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Strontium isotope systematics in two glaciated crystalline
catchments: Rhone and Oberaar Glaciers (Swiss Alps)

Kaspar Arn', Rachel Hosein!, Karl B. Follmi?, Philipp Steinmann?,
Dominique Aubert®? and Jan Kramers?

Abstract

We studied the strontium (Sr} isotope composition of runoff and particulate material in two glaciated catchments,
the Oberaar (OA) and the Rhone (RH)} in the Swiss Alps. Both areas are contained within the crystalline rocks of the
Aar Massif, but a zone of highly deformed Variscan basement gneisses and schists that may contain up to 9 wt%
calcite is present in the Oberaar catchment.

We analysed meltwaters and precipitation as well as bulk suspended sediment and local bedrock. Ca/Na ratios of
5.0-13.3 and 1.8-2.4 in Oberaar and Rhone meltwaters, respectively, indicate that meltwaters in both catchments are
enriched in Ca relative to Na, compared to suspended sediments.

878r/%Sr ratios of Rhone meltwaters (0.7251-0.7258) are lower than those of Rhone bulk suspended sediment
(0.7279-0.7306). The Rhone suspended sediment composition is interpreted as a mixture of Grimsel Granodiorite
(0.7106-0.7161) and Central Aar Granite (0.7449). We explain the lower meltwater Sr ratio by the preferential disso-
lution of disseminated calcite, which has a relatively low ¥Sr/%Sr ratio (estimated 0.720-0.730). This interpretation is
supported by the enrichment of Ca in the meltwater compared to the suspended sediment. Early and nonstoi-
chiometric cation release exerts another impact on the meltwater signal.

Oberaar meltwaters have a higher ¥Sr/%8r isotopic ratio (0.7137-0.7174) than the Oberaar suspended sediment
(0.7130-0.7148) which reflects the preferential dissolution of the calcite contained within the Variscan gneisses (esti-
mated 0.7160 £ 0.001).

The 37S1/%Sr ratio measured in rain is 0.7104 (n = 4). An influence of atmospheric precipitation on Rhone meltwater
878r/88r ratio is not excluded. The high Sr isotopic signature of Oberaar meltwaters compared to that of the corre-
sponding suspended sediment and also to the low Sr isotopic ratio of rainwater, however, suggests that the atmos-
pheric contribution is not visible in the Oberaar meltwaters.

The results discussed here suggest that the presence of disseminated calcite within the crystalline rocks of the Aar
massif exerts a major impact not only on the meltwater major ion composition but also on its Sr isotope systematics.

Keywords: Subglacial chemical weathering, Swiss Alps, glacial meltwaters, suspended sediment, disseminated
calcite, strontium isotopes.

Introduction

Fluxes and isotopic ratios of Sr have been ana-
lysed In stream waters in order to trace mineral
weathering reactions and the weathering rates of
individual silicate minerals and to compare them
with the isotopic characteristics of catchment
bedrocks (e.g., Blum et al., 1993; Blum and Erel,
1995; Taylor and Blum, 1995; Clow et al., 1997).
The chemical weathering of Sr from minerals 1s
not necessarily stoichiometric, as it is dominated
by the rapid dissolution of Sr-rich, or highly reac-
tive minerals or mineral inclusions, such as dis-

seminated calcite (Clow et al., 1997; Blum et al.,
1998; Jacobson and Blum, 2000; Jacobson et al.,
2002) or apatite (Aubert et al., 2001). Biotite re-
leases considerable amounts of highly radiogenic
Sr during the initial stages of weathering and ini-
tial weathering rates may exceed those of feldspar
(Blum and Erel, 1995,1997; Arn, 2002). In labora-
tory dissolution experiments, Brantley et al
(1998) show that early Sr release from feldspars is
nonstoichiometric and not isotopically identical
to the starting material. The nonstoichiometric re-
lease is attributed to secondary phases present in
minute proportions, and/or to leaching of cations
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from damaged sites. They propose that glacially
abraded feldspar particles will exhibit this initial
nonstoichiometric release.

Detailed studies of meltwater chemistry have
been performed in glaciated catchments drain-
ing a variety of subglacial rock (e.g., Fairchild et
al., 1994, 1999a, 1999b; Anderson et al., 2000;
Sharp et al., 2002; Tranter et al., 2002). These stud-
ies show that carbonate weathering dominates
bulk meltwater chemistry, even in crystalline
catchments (Clow et al., 1997; Blum et al., 1998;
White et al., 1999; Anderson et al., 2000; Jacobson
and Blum, 2000; Jacobson et al., 2002; Tranter et
al., 2002).

Strontium fluxes and isotopic ratios in stream
waters also reflect the weathering intensity. Ele-
vated Sr isotopic budgets for Himalayan rivers re-
flect the increased erosion rates in this mountain
range (Galy et al., 1999; Galy and France-Lanord,
2001). They also indicate silicate weathering rates
and the relative importance of carbonate and sili-
cate weathering in different Himalayan settings
(Harris, 1995; English et al., 2000).

The Sr isotopic ratios in continental riverine
runoff are used as a proxy for the rate of chemical
weathering on continents. They in turn influence
the Sr isotopic signature of deposited marine car-
bonates, together with other Sr sources such as
submarine hydrothermal sources and deep-sea
sediment pore waters (Blum and Erel, 1995;
Palmer and Edmond, 1989; Hodell et al., 1990;
Hodell and Woodruft, 1994). The sharp rise in ra-
diogenic Sr in marine carbonates in the late
Eocene—Holocene is influenced by the intensified
weathering of continental source rocks associated
with the uplift of the Tibetan plateau and Hima-
layan mountain range (e.g. Raymo et al., 1988;
Raymo and Ruddiman, 1992; Edmond, 1992).

Subglacial and proglacial weathering process-
es increase the chemical weathering rates of some
primary minerals (Sharp et al., 1995; Hallet et al.,
1996; Anderson et al., 1997; Tranter et al., 2002;
Hosein et al., 2004). Glacial weathering also en-
hances the release of St by: (1) grinding and abra-
sion of rock, generating ultrafine particles (< 63
um) with increased total reactive surface area;

O Glacier catchments

[% %] Central Aar Granite

|:| Southern Aar Granite
|:| Variscan Gneisses
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——— Road
Grimsel
sampling Hospiz
point / snow
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Fig. 1 Location of the catchment together with the main geology.
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(2) selective weathering of minerals with relative-
ly high Sr isotopic ratios; (3) providing a continu-
ous supply of these minerals and thereby in-
creased flushing of glacial sediments and soils; (4)
producing mechanically damaged surfaces which
enhance nonstoichiometric dissolution; and (5)
producing large volumes of dilute meltwaters.

We studied subglacial chemical weathering
processes and the Sr isotope composition of bed-
rock, runoff and particulate material in the glaci-
ated catchments of the Oberaar (OA) and Rhone
(RH) Glaciers (Swiss Alps), which are both locat-
ed in the crystalline rocks of the Aar massif. Our
goal was to estimate the influence of preferential
dissolution of major and trace minerals on the
bulk meltwater signal. We suggest that lithological
differences between the two areas exert a major
influence on bulk meltwater chemistry, meltwater
Srisotope ratios, and the mineralogy of the partic-
ulate flux. We show that the dissolution of dissem-
inated calcite and the nonstoichiometric release
of Sr from silicates are important sources of Sr
and that they strongly influence the Sr isotopic
ratios in runoff. A novel aspect of this work is that
the glaciated terrains are purely crystalline. Such
terrains have not previously been studied in the
same detail as mixed crystalline-sedimentary or
sedimentary terrains.

Field areas
The Rhone and Oberaar Glaciers are located in
the central Swiss Alps, to the east and west of the

Grimselpass (2100 m above sea level), respective-
ly (Fig. 1 and Table 1). Climatic conditions are

Table 1 Comparison of the ficld areas.

therefore comparable (Schwab et al., 2001). Both
glaciers are presently retreating. Both areas are
contained within the crystalline rocks of the Aar
Massif (Stalder, 1964; Abrecht, 1994; Fig. 1), and
the lithologies are comparable, except for the
presence of a zone of highly deformed Variscan
basement gneisses and schists in the Oberaar area
(Oberhansli et al., 1988).

The Central Aar Granite and the Southern
Aar Granite contain quartz, K-feldspar (micro-
cline), plagioclase (oligoclase ), and micas (mainly
biotite). The Grimsel Granodiorite is richer in
mica (biotite) and contains several meter- to
decameter-sized basic lenses in the higher parts of
the Oberaar catchment.

The Variscan Gneisses consist of recrystallized
quartz, plagioclase (20-50 vol%; albite), and 8-
20% biotite, and may contain some K-feldspar
(microcline). They are heterogeneous on a small
scale and contain up to 9 wt% calcite (compare
also Stalder (1964), who found up to 5 vol% cal-
cite). Sulfide mineralization is evident in these
rocks, as there are many rusty stains on weathered
surfaces and the SO, flux is 3.8 to 4.5 times higher
in the Oberaar catchment compared to the Rhone
(Hosein et al., 2004).

Sampling and analytical methods

Weekly (summer) to monthly (winter) bulk melt-
water samples (1000 ml) were taken at both gla-
ciers between 6 July 1999 and 1 October 2001 and
a representative collection was used for Sr-analy-
ses. The samples were immediately filtered in the
field using 0.45 um cellulose nitrate filters, acidi-

Oberaar Rhone

Geogr. Position 46°32' N§&° 14' | 46°35' N 8§ 23'E

Surface of catchment 11.2 km? 23 km?

Altitude 2310 -3631 m as.l 1750 -3630m asl.

Glacier cover today (%) 57% 73%

Annual mean temperature * -1°C?* +12°C*

Annual mean precipitation ¥ 2100 mm 2200 mm

Geology of catchments: total* ice covered®* total* ice covered?
Central Aar Granite 38% 26% 90% 76+ 1%
Grimsel Granodiorite 7% 3% 10% 24+ 1%
Variscan gneisses 2% 60% - -
Ultramafic Inclusions 1% - - -
Southern Aar Granite 12% 11% - -

+ Schwab (2001)

¥ within proglacial area; 2300 m at Oberaar, 1757 m at Rhone

* from geological maps of areas, sce text for references

# Ultramatfic inclusions neglected, see text for explanations

¥ calculated in this work, see text for explanations
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Table 2 Results of the different bedrock and suspended sediment analyses.

Sample Sr 8781/%6Sr Calcite* Ca  Ca/(1000XSr) Na Ca/Na
umol gt error wt% umol gt umol gt

Bedrock
Central Aar Granite
R17 TD SB 0.422 0.7449 + 0.000026 0.11 52 0.122 526 0.098
CAGr ¥ 1.050 0.7471 = 0.000109 159 0.151 660  0.240
Aarl0 # 0.902 0.7319 = 0.000028

Bio # 1.142 0.7413 = 0.000167

Kfs # 0.711 0.7338 £ 0.000058
Aarl?2 # 0.799 0.7371 = 0.000032

Bio # 0.652 0.7391 £ 0.000043
Aarl? # 0.811 0.7441 £ 0.000056

Bio # 0.148 0.7486 = 0.000098

Plagio # 0.822 0.7434 + 0.000079
Grimsel Granodiorite
Ro6 TD SB 1.941 0.7115 £ 0.000024 0.27 185 0.096 874 0212
R1 SB 3.139 0.7161 = 0.000024 285 0.091 597 0478
R9 SB 3.630 0.7106 = 0.000026 503 0.138 911 0.552
Aar31 Bio # 0.594 0.7164 = 0.000046

Kfs # 3311 0.7101 £ 0.000085
AD20 # 2.686 0.7101 = 0.000029

Plagio # 1.498 0.7105 £ 0.000075
ACIIh # 2.573 0.7114 £ 0.000053

Bio # 0.726 0.7154 £ 0.000074
Variscan gneisses
RSB TD SB 1.792 07121 = 0.000024 0.15 1518 1.014 450 4.040
R15 D SB 4121 0.7078 = 0.000022 9.01 1230 0.298 321 3.832
Suspended sediment
Oberaarglacier
OAP6 TD SB 1.838 0.7148 = 0.000013 241 0.131 569 0.423
0OA1 SA BE 2717 0.7130 = 0.000014 355 0.131 453 0.783
OA2 SA BE 2.705 0.7138 = 0.000008 351 0.130 500 0702
Rhoneglacier
RH3.8. D SB 1.164 0.7302 £ 0.000015 141 0.121 639  0.220
RH1 SA BE 1.142 0.7306 = 0.000021 162 0.142 621 0261
RH2 SA BE 1.176 0.7279 + 0.000029 168 0.143 597 0.281
Carbonate crusts (subglacially precipitated)
OK1 BE 1.725 0.7164 = 0.000013
RH1 BE 0.160 0.7192 + 0.000024

SB measured at Centre de Géochimie de la Surface in Strasbourg; TD bulk samples
BE measured at Geologisches Institut, University of Berne; SA strong acid leachates

NE measured at GEA Lab, University of Neuchatel
¥  Schaltegger et al. (1990)
#  Challandes et al. (2001)

*  From RockEval analyses, GEA Lab, University of Neuchitel

fied using suprapure HNO;, and stored in pre-
washed (10% HNOj) polypropylene bottles at 4
°C. Suspended sediment was collected from both
glaciers during the ablation seasons (1999 to
2001) by filtering meltwater in the field. The sedi-
ment samples were oven-dried at 40 °C. Rain
samples were taken during the 2000 and 2001 ab-
lation seasons: A polypropylene bottle was con-
nected to a plastic funnel via a polypropylene
tube (all equipment was prewashed with 10%
HNO,;). The bottle was left for a maximum of 24

hours before the rainwater was filtered and stored
like the meltwater samples. 17 samples of bedrock
were taken randomly within the proglacial areas
and on the valley walls beside the glaciers. The
bedrock samples include the major lithologies of
the two catchment areas. Subglacially precipitat-
ed carbonate deposits were also sampled in both
catchments, they appear quite widespread in front
of the retreating glaciers. Whole-rock and carbon-
ate samples were crushed and ground to a fine
powder using an agate mill.
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Table 3 Results of the different meltwater and rain water analyses.

Sample Sr* 87S1/86Sr 20 Ca Ca/(1000XSr)  Na? Ca/Na
pmol 11 erTor umol 11 umol 11
Meltwater
Oberaar glacier
051 BE 0.403 0.7156 + 0.000024 203.74 0.51 23.04 8.84
065 BE 0.197 0.7137 £+ 0.000023 86.78 0.44 6:52 13.31
O75 BE 0.146 0.7154 + 0.000020 90.27 0.62 9.57 9.44
080 BE 0.109 0.7174 % 0.000046 67.48 0.56 16.96 3.97
P6 SB 0.125 0.7160 + 0.000013 69.98 0.56 14.00 5.00
P4 NE 0.218 136.90 0.63 - -
P7 NE 0.079 83.40 1.05 - -
K& NE 0.301 136.77 0.45 14.35 9.53
P8 NE 0.240 108.87 0.45 - -
P9 NE 0.479 231.07 0.48 - -
K25 NE 0.238 09:52 0.42 6.52 15.26
Rhone glacier
Alll BE 0.013 0.7256 = 0.000159 9.48 0.75 391 242
Al142 BE 0.018 0.7258 + 0.000192 12.22 0.67 6.09 2.01
RH3.8. SB 0.011 0.7251 = 0.000014 9.00 0.84 5.00 1.80
P046 NE 0.008 23.65 2.82 10.00 2.37
A067 NE 0.007 20.18 277 7.83 2.58
P093 NE 0.006 9.10 1.51 435 2.09
PO71 NE 0.009 19.31 2.09 8.26 2.34
P142 NE 0.010 27.77 2.87 6.09 4.56
A169 NE 0.027 45.06 1.69 15.65 2.88
Rain
RR1 BE n.a. 0.7100 £+ 0.000108 2.49 - 217 1.15
RR2 BE n.a. 0.7097 £+ 0.000024 11.72 - 391 3.00
RR3 BE n.a. 0.7098 + 0.000013 n.a. - n.a. -
RR4 BE n.a. 0.7100 £ 0.000033 n.a. - n.a. -

BE measured at Geologisches Institut, University of Berne
SB measured at Centre de Géochimie de la Surface in Strasbourg

NE measured at GEA Lab, University of Neuchatel

*  measured using quadrupole ICP-MS at GEA Lab, University of Neuchétel
#  measured using ion chromatography at GEA Lab, University of Neuchatel

A first series of samples was analysed at the
Geological Institute of the University of Berne.
Approximately 100 ml of water were evaporated
and the residue dissolved in 1 ml of 3M HNO;.
The evaporated samples were taken into solution
with 6M HCI and H,O (ultra-pure deionized),
evaporated again and subsequently dissolved in 1
ml of 3M HNO;. 4 suspended sediment samples
(approx. 0.06 g each) containing the sediment of
several subsequent samplings and a carbonate de-
posit sample were digested for 72 hours at 120 °C
in closed Savilex vessels with 14M HNO; (strong
acid samples, SA). The supernatant was centri-
fuged, evaporated and subsequently dissolved in
1 ml of 3M HNO;,.

All samples were spiked with approximately
0.05-0.06 mg of an ®Sr spike. All acids used were
purified by double distillation. All samples were
centrifuged prior to analysis using columns with

Sr spec-pure resin. Strontium samples were
stored in 0.01M HNO; and some of them were di-
luted with 0.35M HNO; prior to analyses. The
samples were analysed on a Nu Instruments®
Multiple Collector Inductively Coupled Plasma-
Mass Spectrometer (MC-ICP-MS) in static mode.
Mass fractionation corrections were applied by
normalising the average ¥Sr/*Sr ratios to the *Sr/
88r ratio of 0.1194. A total of 19 standards (NBS
987) were measured with an average *'Sr/*Sr of
0.71030 (2 s.d. = 0.00002).

A second series of samples was analysed in the
Centre de Géochimie de la Surface in Strasbourg.
Representative bedrock samples, two suspended
sediment samples, and meltwater samples were
analysed for their Sr isotopic composition and
chemistry. The chemistry, including Sr, was meas-
ured on an ICP-MS. For the analyses of the Sr iso-
topic composition, powders of the samples were
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Fig. 2 (a) ¥St/%Sr vs. Ca/(1000X Sr) and (b) 37S1/%8r vs. Ca/Nafor water, bedrock and suspended sediment samples

from Rhone catchment.

digested for 7 days in closed Savilex vessels con-
taining a mixture of HE HNO;, and HCIO, (bulk
samples, TD). Strontium was separated from the
other 1ons using a cation exchange resin with 1.5
and 4M HCI as eluents. The total procedural
blank was < 0.5 ng. The ¥Sr/*Sr ratios were deter-
mined on a VG Sector® multicollector thermal
ionisation mass spectrometer (TIMS). Strontium
was deposited on a W filament with Ta,Os as acti-
vator. Corrections for mass fractionation were
made as above. The accuracy of the *¥Sr/°Sr anal-
yses was evaluated by determining the NBS 987
standard. A mean value of ¥St/%Sr = 0.71030
(2 s.d. =0.00003, n = 9) was obtained.

A third series of samples was analysed at the
Geochemical and Environmental Analyses (GEA)
Laboratory at the University of Neuchéatel: 10 fur-

ther meltwater samples were measured on a quad-
rupole ICP-MS. The detection limit of this quanti-
tative method is < 100 ppt for Ca and < 1 ppt for Sr.

Total inorganic carbon was determined on
about 100 mg of ground rock powder, using Rock
Eval 6 standard bulk rock pyrolysis (Espitalié¢ et
al., 1986; Lafargue et al., 1996). The inorganic or
mineral carbon contents (MINC) were calibrated
with marble standards and expressed as wt% cal-
cite. For low concentrations, the error is 20%
(RSD); for higher concentrations (= 0.5 wt%), the
error is 5% (RSD) or less.

Major cations in the meltwater samples were
measured by ion chromatography (Dionex DX
500, Hosein et al., 2004). The error is £ 5% for
concentrations of < 100 ppb and £+ 2% for concen-
trations between 100 ppb and 10 ppm.
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Fig. 3 (a)¥Sr/*8r vs. Ca/(1000XSr) and (b) ¥Sr/%Sr vs. Ca/Na for water, bedrock and suspended sediment samples

from Oberaar catchment.

Results

Our bedrock ¥’Sr/#Sr ratios generally correspond
well with published data for the same rocks (Ta-
ble 2).The ¥Sr/%Sr ratio for Central Aar Granite
(0.7449) concurs with the data from Challandes
(2001). Our #®Sr/f®Sr ratios for the Grimsel
Granodiorite (0.7106 and 0.7115) are also compa-
rable with Challandes (2001; 0.7088-0.7114). For
the Variscan Gneisses two ¥Sr/8Sr ratios (0.7121
and 0.7078) were measured. There are no pub-
lished values for this lithology. The ¥Sr/2°Sr ratios
of the Rhone suspended sediments are between
0.7279 and 0.7306, whereas the Oberaar suspend-
ed sediments have ¥Sr/*Sr ratios between 0.7130
and 0.7148.

The meltwaters from both glaciers contain
similar concentrations of Sr: 0.006-0.027 and
0.079-0.479 pmol 1! for Rhone and Oberaar, re-
spectively (Table 3). The ¥Sr/*Sr ratios of the
meltwaters sampled throughout the ablation sea-
son show little variation (0.7251-0.7258 for
Rhone and 0.7137-0.7174 for Oberaar samples),
and those of the rain samples measured are quite
similar (Table 3).

Calcite was detected in all bedrock samples of
all lithologies (Table 2). The calcite content of the
Grimsel Granodiorite (0.11 wt%) is lower than
that of the Central Aar Granite (0.27 wt%). The
Variscan Gneisses contain 9 and 0.15 wt% of cal-
cite, respectively; this large difference reflects the
heterogeneity of these rocks (Arn, 2002).
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The strong acid attack (14 M HNOs) of Ober-
aar suspended sediment yielded smaller ¥Sr/%Sr
ratios (SA samples: 0.7130 and 0.7138) than the
bulk sample (TD, 0.7148). We attribute this to dif-
ferences in sample size. The SA samples contain
the sediment of several subsequent sampling ses-
sions, whereas the TD sample was taken on one
single day. All Oberaar meltwater samples lie
above the two ¥Sr/Sr ratios of the Variscan
Gneisses (bulk samples, TD, 0.7078 and 0.7121).
The strong acid attack of Rhone suspended sedi-
ment yielded values comparable to those of the
bulk sample (Table 2).

Discussion
General trends of meltwater

Suspended sediment consists of bedrock that was
recently mechanically abraded at the glacier base
(Benn and Evans, 1998; Drewry, 1986), and its
mineral content represents an average of the dif-
ferent bedrock compositions of todays’ glacier
catchments (Arn, 2002) . The composition of sus-
pended sediment is affected by subglacial geo-
logy, by abrasion and transport, and by the rela-
tive susceptibility (i.e. hardness) of lithologies and
their constituent minerals to mechanical erosion.
Minerals leaving a glacier may be leached subgla-
cially,and further proglacial leaching may not cor-
respond to the initial leach.

The Sr isotopic signal of the meltwaters is usu-
ally dominated by disseminated calcite, due to its
high dissolution rate and its preferential weather-
ing in subglacial environments, as reported from
other glaciated areas (e.g., Tranter et al., 1993;
Fairchild et al., 1994; Anderson et al., 1997; Fair-
child et al., 1999a; White et al., 1999; Tranter et al.,
2002; Hosein et al. 2004; this study). The Rhone
and Oberaar meltwaters show elevated Ca/Na ra-
tios supporting the hypothesis that Ca-rich miner-
als are weathered preferentially (Figs. 2b,3b). The
graniticrocks in the studied areas contain measur-
able amounts of disseminated calcite, but the Var-
iscan Gneisses (found solely in Oberaar catch-
ment) contain up to 9 wt% calcite (Table 2). This
is the most likely source of Ca enrichment in the
Oberaar catchment.

A daily trend in subglacial meltwater regime
was not identified from our samples unlike in the
studies of Sharp et al. (2002) or Anderson et al.
(2000). The variable Ca enrichment, however, al-
lows us to discuss the different sources of the Sr
present in our meltwaters.

We suggest the main sources of Sr to be the
preferential weathering of disseminated calcite,

contained within the different bedrock litholo-
gies, together with easily hydrated ions derived
from freshly cleaved silicate surfaces, whose early
release is nonstoichiometric and may not corre-
spond to the bulk mineral signature (Brantley et
al., 1998). The relative importance of these sourc-
es is not the same in the two studied catchments
(see below).

The concentrations of PO, measured in melt-
waters from both glaciers are comparable even
though the suspended sediment from the Oberaar
catchment contains significantly more apatite
than that from the Rhone catchment (average
concentrations of total PO, are 0.07 (£ 0.03) and
0.10 (£ 0.04) umol I'! for Rhone and Oberaar ab-
lation period runoff, respectively. Mean detrital
PO, concentrations in suspended sediment are
0.32 and 0.58 (£ 0.05) mg g ' for Rhone and Ober-
aar, respectively (Hosein, 2002). Thus, we propose
that apatite may only act as a minor source of Sr
in the meltwaters studied here, and therefore, that
its influence on the Srsignal is negligible. The low-
er ¥Sr/%Sr ratio of the Rhone meltwaters (Fig.
2b), compared to bulk suspended sediment, may
imply that the atmospheric input (with its gener-
ally low Sr/3Sr ratios) also has an impact on the
meltwater signal. However, looking at the Ca/Na
ratios of two of the rain samples, it appears that
this influence is most probably negligible for
Rhone meltwaters. Oberaar meltwater ¥Sr/*Sr
and Ca/Na ratios are higher than the suspended
sediment and rain values, therefore atmospheric
Inputs are clearly negligible in the Oberaar catch-
ment (Fig.3b).

Rhone systematics

a) Suspended sediment vs. catchment litholo-
gies. Using a mass balance approach, we calcu-
lated the portions of the two bedrock lithologies
within the catchment (Central Aar Granite and
Grimsel Granodiorite). The ¥Sr/%Sr ratios and Sr
concentrations of the two main lithologies in the
Rhone catchment are listed in Table 2. Consider-
ing the suspended sediment to be a mixture of the
two recently mechanically eroded bedrock litho-
logies (bulk suspended sediment (TD) 8Sr/Sr
ratio and St concentration) we calculated the por-
tions of these lithologies within the suspended
sediment. This calculation yields approximately
76 £ 1% of Central Aar Granite and 24 £ 1% of
Grimsel Granodiorite. Assuming comparable
overall hardness and erosion rates for both areas,
this result further indicates that the subglacial ex-
posure of the two lithologies are approximately
76 and 24% (Table 1). The values are quite differ-
ent from an estimated distribution using different
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maps, which give approximately 90 and 10% for
Central Aar Granite and Grimsel Granodiorite,
respectively (Table 1). However, the available
maps are not precise for the glacier-covered parts
of the catchment, hence our calculated distribu-
tion of the two lithologies is probably more relia-
ble.

b) Rhone meltwater signal. At the Rhone gla-
cier, the meltwater 8Sr/8°Sr ratio is smaller than
that of the suspended sediment. We propose two
reasons for this fact: (1) The Ca enrichment of the
Rhone meltwaters is significant relative to Na com-
pared to the Rhone suspended sediment, therefore
we assume that the dissolution of disseminated cal-
cite exerts a dominant impact on the meltwater
chemistry (Hosein et al., 2004). The presence of
subglacially precipitated carbonate crusts in front
of the Rhone glacier suggests that they may also
occur beneath the ice. Their subglacial dissolution
exerts another lowering influence on the meltwa-
ter Sr signal (3Sr/2Sr ratio of 0.7192, Fig. 2b). (2)
The nonstoichiometric Sr release from silicates
during initial subglacial weathering seems to fur-
ther lower the ¥Sr/®Sr ratios in our meltwaters.
The feldspars from Grimsel Granodiorite have a
higher Sr concentration (1.498-3.311 umol g1)
than those from the Central Aar Granite (0.711-
0.822 pmol g1). They may therefore dominate the
nonstoichiometric Sr release and according to their
lower #Sr/ASr ratios (0.7101-0.7105 compared to
0.7338-0.7434 for Central Aar Granite feldspars),
they may decrease the meltwater ¥Sr/*Sr ratios.
The importance of nonstoichiometric Sr release
from biotites is difficult to estimate, as the available
Sr concentrations are similar but show a high de-
gree of scattering. The Sr concentrations in biotite
are all lower than in the feldspars from the Grimsel
Granodiorite.

Summarizing, the Sr signal of Rhone meltwa-
ters shows the influence of dissolution of dissemi-
nated calcite as well as the influence of nonstoi-
chiometric St release from silicates.

Oberaar systematics

a) Comparing Oberaar lithologies and sus-
pension. At Oberaar the lithological architecture
is visible from the broad geomorphological
framework: the main valley incision occurs in the
zone of the highly deformed Variscan Gneisses,
representing approximately 60% of the total gla-
cier-covered area (Table 1).The remaining 40% at
the glaciers’ sides are composed of granitic rocks,
which are harder and less erodable. The litholo-
gies are elongated parallel to the main valley geo-
metry from the glacier front to the top of the
catchment (the Oberaar Joch). The average sus-

pended sediment flux (kg km? yr!) of the Ober-
aar glacier is 2 times higher than that of the
Rhone glacier (Hosein et al., 2004). Assuming
that the Variscan Gneisses represent 60% of the
total glacier-covered area and that the erodability
of granitic rocks is equal to 1, we calculate the ero-
dability of the Variscan Gneisses to be 2.7 to ob-
tain an overall flux that is 2 times higher. This cor-
responds to an influence of the gneiss on the bulk
suspended sediment of 73% .

b) Oberaar meltwater signal. In accordance
with the values of the two samples of Variscan
Gneisses, the 8Sr/80Sr ratios of the Oberaar sus-
pended sediment (TD) and meltwaters are lower
than those of Rhone (Fig. 3a and 3b, Table 2 and
3). The Oberaar meltwater shows a greater Ca/
Na-enrichment compared to the suspended sedi-
ment than that of the Rhone glacier (Fig. 3b),
pointing to the clear dominance of the dissolution
of disseminated calcite and its impact on the melt-
water chemistry and St signal in the Oberaar catch-
ment. The Oberaar subglacial weathering regime is
highly influenced by the presence of Variscan
Gneisses with their higher erodability and calcite
content compared to the granitic lithologies. How-
ever, a comparison of the varying Sr/%Sr ratios, as
well as of the different calcite contents of the two
samples of Variscan Gneisses (R8 = 0.15 wt%, R15
=9 wt% ) clearly shows the highly heterogeneous
nature of these gneisses: they are not adequately
represented by the two samples measured here.
According to the Sr ratio of the meltwaters, an av-
erage gneiss calcite ¥Sr/*Sr ratio would be ex-
pected to be close to 0.716 £ 0.001.

The general Ca enrichment of Oberaar melt-
waters may partly be explained by the dissolution
of subglacial carbonate precipitates, which are
quite widespread in this catchment, as observed in
front of the retreating glacier front. We assume
that they also exist beneath the ice, where they
would participate in the subglacial weathering
processes. The ®Sr/%Sr ratio of one sample
(0.7164) and its Ca/Na ratio, which is higher than
all the meltwater samples measured, seems to
have a visible impact on the meltwater isotopic
signal.

Even though single-mineral data are lacking
for the gneisses, the strong Ca enrichment ob-
served points to a minor impact of nonstoichio-
metric St release from silicates on Oberaar melt-
waters compared to the calcite sources.

Conclusions

This is the first report on Sr isotope systematics in
purely crystalline glaciated catchments in the
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Alps. In general, meltwaters draining crystalline
glaciated watersheds reflect the high Sr/*Sr ra-
tios of the underlying bedrock. Meltwater compo-
sition is influenced by different short-term sub-
glacial processes: The dominant impact of calcite
dissolution not only on major ion composition of
the meltwater, but also on its Sr isotope systemat-
ics was confirmed in the Oberaar catchment
(where the Variscan Gneisses contain more cal-
cite and are more easily eroded than the other
granitic rocks) by comparing the 3Sr/%8r ratio of
the meltwaters to the ¥Sr/*Sr ratios of dissemi-
nated and subglacially precipitated calcite.

The Ca-enrichment of the Rhone meltwaters
that drain a purely granitic catchment also sug-
gests that the dissolution of disseminated calcite
strongly influences the major ion composition of
the runoff as well as its Sr isotope systematics. It
was shown that the nonstoichiometric Sr release
from silicates may exert another dominant im-
pact.
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