108

*Chloride method.
**Hydrological method.
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(long residence time, more congruent weathering) components
respectively, a is the fraction of sub-glacial flow in the channelised
system and f⁎⁎ is the mixing proportion. With our data we cannot
quantitatively constrain the fractional contributions of the channe-
lised and distributed components but the observed changes in
elemental ratios qualitatively support the mixing of waters with
different residence times.

On a diurnal timescale, high meltwater discharge during mid-
afternoon increases the channelised component (Stone and Clarke,
1996), resulting in high Ca/Si ratios compared to the night (Fig. 5). The
Ca/Si diurnal variation is more pronounced in August compared to
June due to the larger diurnal discharge amplitude. Both Ca and Mg
are preferentially released during incongruent weathering (Erel et al.,
2004). Hence the Ca/Mg ratio is not expected to be strongly affected
by variations in residence time and remains constant on this timescale
(Fig. 5).

Similarly, changes in hydrological flowpaths can explain the
observed seasonal variations. The channelised component increases
in proportion as the melt season progresses due to increased melt
forcing the expansion and merging of smaller sub-glacial channels
(Tranter et al., 1996). Thus, the channelised component is expected to
dominate during summer (Fig. 9b) causing high Ca/Si ratios (Fig. 5). In
autumn, colder conditions and new snow block the melting of ice and
the distributed flowpaths become more prominent (Fig. 9c) as
evinced by the drop in Ca/Si ratios after 2 September (Fig. 5). In
spring/early summer, distributed flow is expected to dominate the
sub-glacial hydrological drainage system, but significant snow melt
(which contains negligible Si) from the glacier surface also occurs
(Fig. 9a), resulting in high Ca/Si values during this period. Seasonal,
but not diurnal, variability was observed in Ca/Mg ratios at Site A
(Fig. 5). This could be due to freezing of the forefield area during
winter. Freezing of water concentrates solutes and CO2 (Hodgkins et
al., 1998). High solute concentrations could cause the formation of
secondary phases (Tranter, 2003) and Ca and Mg are likely to be
affected differently by these conditions (Stallard and Edmond, 1983).

Glacial rivers tend to have high cation/Si ratios compared to non-
glacial rivers (Anderson et al., 1997; Hodson et al., 2000), and this has
been attributed to the production of small, reactive particles as a
result of glacial grinding. However, seasonal variations in elemental
ratios e.g. Ca/Si are not confined to small glaciated catchments but are
also observed in other rivers where present-day glaciation is
negligible (Cameron et al., 1995; Yang et al., 1996; Aubert et al.,
2002;Millot et al., 2002; Hren et al., 2007; Gupta et al., 2011). Our data
indicate that these variations are triggered by changes in discharge,
which are amplified in glacial catchments.

In this lithologically homogeneous catchment significant variation
was observed in elemental ratios, which are typically taken to indicate
the degree of mixing between carbonate and silicate end-members
(e.g. Gaillardet et al., 1999). If an increased Ca/Na ratio was taken to
indicate increased carbonate weathering rather than increased
incongruency in silicate weathering, then cation release, and thus
CO2 consumption, from silicate weathering would be underestimated.
For example, a typical formula for calculating silicate derived cation
concentrations in meq is (Galy and France-Lanord, 1999):

∑cat⁎sil = Na⁎ + K⁎ + 2Na⁎ × Ca=Nað Þrock
� �

+ 2K⁎ × Mg=Kð Þrock
� �

ð6Þ

where the asterisk refers to precipitation corrected data. If we take the
average rock molar ratios, (Ca/Na)rock and (Mg/K)rock, to be 0.38 and
0.28 respectively (Hindshaw et al., 2011), and use the precipitation
corrected annual fluxes from Table 4, then the calculated silicate
cationic flux would be 66 meq/m2/yr. This value is 44% less than that
calculated assuming no carbonate contribution (117 meq/m2/yr,
Table 4). If this degree of underestimation applies to other rivers
then our findings could have implications for current global estimates
of silicate weathering rates.

6. Conclusions

The streamwater chemistry in this catchment is strongly controlled
by glacial melt and the routing of this glacial melt water through the
glacier, resulting inmarked seasonal anddiurnal variations in δ18O, 87Sr/
86Sr, element concentrations and element ratios. Hydrological model-
ling combined with oxygen isotope data showed that the two principal
water sources in this catchment were snow and ice melt. The two
primary chemical sources, as identified by strontium isotopes, were
surface melt (consisting of supra-glacial and en-glacial snow and ice
melt) and a mineral source derived from the weathering of sub-glacial
sediments. This mineral source varied in its elemental composition
depending on the residence time of the water in the glacial drainage
system. Fast flow paths (channelised), which are dominant in summer
and during the day, are characterised by high cation/Si ratios. Whereas
slow flow paths (distributed), which are dominant in winter and at
night, are characterised by low cation/Si ratios. The change in residence
time could potentially influence several weathering related processes.
Thus, the primary control on cation/Si ratios is the water flux and the
pathway of that water through the glacier.

Our results emphasise that even in a notionally mono-lithological
catchment, there is considerable spatial heterogeneity. The hydrologic
control of temporal variability observed in this study is not confined to
glacial catchments, suggesting that the primary impact of glaciers on
stream water chemistry is through the modulation of discharge. The
hydrological conditions at the time of sampling have to be taken into
account when 1) comparing rivers sampled at different flow stages, 2)
calculating annual chemical weathering fluxes based on a few spot
samples and 3) deriving contributions of silicate weathering. Future
stream sampling campaigns should consider sampling at various
spatial and temporal resolutions in order to capture the sources of
change and to further increase understanding of chemical weathering
processes in riverine environments.
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