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a b s t r a c t
Seasonal changes in river chemistry offer the potential to assess how weathering processes respond to changing meteorological parameters and ultimately how chemical weathering might respond to climatic parameters. Systematic seasonal variations in magnesium isotope ratios (the 26Mg/24Mg ratio expressed as δ26Mg in
per mil units) are reported in stream waters from a mono-lithological granitic, weathering-limited, ﬁrst order
catchment from the Swiss Alps (Damma glacier). Rain, ground, and pore-waters, in addition to plants, rocks,
mineral separates and soil are also reported. The concentration response of the river waters is attenuated
compared to the large changes in discharge. However, the systematic trends in the isotope data imply that
either the source of the Mg changes in a systematic manner, or that the process by which Mg is released
into solution changes as a function of discharge.
The two ﬁrst order observations in the data that need to be explained are 1) the systematic enrichment in
24
Mg in the stream waters compared to the granitic rocks they drain and 2) a systematic increase in δ26Mg
in the waters during the summer melt season. Both observations (which are similar to many other rivers
draining silicate rock) can either be accounted for by 1) conservative mixing between at least two different
sources of Mg (in addition to precipitation inputs), or 2) process related fractionation. If the stream water
compositions can be rationalised by multi-component mixing, there is at least one unidentiﬁed component
with a δ26Mg b − 1.2‰. This is considered unlikely. Multiple physicochemical processes could fractionate
Mg isotope ratios such as 1) preferential leaching of 24Mg, 2) exchange of Mg onto (or from) mineral surfaces
and into interlayer sites of clays, 3) uptake by plants, and 4) 26Mg could be preferentially retained during the
formation of secondary phases, such as clays, amorphous phases or oxides. These processes are not mutually
exclusive and distinguishing between them at a ﬁeld scale is not trivial, but signiﬁcant biological uptake is
improbable at this site. Unless there is a non-identiﬁed external input of Mg, 26Mg must be accumulating
in solid phase residues in the catchment because of at least one physicochemical process. Such processes
are likely well described, at least in the ﬁrst order by a Rayleigh distillation model. Simple calculations illustrate how much 26Mg would accumulate in the catchment per unit time. In the ﬁrst order, the isotopic enrichments in the solids are so small that they would not be detectable for the time-scales that are relevant to this
ﬁeld site, in spite of the marked impact on the water chemistry. The seasonal signal detected by Mg isotope
ratios is promising for using them (with a better understanding of fractionation mechanisms) to quantify
how speciﬁc weathering processes impact upon both export ﬂuxes, and retention of elements within
catchments.
Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
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Chemical weathering of the silicate rocks of Earth's continents has
been inferred to exert a fundamental role in regulating the global carbon cycle (Rubey, 1951), and by implication, climate (Walker et al.,
1981). Carbonic acid (of atmospheric origin) is neutralised by the dissolution of silicate minerals, and ultimately carbon originally present in
the atmosphere is sequestered as carbonate in the oceans, together
with calcium (Ca) and magnesium (Mg) released during the dissolution
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of silicate minerals (e.g., Berner et al., 1983). Attempts to constrain the
processes, ﬂuxes and rates of chemical weathering have focussed on
soils and rivers. Soils integrate rates and processes over long timescales of formation, but do not account for spatial heterogeneity (e.g.,
White, 1995). River chemistry on the other hand integrates spatially
but only provides an instantaneous picture of the processes and ﬂuxes
involved (e.g., Stallard and Edmond, 1983; Gaillardet et al., 1999).
River chemistry is inﬂuenced by a series of parameters such as climate
(e.g., Stallard, 1995; White and Blum, 1995), erosion rate (e.g.,
Edmond, 1992; Millot et al., 2002), hydrology (e.g., Peters and
Ratcliffe, 1998), relief (Drever and Zobrist, 1992), vegetation cover
(e.g., Berner, 1998), but the dominant control is the type of lithology
drained (e.g., Meybeck, 1979; Gaillardet et al., 1999). This in turn has
complicated the quantiﬁcation of how weathering depends on climatic,
tectonic and hydrologic parameters at a global scale (Jacobson and
Blum, 2003; Jacobson et al., 2003; West et al., 2005).
To overcome the problem of lithological complexity, some studies
have focussed on mono-lithological catchments (e.g., Peters et al.,
1998; Nezat et al., 2010). However, whilst the problem is undoubtedly
simpliﬁed, even small mono-lithological catchments are not monomineralic, and many elements in solution are derived from more than
one mineral. This is well exempliﬁed by Ca solute budgets, that are frequently inferred to be dominated by the weathering of accessory phases
such as calcite, apatite and epidote during the incipient stages of granite
weathering, despite the fact that the majority of Ca is held in plagioclase
(e.g., Garrels and Mackenzie, 1967; Drever and Hurcomb, 1986;
Anderson et al., 1997; White et al., 2005), which only becomes the dominant contributor to Ca ﬂuxes as the weathering system matures. Although mono-lithological catchments have without doubt provided
clarity to a complex problem, spot sampling only provides an instantaneous constraint and a greater temporal resolution is desirable.
Time-series samples have signiﬁcant potential to improve current
understanding of the processes controlling chemical weathering, in addition to providing time-integrated ﬂuxes. This is because lithology (or
mineralogy) is constant for time-series samples, but other parameters
such as runoff, temperature or vegetation density show temporal variability which can easily be monitored. Time dependent (frequently discharge dependent) variability in river water chemistry is signiﬁcant and
systematic (e.g., France-Lanord et al., 2003; Douglas, 2006; Tipper et al.,
2006a; Clow and Mast, 2010; Calmels et al., 2011; Hindshaw et al.,
2011b). The cause of these variations remains debatable but is likely
linked to weathering processes.
An increasing number of geochemical tools are becoming available to
better constrain the complex set of dissolution and precipitation reactions associated with chemical weathering. Amongst these new tools,
the stable isotope ratios of Mg (26Mg/24Mg and 25Mg/24Mg) show a signiﬁcant degree of promise (e.g., Young and Galy, 2004). Signiﬁcantly, Mg
is the second most important cation involved in the carbon cycle (after
Ca). There are a growing number of observations of Mg isotope ratios
within the weathering environment (e.g., Tipper et al., 2006b; Brenot et
al., 2008; Pogge von Strandmann et al., 2008; Jacobson et al., 2010;
Teng et al., 2010b; Wimpenny et al., 2011). However, there is as yet no
consensus over the dominant controls, and exploiting such data to quantify and constrain weathering processes remains only potential. Several
plausible controls on riverine Mg isotope ratios have been proposed
grouping broadly into fractionation related to physicochemical processes
(Tipper et al., 2006b) and conservative mixing (Jacobson et al., 2010)
(which includes mixing of fractionated water bodies). A series of processes may fractionate Mg isotope ratios including:
1. Ion-exchange (Jacobson et al., 2010; Opfergelt et al., 2010).
2. Kinetic fractionation during dissolution, preferentially releasing
24
Mg into solution (Wimpenny et al., 2010) (as has also been proposed some other stable isotopes (Kiczka et al., 2010a)).
3. The cycling of Mg by vegetation could fractionate Mg isotope compositions (e.g., Black et al., 2006, 2008; Bolou-Bi et al., 2010).
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4. Incorporation of Mg into secondary phases (either clays, amorphous solids or oxides, with several studies suggesting that 26Mg
has an afﬁnity for clay) (e.g., Tipper et al., 2006b; Brenot et al.,
2008; Teng et al., 2010b) but with other studies suggesting that
this is phase speciﬁc with some phyllosilicates having an afﬁnity
for 24Mg (Pogge von Strandmann et al., 2008; Wimpenny et al.,
2010).
In the present study Mg isotope data are presented on stream,
pore, ground and rain water from a small mono-lithological glacial
catchment in the Swiss Alps, in addition to measurements of plants,
mineral separates, bulk rock and soil. In particular, data were
obtained for a time-series at three different sites within the catchment and signiﬁcant seasonal variations are reported. The data are
discussed in the context of both conservative mixing and processes
related fractionation to attempt to elucidate the signiﬁcance and utility of Mg isotope data to understand weathering processes. Whilst a
unique interpretation of the data is difﬁcult, they provide signiﬁcant
insight to how and why weathering processes vary over a hydrological season. If the precise fractionation mechanisms can in the future
be elucidated, Mg isotope data will be a useful quantitative tool to understand weathering processes.
2. Study area and sample collection
The Damma glacier foreﬁeld is a small (10.7 km 2), granitic, weathering limited catchment situated in the central Swiss Alps (Fig. 1),
which has been studied since 2007 as part of the BigLink project
(Bernasconi et al., 2008) and the critical zone network. The catchment is underlain by the central Aar granite. The average mineralogy
is: quartz (32%), plagioclase (32%), microcline (23%), muscovite
(5.6%), biotite (3.6%), epidote (2.8%) (Hindshaw et al., 2011b). Biotite
shows signiﬁcant retrograde transformation to chlorite (Dempster,
1986). These are the two principal Mg phases in the granite. Compared to many granites (e.g., White et al., 2005), the amount of
trace carbonate is low, with negligible (less than 230 ppm) carbonate
detected by coulometric titration in the rock samples which have
been analysed by de Souza et al. (2010).
Much of the rock material in the glacial foreﬁeld consists of ﬁne
grained glacially ground material deposited in moraines. There are
very poorly developed soils on some of these deposits, with an increasing amount of soil as a function of the moraine exposure age
(Bernasconi et al., 2008). The glacier covers 40% of the catchment
and has been retreating since records began in 1921 (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, average annual
runoff is in the range 2600–2900 mm depending on the year
(Magnusson et al., 2011).
Vegetation is sparse in the much of foreﬁeld, but there is a strong
gradient, corresponding to the time elapsed since glacial retreat. In
the most recently exposed deposits, there are only pioneer plants.
In the middle there are mainly only herb sand grasses (Bernasconi
et al., 2011, 2008), and in the oldest section there are shrubs (mainly
Rhododendron ferrugineum). The collection of soils is described in
Hindshaw et al. (2011a) and Bernasconi et al. (2008). Mineral separates were hand picked. Most of the water samples reported here
were collected upstream of any signiﬁcant vegetation. The main
stream, the Damma Reuss, was sampled immediately as it exits a
large body of ice that has become detached from the glacier (Site E,
Fig. 1). A side stream that exits the east facing part of the glacier
was also sampled (site B), in addition to site A (the mixture of the
two streams E and B), approximately 50 m downstream of these
two streams.
Water samples from the three sites (A, B, E) were collected every
two weeks throughout the 2008 melt season (May to October) as
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Fig. 1. Contour map of the Damma glacier catchment generated from the SRTM 30 m DEM, and radar scan DEM of the foreﬁeld, overlain on aerial photo. Red circles indicate the
stream, pore (PW) and groundwater (GW) sampling sites in addition to soil sites (BL). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

described in Hindshaw et al. (2011b). Rain samples were collected
from a plastic rain gauge every two weeks (and reported concentrations are likely to be a maximum because of evaporation and dry deposition). Spot samples of pore-waters were taken from suction cups
at depths between 5 and 25 cm. Groundwater was collected from a
tube well (GW1 Fig. 1). Brieﬂy, waters were ﬁltered on collection
using 0.2 μm nylon ﬁlters into acid cleaned HDPE bottles, and acidiﬁed to pH 2. The collection of soil samples (taken from between 5–
10 cm depth) is described in Hindshaw et al. (2011a). Major element,
oxygen isotope, and Sr and Ca isotope data on the same water samples
have been previously reported Hindshaw et al., 2011a,b) making the
samples well characterised, and hence well suited to develop a better
understanding of the physicochemical processes and weathering sources
that control Mg isotope ratios.
3. Analytical procedure
The measurement of Mg isotope ratios requires mono-elemental
Mg solutions to remove potential isobaric interferences and matrix
effects. This was achieved by ion chromatography using methods
that have been previously described (e.g., Tipper et al., 2008b). Briefly, for river and rain waters, large volumes (1 l) of water were evaporated to obtain a minimum of 20 μg of Mg. Once evaporated to
dryness, these samples were left on a hotplate in aqua regia for
48 h, before drying and converting to a chloride salt ready for cation
exchange chemistry. Samples were then loaded in 0.4 N HCl onto a
1 ml cation exchange column (Biorad AG50W-X12). Alkalis were
eluted with 50 ml of 0.4 HCl and Mg was eluted with 1 N HCl. Samples
were passed through the columns twice to obtain a sufﬁciently pure
Mg fraction. Rocks, soils and minerals were dissolved in a concentrated HF-HNO3 mixture. Plants were dissolved in concentrated HNO3
(Kiczka et al., 2010b). The column procedure was similar to that of
the waters but an additional column (BioRad AG1-X8 anion column,
chloride form, 200–400 mesh) was used to remove Fe and Mn. Al
and Ti were eluted using dilute HF on the cation column as described

in Bourdon et al. (2010) and Tipper et al. (2008b). The solutions were
evaporated, redissolved in 16 N HNO3 to convert to a nitrate salt,
evaporated, and dissolved in 2% HNO3 at >20 ppm, ready for ﬁnal dilution immediately prior to analysis. Total procedural blanks were
less than 10 ng (b0.05% of the total Mg processed).
Mg isotope ratios were measured on a Nu Plasma MC-ICPMS at IGP,
ETH Zürich, using an APEX Q sample introduction system (ﬁtted with a
teﬂon spray chamber). The samples were aspirated using a PFA nebulizer with nominal uptake of 20 μl/min, but typically having an actual uptake rate of less than 20 μl/min (as described in Bourdon et al., 2010).
Measurements were made using a standard bracketing protocol identical to that of Tipper et al. (2008b). External reproducibility (precision)
was assessed by analysis of several mono-elemental Mg standards, the
primary standard DSM3, and the secondary standards Cambridge 1,
Paris 1 and the in-house Mg standard “Zürich 1” (Table 1). The average
2 standard deviation (S.D.) reproducibility of mono-elemental standards over the 24-month period of analysis was 0.083 based on 320
standard measurements for δ 26Mg. The δ26Mg values of Cambridge 1
and Paris 1 (Table 7) are within uncertainty of those measured previously (e.g., Galy et al., 2003; Black et al., 2006; Buhl et al., 2007; Tipper
et al., 2008b; Bolou-Bi et al., 2009; Teng et al., 2010a). All of the Mg isotope data show a mass dependent behaviour, deﬁning a line with a gradient of 0.515 ± 0.018 on a three isotope plot, within uncertainty of the
theoretical equilibrium mass dependent fractionation line with a slope
of 0.521 (Young et al., 2002). In an attempt to test that the chemical separation was sufﬁciently robust such that there were no residual matrix
effects (Galy et al., 2001; Huang et al., 2009; Wombacher et al., 2009), a
multi-elemental standard was processed through chemistry for every
ﬁve samples that were processed. The same synthetic water standard
that was reported in Tipper et al. (2008b) and Tipper et al. (2010)
(made using Paris 1 Mg and also containing Ca, Na, K and Sr) was processed through chemistry 19 times, and yielded a mean δ26Mg value
of −2.692 ± 0.088, compared to the mono-elemental solution which
yielded a δ26Mg value −2.680 ± 0.102 (n= 84). Analysis of seawater
and a synthetic rock conducted at the same time were previously
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Table 1
Mg isotope data on Damma stream, ground, pore and rain waters, rock, mineral and soil. Uncertainties are quoted as twice the standard deviation (2 S.D.) of “N” replicates (typically
three). Where the quoted uncertainty is less than that of the standards, the uncertainty of the standards should be applied. Mg concentrations are from Hindshaw et al. (2011b).
MgCl − is chloride corrected data, and Mg is corrected using the method of Hindshaw et al. (2011b) Mg concentrations of solid materials are reported in ppm.
Site

Stream waters
A
A
A
A
A
A
A
A
A
A
B
B
B
B
B
B
B
B
B
B
B
E
E
E
E
E
E
E
E
E
E
E
E

Sample

Date

Mg*
Mg
Mg*Cl _
μmol/l (waters) ppm (solids)

δ26Mg±2SD

− 1.08 ± 0.03
− 1.05 ± 0.03
− 0.95 ± 0.11
− 1.03 ± 0.08
− 1.03 ± 0.04
− 0.94 ± 0.12
− 1.03 ± 0.11
− 1.00 ± 0.02
− 0.95 ± 0.04
− 1.03 ± 0.06
− 0.84 ± 0.09
− 1.30 ± 0.11
− 1.04 ± 0.03
− 1.14 ± 0.02
− 0.57 ± 0.03
− 0.73 ± 0.01
− 0.70 ± 0.03
− 0.94 ± 0.07
− 1.06 ± 0.03
− 0.74 ± 0.02
− 1.11 ± 0.10
− 1.19 ± 0.11
− 1.18 ± 0.05
− 1.13 ± 0.01
− 0.99 ± 0.06
− 0.77 ± 0.07
− 0.66 ± 0.05
− 0.78 ± 0.13
− 1.09 ± 0.12
− 0.91 ± 0.12
− 0.96 ± 0.11
− 1.00 ± 0.03
− 0.95 ± 0.01

− 0.55 ± 0.03
− 0.55 ± 0.02
− 0.49 ± 0.06
−0.52 ± 0.05
−0.53 ± 0.02
−0.46 ± 0.06
−0.53 ± 0.06
−0.52 ± 0.02
−0.48 ± 0.03
−0.53 ± 0.03
−0.44 ± 0.05
−0.68 ± 0.07
−0.54 ± 0.02
−0.59 ± 0.02
−0.30 ± 0.01
−0.39 ± 0.02
−0.37 ± 0.04
−0.48 ± 0.03
− 0.55 ± 0.01
− 0.39 ± 0.01
− 0.58 ± 0.07
− 0.61 ± 0.07
− 0.61 ± 0.02
−0.59 ± 0.01
−0.52 ± 0.04
−0.39 ± 0.03
− 0.34 ± 0.01
−0.40 ± 0.09
−0.56 ± 0.08
−0.48 ± 0.06
−0.51 ± 0.06
−0.50 ± 0.01
−0.48 ± 0.03

0.01 ± 0.03
0.00 ± 0.01
0.01 ± 0.02
0.01 ± 0.02
0.01 ± 0.02
0.03 ± 0.02
0.01 ± 0.01
0.00 ± 0.02
0.01 ± 0.03
0.01 ± 0.02
− 0.01 ± 0.02
−0.01 ± 0.02
0.00 ± 0.02
0.01 ± 0.02
0.00 ± 0.02
− 0.01 ± 0.02
0.00 ± 0.02
0.01 ± 0.00
0.00 ± 0.02
−0.01 ± 0.00
0.00 ± 0.02
0.01 ± 0.02
0.01 ± 0.00
0.00 ± 0.02
0.00 ± 0.02
0.01 ± 0.03
0.01 ± 0.02
0.01 ± 0.04
0.01 ± 0.02
0.00 ± 0.01
−0.01 ± 0.01
0.02 ± 0.01
0.01 ± 0.03

4
3
3
4
4
3
4
3
3
3
3
3
3
3
3
3
3
3
3
3
3
7
3
3
3
5
4
5
4
3
3
3
3

3.0
3.2
1.6
1.9
1.1
0.8
0.9
2.7
3.5
5.4
2.1
2.0
1.2
0.3
0.7
0.6
0.5
0.4
0.6
1.7
2.9
2.8
3.6
2.1
2.6
2.0
1.9
2.0
2.0
5.2
4.9
3.8
5.4

3.1
3.2
2.0
2.3
1.4
1.4
1.3
4.1
3.6
5.4
2.1
2.0
1.5
1.3
0.8
0.8
0.8
1.7
1.6
1.7
2.9
2.7
3.6
1.7
1.7
1.4
1.2
1.5
1.6
4.1
3.1
3.7
5.3

δ25Mg±2SD

Δ25Mg′±2SD

N

‰

20080527
20080610
20080624
20080722
20080805
20080819
20080902
20080916
20081014
20081028
20080527
20080610
20080624
20080722
20080805
20080819
20080902
20080916
20080930
20081014
20081028
20080527
20080610
20080624
20080708
20080722
20080805
20080819
20080902
20080916
20080930
20081014
20081028

27-May-08
10-Jun-08
24-Jun-08
22-Jul-08
5-Aug-08
19-Aug-08
2-Sep-08
16-Sep-08
14-Oct-08
28-Oct-08
27-May-08
10-Jun-08
24-Jun-08
8-Jul-08
5-Aug-08
19-Aug-08
2-Sep-08
16-Sep-08
30-Sep-08
14-Oct-08
28-Oct-08
27-May-08
10-Jun-08
24-Jun-08
8-Jul-08
22-Jul-08
5-Aug-08
19-Aug-08
2-Sep-08
16-Sep-08
30-Sep-08
14-Oct-08
28-Oct-08

3.1
3.3
2.0
2.4
1.5
1.5
1.4
4.1
3.6
5.5
2.2
2.1
1.5
1.5
0.9
0.9
0.9
1.7
1.6
1.8
3.0
2.9
3.7
2.1
2.7
2.2
2.1
2.1
2.2
5.3
4.9
3.8
5.4

GW1a
GW1c

30-Sep-08
9-Sep-09

4.8
5.4

− 0.83 ± 0.06
− 1.50 ± 0.08

− 0.43 ± 0.02
−0.76 ± 0.04

0.00 ± 0.01
0.02 ± 0.01

3
3

29-Sep-09
29-Sep-09
29-Sep-09
25-Aug-09
29-Sep-09
29-Sep-09

8.6
6.8
59.8
291.8
10.9
95.5
31.7
339.7

− 0.84 ± 0.03
− 0.61 ± 0.11
− 1.19 ± 0.04
− 0.97 ± 0.07
− 0.87 ± 0.04
− 0.93 ± 0.13
− 0.72 ± 0.02
− 1.09 ± 0.05

−0.43 ± 0.03
−0.33 ± 0.05
−0.62 ± 0.02
−0.50 ± 0.01
−0.44 ± 0.01
−0.48 ± 0.07
−0.36 ± 0.03
−0.55 ± 0.05

0.01 ± 0.04
−0.01 ± 0.02
0.00 ± 0.02
0.01 ± 0.04
0.01 ± 0.01
0.00 ± 0.01
0.01 ± 0.04
0.01 ± 0.03

3
3
3
3
3
3
3
3

0.9
1.0

− 1.29 ± 0.04
− 1.59 ± 0.04

−0.67 ± 0.05
−0.82 ± 0.04

0.00 ± 0.02
0.01 ± 0.02

3
3

58800
1380

− 0.17 ± 0.08
− 0.11 ± 0.11
− 0.06 ± 0.03
− 0.12 ± 0.11
− 0.08 ± 0.06
− 0.11 ± 0.09

−0.09 ± 0.03
−0.04 ± 0.03
−0.03 ± 0.02
−0.07 ± 0.08
−0.03 ± 0.03
−0.06 ± 0.04

0.00 ± 0.02
−0.04 ± 0.13
0.00 ± 0.01
0.80 ± 0.02
0.01 ± 0.01
−0.01 ± 0.02

3
3
3
4
3
3

4680
6230
6260
9760

0.07 ± 0.13
− 0.16 ± 0.10
0.11 ± 0.11
− 0.05 ± 0.14

0.03 ± 0.07
−0.08 ± 0.05
0.05 ± 0.06
− 0.04 ± 0.09

−0.01 ± 0.01
0.00 ± 0.01
−0.01 ± 0.02
−0.01 ± 0.02

5
4
3
4

8819
8115
2310

− 0.70 ± 0.00
− 0.58 ± 0.02
− 0.64 ± 0.13

−0.35 ± 0.02
−0.29 ± 0.01
−0.33 ± 0.08

0.01 ± 0.02
0.01 ± 0.01
0.00 ± 0.01

3
3
3

Groundwaters

Soil pore-waters
PW1c
PW3a
PW2a
PW2d
PW3c
PW4
PW11a
PW21a
Rain waters
Rain
Rain 2
Bulk granite and mineral separates
R07
R07-biot
R08
R08-replicate
R08-biot
R08-plag

1900
16700
7540

Bulk soil
BL
BL
BL
BL
Plants
Rumex scutatus (leaves)
Oxyria leaves
Rhododendron ferrugineum (leaves)

2
8
14
21

I7
II3
VII6

(continued on next page)
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Table 1 (continued)
Site

Sample

Rhododendron ferrugineum (roots)
Agrostis (roots)

X117
Xii10

Date

Mg
Mg*Cl _
Mg*
μmol/l (waters) ppm (solids)
468
625

δ26Mg±2SD

δ25Mg±2SD

Δ25Mg′±2SD

N

‰
− 0.09 ± 0.26
− 0.39 ± 0.04

−0.04 ± 0.15
−0.20 ± 0.02

0.00 ± 0.02
0.00 ± 0.01

3
3

− 3.33 ± 0.11
− 2.60 ± 0.10

−1.72 ± 0.06
−1.35 ± 0.05

0.02 ± 0.03
0.01 ± 0.03

121
126

Standards
Zurich1
Cambridge1

most negative δ 26Mg values (most enriched in 24Mg) of all the samples from the Damma glacier catchment. Tipper et al. (2010) reported
rain δ 26Mg within uncertainty of seawater (− 0.82‰). The δ 26Mg of
the rain waters reported here are more enriched in 24Mg by up to
0.9‰. The Sr isotope compositions of the local precipitation are unradiogenic (0.709) (Arn et al., 2003; de Souza et al., 2010), and both the
Mg and Sr isotope compositions of the rain are consistent with carbonate dust inputs as has been observed in other Swiss regions
(e.g., Arn et al., 2003; Schmitt and Stille, 2005) (discussed further in
Section 5.1).
The stream waters are very dilute in Mg concentrations (ranging
from 0.9 to 5.5 μmol/l). Such dilute concentrations are typical for rivers draining granitic or gneissic basement (e.g., Millot et al., 2002; Arn
et al., 2003; Oliva et al., 2003), although these concentrations are at
the lower end of the range reported in other studies, with the concentration of several stream water samples equal to the concentration of
the precipitation inputs, particularly for site B. The δ 26Mg values of
the stream waters are all intermediate between rain and mineral
δ 26Mg values (Fig. 2), potentially suggesting that the δ 26Mg of the
stream waters might be a mixture between rain and mineral inputs
(discussed in more detail in Section 1). This difference between the
δ 26Mg of rivers draining silicate rock and the rock itself is typical of
many rivers (Fig. 2B). Both the Mg concentrations and δ 26Mg values
of the stream waters show clear temporal trends that are discussed
further in Section 5.
The two groundwater measurements have similar Mg concentrations to the stream waters. Although the δ 26Mg values fall between
those of the rain and mineral inputs the two measurements are
0.7‰ different from each other, with one value very close to that of

reported in Bourdon et al. (2010) which suggest that the overall external two S.D. is less than 0.1 for δ26Mg.
4. Results
Mg isotope data for stream waters, rain, pore-waters, groundwaters, bulk rock and mineral separates, soil and plant material deﬁne a
1.7‰ range in δ 26Mg values (Table 1, Fig. 2A). The most likely inputs
to the stream and groundwaters are from mineral weathering of the
Aar granite and external inputs such as precipitation or dust. The Mg
isotope composition of the rock, mineral separates and the soil have
the highest δ 26Mg values of all samples, deﬁning a very narrow
range (0.28‰ Fig. 2A), consistent with previous measurements of
granite (Shen et al., 2009; Li et al., 2010; Liu et al., 2010; Ryu et al.,
2011), paragneiss (Tipper et al., 2006b) and biotite mineral separates
(Tipper et al., 2006b; Liu et al., 2010; Ryu et al., 2011). The bulk granite
has the same δ 26Mg value as the biotite mineral separates, consistent
with the majority of the Mg being hosted by the biotite, although the
biotite separates may contain chlorite (Kiczka et al., 2010a) and
trace phases may contain Mg that may be more readily dissolvable
such as calcite. Two of the soil samples are with uncertainty of the
bulk granite and two have δ 26Mg values that are enriched in 26Mg
by up to 0.27‰, similar to Tipper et al. (2006b) and Teng et al. (2010b).
The concentration of Mg in snow was too low to make a measurement of Mg isotope ratios (on average 0.3 μmol/l Hindshaw et al.,
2011b). Rain was also very dilute (mean Mg concentration of
1.3 μmol/l (Hindshaw et al., 2011b)), but a measurement was made
possible by making two composite samples, each from four one litre
bi-weekly samples. These two composite rain samples have the

A

B

Fig. 2. Summary ﬁgure of the Mg isotope data, showing the range of the main Mg reservoirs in the catchment (in red), and also literature data for similar reservoirs (in grey). The
lower plot shows probability density, (both as a histogram and smoothed probability density function) for all published δ26Mg of granite and felsic minerals and literature δ26Mg
data of rivers that drain silicate rock. Left hand scale is for rivers and the right hand scale for granite. Granite and minerals data from (Liu et al. (2010), Li et al. (2010), Bolou-Bi et al.
(2009), Huang et al. (2009), Ryu et al. (2011) and Tipper et al. (2006b). Soil data from Tipper et al. (2006b). River data from Brenot et al. (2008), Pogge von Strandmann et al.
(2008), Tipper et al. (2006b,c, 2008a). Rain, pore water and plant data from Tipper et al. (2010). The arrow indicates the difference between the two main peaks of the distributions.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the rain and the other similar to the stream waters. This difference
between these two samples is not particularly surprising because
they were not sampled at the same time, but it is perhaps surprising
that one of the samples has a similar isotopic composition to the rain
but is ﬁve times more concentrated. Pore waters however show up to
an order of magnitude higher concentrations, but δ 26Mg values are
within the same range as those observed in the stream (Fig. 2).
The plants overlap in δ 26Mg composition with both the rivers and
pore waters, but are generally slightly enriched in 26Mg compared to
most of the water samples (Fig. 2). A similar observation of 26Mg enrichment in grass relative to pore waters has been reported from California (Tipper et al., 2010). It is noted that the two roots that were
analysed are more enriched in 26Mg compared to the leaves, suggesting that Mg isotope ratios are fractionated in plants, as has been observed both for Mg isotopes (e.g., Black et al., 2008; Bolou-Bi et al.,
2010) and for a series of other metal stable isotopes (e.g., Opfergelt
et al., 2006; Guelke and von Blanckenburg, 2007; Page et al., 2008).
This is not discussed further as it is beyond the scope of the present
manuscript.
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Fig. 3. Cl/Mg versus δ26Mg in the Damma stream waters, showing no simple systematic
variation, indicating that the stream waters cannot be considered a binary mixture between rain waters and weathering inputs.

4.1. Correcting for precipitation inputs
The stream waters exiting the Damma glacier are so dilute that it
is possible that precipitation (rain and snow) contributes signiﬁcantly
to both the ionic budget of the waters and their isotopic composition.
An evaluation of the importance of precipitation on the Mg isotope
composition of the stream waters is critical to be able to interpret
the data. Because the δ 26Mg values of the stream waters scatter between rain and rock, it is possible that the waters are entirely controlled by a mixture of these two inputs. Two different methods of
correcting the waters have been attempted. Firstly a simple chloride
correction of the form:

26

δ


Mg Cl−

δ26 Mg river −

¼

 Mg

ðCl− Þrain Cl−
Mg

Mg−ðClMg
Cl
−Þ
rain
Mg

 δ26 Mg rain

−

ð1Þ

was applied to the stream water data where ðMg=ClÞrain is the Mg/Cl
ratio of the rain, δ26 Mg rain is the δ 26Mg value of the rain, and all other
concentrations refer to those of the river. The Mg/Cl ratio of the rain is
time dependent (Hindshaw et al., 2011b) and where possible, the composition of the rain (and snow) corresponding to the date of the water
sample was used. The δ26Mg of the rain also appears to depend on the
26
date of sampling and a δ Mg rain value of −1.29‰ was used for samples
collected prior to 5th August (corresponding to the average of 4 rain
26
samples that were collected before this date). A δ Mg rain value of
−1.59‰ was taken after the 5th August (corresponding to the average
of 4 rain samples that were collected after this date).
The majority of the corrected δ 26Mg values are different by b0.5‰
(Table 1), although several samples are signiﬁcantly different from
the original value (up to 1.7‰ implying that most of the Mg could
be derived from rain in some cases). However, there is undoubtedly
a considerable uncertainty in this correction, which increases the
more dilute the waters are, because the percentage correction increases. There is no systematic trend between Cl/Mg and δ 26Mg
values in the rivers (Fig. 3) suggesting that the stream waters are
not simply binary mixtures between rain and mineral inputs. The corrected δ 26Mg values are shifted towards higher δ 26Mg values, but although some of the corrected values overlap with the δ 26Mg
composition of silicate rock and mineral separates, most of the rain
corrected samples still have lower δ 26Mg compared to the mineral
sources (Fig. 4, upper plots). This Cl − correction therefore suggests
that the waters are not just a mixture between rain and mineral inputs, and that there is residual signal in the data.

Whilst the Cl − correction provides some estimate of how δ 26Mg
might be inﬂuenced by precipitation sources, it is unsatisfactory for
a number of reasons. Firstly the majority of the total water ﬂux is derived from ice and snow melt, rather than instantaneous rain inputs.
Ice and snow have much lower Mg/Cl ratios (0.03) compared to
rain (0.3), meaning that the above correction is likely a maximum.
Secondly, Cl − is not always conservative as commonly assumed
(e.g., Viers et al., 2001; Bastviken et al., 2006, 2007). The percentage
contributions of rain, snow melt and ice melt have been previously
estimated using an energy balance model (ALPINE 3D) (Magnusson
et al., 2011) and a second Cl − correction was calculated taking into
account ice and snow volume using the same method as Hindshaw
et al. (2011b). It was assumed that ice and snow melt have the
same δ 26Mg composition as the rain (which is true at least in the
ﬁrst order for Sr isotopes). This results in a correction for δ 26Mg that
is so small that it is essentially within uncertainty of the original measurements (Fig. 4, upper panel). This precipitation correction may be
unrealistically small, whereas the rain Cl − correction may be unrealistically large. It is challenging to provide a more quantitative precipitation correction at this stage, but as an absolute minimum the
results demonstrate that 1) not all the Mg is derived from precipitation inputs (in accordance with Sr isotopes and elemental ratio data
(Hindshaw et al., 2011b)) and 2) that the corrected δ 26Mg is not simply that of silicate rock. The implication of this is that either there is
an additional source of Mg, or that Mg is not conservative. The systematic seasonal variations discussed below may enable the precise
control to be further elucidated.

5. Seasonal variations in stream water δ26Mg and causal mechanisms
There are marked changes in both the hydrological and chemical
characteristics of the stream waters during the melt season (Hindshaw
et al., 2011b). Combined snow and ice melt, in addition to maximum
rain input leads to a factor of 200 increase in discharge over the summer
months. The pronounced changes in hydrological conditions are indicated by systematic changes in δ18O of up to 3‰ (Fig. 4), interpreted to be
caused by a change in water source from snow melt to ice melt
(Hindshaw et al., 2011b).
Solute concentrations are apparently related to the total ﬂux of
water, rather than the source of water, as indicated by the Mg concentrations in Fig. 4. At all three sites, there is a pronounced decrease in
concentrations that is clearly linked to an increase in discharge
(Hindshaw et al., 2011b). However, there is a maximum factor of 8 decrease in Mg concentration but a factor of 200 increase in discharge,
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Fig. 4. Times series data for the Damma stream waters in 2008 at sites A (left), B (centre) and E (right). δ18O and 87Sr/86Sr (data from Hindshaw et al., 2011b) are shown for comparison with δ26Mg. Note the different scales for 87Sr/86Sr and Mg concentrations between the three sites. For Mg and δ26Mg, raw and precipitation corrected data are shown. Granite and precipitation data are indicated or δ26Mg. The dark blue box indicates the time-span for which the measured rain samples cover, and the light blue where the δ26Mg was
inferred. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

implying that the changes in ion concentrations are not merely
dilution.
Mg isotope ratios in the stream waters also show detectable systematic seasonal variations (Fig. 4). The variations are most pronounced at site E (where the stream water was sampled exiting the
ice). As the melt season progresses towards mid summer the δ 26Mg
in the waters (both raw and precipitation corrected data) evolve towards higher δ 26Mg values. Following the 19th August, δ 26Mg values
decrease, but in a less systematic way than the increase during snow
melt. The pattern at site B is more noisy (as expected because the waters are extremely dilute) but the samples are most enriched in 26Mg
at the same time as for site E. The Cl − corrected δ 26Mg values at site B
show a large degree of scatter, but the samples from July and August
overlap the compositions of silicate rock whereas the samples from
the spring and autumn trend more towards rain δ 26Mg values. Although the variation of Mg concentration as a function of discharge

is attenuated, Mg isotopes reveal a clear systematic temporal response. This implies that either the source of the Mg changes in a systematic manner, or that the process by which Mg is released into
solution changes as a function of discharge (or a parameter linked
to discharge).
At site A, the uncorrected δ 26Mg values are all within uncertainty
of each other (Fig. 4). This is unexpected because site A is in principal
characterised by a mixture between sites B and E (Hindshaw et al.,
2011b). The Cl − corrected δ 26Mg values show a degree of seasonal
variation with the highest δ 26Mg values in July and August, as for
sites B and E (discussed further in Section 5.1).
This is the ﬁrst time that systematic seasonal trends have been
identiﬁed for Mg isotopes in stream waters and the rest of the
discussion focusses on identifying the potential controls, and the implications for the release of Mg from the catchment. The two main observations that need to be explained are 1) the enrichment of 24Mg in
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the stream waters compared to the bulk rock and minerals (which
cannot only be explained by external precipitation inputs and is a
global phenomenon), and 2) the seasonal variations in δ 26Mg.
5.1. Conservative mixing as a control of stream water δ 26Mg
The systematic enrichment in 24Mg in the stream waters compared to the bulk rock at Damma (and in other rivers) and the seasonal variations in the stream water δ 26Mg can be reconciled by either
conservative mixing, or process controlled fractionation, which are
not mutually exclusive. Although conservative mixing has been advocated as the dominant control on Mg isotope ratios in other studies on
river and groundwaters (Brenot et al., 2008; Jacobson et al., 2010)
there are several arguments that suggest that this is not the case at
Damma.
To explain the 24Mg enrichment by conservative mixing would require that there is another source of Mg to the stream waters, with an
isotopic composition, that is at least as enriched in 24Mg as the precipitation corrected stream waters (δ26Mgb −1.2‰). This could either be a Mg
rich trace phase in the Aar granite (akin to trace calcite or apatite in the
case of Ca) that weathers more rapidly than biotite, or from external dust
inputs to the glacier (Derry and Chadwick, 2007). Chlorite is the most
likely trace phase in the granite that could inﬂuence the Mg budget.
Ryu et al. (2011) have reported chlorites from the Boulder Creek granodiorite, Colorado, that are signiﬁcantly enriched in 24Mg compared to the
bulk rock (δ26Mg of −1.82‰). It was not possible to separate a sufﬁcient
quantity of chlorite to make a Mg isotope analysis from the rocks at
Damma, but XRD analyses reveal that the biotite to chlorite ratio is variable from as high as 17 in the ﬁne grained moraine sediment (where
most of the weathering is likely occurring) to as low as 1.7 in the granite
(3.6 in the sample RO8 analysed both for biotite and bulk δ26Mg (Personal communication, Michael Plötze). It is likely that biotite separates also
contain chlorite (which commonly develop from retrograde alteration
of the biotites (Dempster, 1986). Given that the bulk rock and biotite
δ26Mg values are within uncertainty of each other, but there are variable
amounts of chlorite to biotite it is unlikely that the chlorite has a δ26Mg
that is substantially different from biotite at Damma.
Carbonates could provide a Mg input with a δ 26Mg even lower
than chlorite (as low as −4 to −5‰, e.g., Young and Galy, 2004) to
explain the water data. This is unlikely to come from trace calcite in
the granite (ﬁrstly because the trace calcite content in the Aar granite
is unusually low (de Souza et al., 2010) and secondly because Mg is a
trace element in the trace calcite) but external dust inputs could be
important. Saharan dust with signiﬁcant carbonate content (20–
50%) is known to have an important input to alpine glaciers (e.g.,
Angelisi and Gaudichet, 1991). However, the greatest glacial dust
input is likely to impact the stream composition during the melt season (released from the glacier itself), when the δ 26Mg values of the
stream waters trend away from those of carbonates. Furthermore, in
receding glaciers, such as Damma, dust inputs have an increasing tendency to be locally sourced because of exposure of ﬁne grained moraine material that is easily mobilised by the wind (e.g., Oerlemans
et al., 2009) implying that much of the dust in the Damma glacier is
likely to be locally sourced. δ 26Mg values do not correlate with either
87
Sr/ 86Sr ratios or Si/Ca ratios (Fig. 5) which might be expected if the
water compositions were controlled by binary mixing from carbonate
and silicate inputs, although this doesn't rule out multi-component
mixing.
If the difference in δ 26Mg between waters and the bulk granite
cannot be reconciled by external inputs or incongruent dissolution
of chlorite, then it must result from the non conservative behaviour
of Mg associated with a physicochemical process. Some evidence for
this is provided by discrepancies between the δ 26Mg between sites
A, B and E. Whilst on the whole, the data at site A is well explained
within uncertainty by a mixture between inputs from sites B and E
(for example in δ 26Mg-1/Mg or δ 26Mg–Ca/Mg space), there are
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notable exceptions, illustrated for the 5th August (Fig. 6) where site
A cannot be well explained by conservative mixing between sites B
and E. This could result from rapid diurnal variations in water chemistry (more rapid than the time-scale of sampling), but may also provide evidence of rapid isotope fractionation on rapid time-scales
shorter than the 30 minute transport time between the sites.
5.2. Ion exchange as a control on mg isotopes?
Ion exchange and sorption (or de-sorption) are processes with
sufﬁciently rapid kinetics to occur over 30 minute time-scales.
Berner et al. (1998), Clow and Mast (2010) and Cerling et al. (1989)
have suggested ion-exchange as a ﬁrst order control on stream chemistry. Fractionation of Mg isotopes by ion exchange or sorption processes is anticipated because Mg isotopes are discriminated against
on a cation exchange column (Chang et al., 2003) but ﬁeld evidence
is limited (Jacobson et al., 2010; Opfergelt et al., 2010). Jacobson et
al. (2010) have suggested (albeit with caution) that 24Mg is preferentially exchanged with Na on clay mineral surfaces or inter-layer sites.
To explain the discrepancy between site A and sites B and E would require that 26Mg (not 24Mg) is preferentially exchanged with Na, the
opposite of what has been proposed by Jacobson et al. (2010), or
that 24Mg is released from an exchangeable reservoir. Although a process with rapid kinetics such as ion-exchange might be responsible
for the discrepancies between the three sites, there is insufﬁcient evidence to demonstrate this. Other processes (discussed below) may
offer alternative explanations for the enrichment in 24Mg compared
to silicate rock.
5.3. Biological forcing of seasonal mg isotope variations
Biological cycling of Mg has been suggested as a potential mechanism for causing fractionation that may have an inﬂuence on stream
water chemistry (Bolou-Bi et al., 2010). Indeed, the plant material
reported in the present study and Tipper et al. (2010) is moderately
enriched in 26Mg compared to the stream waters which could offer
a potential explanation for the enrichment in 24Mg in the river waters. However, the level of vegetation at the Damma site is small. In
particular the stream water from site E was sampled immediately as
it exited the ice, meaning that there was no contact with vegetation
at all. In addition, there is a very pronounced growing season (May
to September), because of the winter snow cover. Given that the
plants have a high δ 26Mg value, the complementary water should
have a low δ 26Mg value, the opposite of what is observed in the
stream waters in the summer months. It is therefore unlikely that nutrient utilisation of Mg by plants can explain the data. However, biological effects should not be ruled out altogether and bacterial activity
under the glacier increasing pCO2 and acidity, or seasonal changes in
soil pCO2 caused by plant respiration should not be neglected as a potential control on dissolution and Mg isotope ratios.
5.4. Preferential release of

24

Mg during dissolution

Non stoichiometric dissolution of minerals, including with respect
to isotopes is well known, particularly for glacial catchments (e.g.,
Anderson et al., 1997; Brantley et al., 1998). For example, in addition
to the rapid dissolution of biotite relative to other minerals, the preferential release of 87Sr from the interlayer sites of biotite has been observed (Erel et al., 2004). Similarly 234U is thought to be preferentially
leached from lattices because of damage caused by alpha recoil, leading to many waters having an enrichment in 234U (e.g., Andersen et
al., 2009; Bourdon et al., 2009). For stable isotopes such as Mg, weakened lattice sites caused by radioactive decay cannot be invoked as a
mechanism because the three isotopes of Mg would be anticipated to
be stochastically distributed across octahedral sites. Experimental
work has shown that during olivine dissolution, 24Mg is preferentially
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A

B

Fig. 5. A) Si/Ca versus δ26Mg in the Damma stream and rain waters, and B) 87Sr/86Sr versus δ26Mg and showing no systematic correlation indicative that the waters are not simply
explained by two component mixing. The squares are silicate rocks and minerals.

released (Wimpenny et al., 2010) which may reﬂect an inherent kinetic release of 24Mg as has been observed for some other isotopic
systems (e.g., Wiederhold et al., 2006; Kiczka et al., 2010a). Whilst
such effects are typically associated with mineral surfaces, they may
be enhanced at the Damma glacier because of glacial grinding. Alternatively, Ryu et al. (2011) have suggested that in minerals such as
chlorite, where there are octahedral Mg sites in two separate layers
(TOT and brucite), these sites could differ in isotopic composition.
In this case, if Mg is released preferentially from one of these octahedral sites, an apparent isotopic fractionation could be observed during
dissolution. It is possible that the seasonal variations in δ 26Mg values
recorded in the rivers might be reﬂecting the kinetic response of
leaching of 24Mg. This kinetic effect should be most pronounced
when there is the greatest amount of fresh material in the system,
and δ 26Mg values should tend towards the bulk values as dissolution
progresses. The greatest input of un-weathered minerals into the
catchment is likely to occur during the summer, when material is
washed out from dust in the glacier and from under the glacier. This
is also when residence times of water are short because there is a
high volume of water ﬂux through the basin, meaning that any kinetic isotopic effects would be likely enhanced because there is less time
to reach equilibrium (Maher, 2010). This makes it difﬁcult to reconcile such a mechanism with the data because during the summer
the δ 26Mg values of the stream waters are closest to biotite and
bulk rock, and in the spring and winter (when there is little new sediment input, and residence times of the water are longer) the δ 26Mg
values of the waters are far from the biotite. We suggest that it is

A

unlikely that kinetic release of
the data.

24

Mg from biotite alone can explain

5.5. Formation of secondary minerals and mg isotope variations
The Mg isotope fractionation associated with the formation of secondary minerals such as clays, oxides or amorphous phases is not well
established. Some ﬁeld data has been used to infer that secondary clay
phases are enriched in 26Mg (e.g., Tipper et al., 2008a; Teng et al.,
2010b) but other ﬁeld data has been used to infer the contrary (e.g.,
Pogge von Strandmann et al., 2008), and experimental work suggests
that some phyllosilicates have an afﬁnity for 24Mg (Wimpenny et al.,
2010). However, there is increasing ﬁeld evidence suggesting that
clays have an afﬁnity for 26Mg (Teng et al., 2010b), with a fractionation
factor (αwater − clay) of 1.0005–1.0015 (0.5 to 1.5‰). If correct, the formation of clays (such as the breakdown of biotite to vermiculite that is
observed in the neighbouring Rhone glacier (Föllmi et al., 2009) might
be able to explain the enrichment in 24Mg that is observed in the
stream waters. In such a context, the seasonal pattern of δ 26Mg values
in the waters could be interpreted as reﬂecting the relative amount of
dissolution and precipitation of secondary phases. This would imply
relatively more dissolution of primary phases in the summer, and
relatively more formation of secondary phases in the spring and
autumn. Although the net result is similar to a preferential leaching
of 24Mg as discussed in Section 4, the driving mechanism for the
isotopic signature is different. In the case of non-stoichiometric
dissolution the driving force is the breaking of chemical bonds and

B

Fig. 6. A) Ca/Mg versus δ26Mg shown for the three sites A, B and E. The red line shows the mixing line between sites B and E on the 5th of August. In the case of conservative mixing
between these two sites A should plot on this line. The line showing the minimum (orthogonal) deviation from the mixing line for site A is indicated for the 5th August. B) 1/Mg
versus δ26Mg with a mixing line and orthogonal deviation from conservative mixing indicated for the 5th Aug. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)

E.T. Tipper et al. / Chemical Geology 312–313 (2012) 80–92

A

89

B

D

C

E

F

Fig. 7. A) and B) the fraction of Mg remaining in solution as estimated from the Rayleigh calculation (see text) for precipitation uncorrected and corrected data respectively. The
three curves indicate three different fractionation factors. C) and D) The amount of Mg estimated to be incorporated into secondary phases per litre of water discharged form the
catchment for both raw and rain corrected data. E) and F) the total ﬂux of Mg per day per square metre of Mg incorporated into secondary phases.

diffusion, whereas in the case of the formation of secondary phases, it
is the formation of new chemical bonds. The control on these reactions and the time-scales over which they occur are likely to be different. The crystallisation of secondary phases is likely favoured by
relatively long residence times of water (Maher, 2010). The δ 26Mg
values of the stream waters are most different from the granite
when water ﬂuxes are at base ﬂow (longest residence times), suggesting that the formation of secondary phases is the dominant control on the δ 26Mg values.
5.6. Implications and semi-quantitative constraints on seasonal variations
Regardless of the speciﬁc causal process of both the 24Mg enrichment in the waters and the seasonal variations, ultimately the data
demonstrate that the net release of Mg isotopes from a bulk rock
into solution is non-stoichiometric (or incongruent). 26Mg is being
preferentially retained in the catchment and 24Mg being preferentially exported. With better understanding of the processes involved, and
any attendant fractionation factors the Mg isotope data will be useful
to provide quantitative estimates of processes such as the relative dissolution to precipitation rate. This is illustrated below, making the assumption that the dominant control on the stream water δ 26Mg
values is the formation of secondary phases. This is not intended to
provide any quantitative information at this stage, rather this is a
schematic illustration showing what might be possible with a clearer
understanding. In the ﬁrst order, it is assumed that the incorporation

of Mg into secondary phases follows a Rayleigh style law. The fraction
of Mg that is remaining in the water f Mg , after clay formation is estimated as:

f Mg

ðδ26 Mgriver −δ26 Mgrock Þ
¼ e 1000ðαwaterclay −1Þ
26

ð2Þ
26

where δ Mgriver is the δ 26Mg value of the river, δ Mg rock is the δ 26Mg
value of the initial solution (assumed to be equivalent to that of the
rock), and α waterclay is the fractionation factor, between water and
the secondary phase. f Mg was calculated using the water data for
site E for three values of the fractionation factor, 0.5, 1 and 1.5‰ (similar to previous estimates of α waterclay , Fig. 7A and B). Although the
absolute value of f Mg is dependent on α waterclay , the trend and amplitude of the seasonal variations in f Mg are independent of α waterclay
(Figs. 7A and B). The simple Rayleigh calculations indicate that a
smaller proportion of the Mg released through dissolution are scavenged by secondary phases in the summer compared to autumn
and spring. By combining the estimated f Mg with the measured concentrations of Mg in the stream, the number of moles of Mg incorporated into secondary phases, per unit ﬂux of water was estimated
(Figs. 7C and D). There is a pronounced seasonal signal in the amount
of Mg incorporated into clay, with lower values in the middle of the
summer. This strong seasonal trend results not only from the seasonal
trend in the Mg isotope data but also from the strong seasonal trend
in the concentration data. The total amount of Mg incorporated into
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clay per unit time, per unit area, was also estimated by multiplying by
the total water ﬂux, and normalising to the surface area of the catchment. The marked bi-modality to the total amount of clay produced
(Figs. 7E and F) results from the product of water ﬂux and Mg concentration acting in opposite directions.
It might appear counter intuitive to suggest that secondary phases
inﬂuence the water chemistry when there are very few secondary
phases that have been detected in the young soils of the Damma
catchment, (clays are close to the detection limits of XRD, personal
communication, Michael Plötze). However, the Mg isotope values of
the stream water data can be used to infer time-integrated ﬂuxes of
clay accumulation. Assuming that clays associated with soil formation
are only forming in the upper 50 cm of rock and sediment (a maximum), extrapolating the average annual ﬂux of Mg into secondary
phases would imply that after 1000 years, only 0.002–0.1 wt.% of
Mg would be hosted in secondary clays. This is such a low level that
it would not be detectable using Mg isotopes on bulk soils. In addition, mechanical denudation and particulate export would diminish
these estimates to even lower levels, as fresh material is supplied,
and altered material is exported.
The above discussion can only at best provide upper limits on clay
production. This still represents an important advance that could not
have been inferred from the study of Sr isotopes and major elements
alone. This exempliﬁes the extreme sensitivity of Mg isotopes measured in stream waters compared with mass balance derived from
soil measurements (e.g., (White et al., 1998)). Ultimately, Mg isotopes are fractionated at the catchment scale during chemical weathering, but the speciﬁc causal processes remain debatable.
6. Conclusions and perspectives
δ 26Mg values in river waters from the streams exiting the Damma
glacier, Switzerland, are lower than those of the bulk rock that they
drain, and show systematic seasonal variation. During the melt season, the difference between the stream water δ 26Mg values and
bulk rock is smaller than in the autumn and spring, at base ﬂow.
The δ 26Mg values of the Damma glacier stream waters (which are
similar to many other rivers draining silicate rock) can either be
accounted for by 1) conservative mixing between at least two different sources of Mg, in addition to precipitation inputs, or 2) fractionation linked to one or more physicochemical processes. If the
stream water compositions can be rationalised by multi component
mixing, there is at least one unidentiﬁed component with a δ 26Mg b
−1.2‰. This isotopically light Mg could be provided by trace calcite
or carbonate dust inputs but this is considered unlikely.
Several physicochemical processes could potentially fractionate
Mg isotope ratios and could account for the variance in the data. Of
these processes, the most likely explanation is that 26Mg is preferentially retained during the formation of secondary phases, such as
clays, amorphous phases or oxides. Alternatively explications are possible. Firstly, 24Mg might be preferentially leached into solution during mineral weathering by diffusional processes. Secondly the river
waters could be strongly impacted upon by changes in the exchangeable reservoir which could fractionate the isotope ratios of Mg or release exchangeable Mg with a fractionated composition. Thirdly,
vegetation could cycle Mg, impacting upon δ 26Mg values, but because
of the very low density of vegetation at Damma, this is unlikely to be
signiﬁcant. These processes are not mutually exclusive and distinguishing between them at a ﬁeld scale is not trivial. The ﬁeld evidence
suggests that the formation of secondary phases is the dominant process and that 26Mg must be accumulating in solid phase residues in
the catchment because of at least one physicochemical process.
Such processes are likely well described, at least in the ﬁrst order by
a Rayleigh distillation model. Simple calculations can be used to
estimate how much 26Mg would accumulate in the catchment per
unit time. The isotopic enrichments in the solids are so small that

they would not be detectable (in agreement with the observations),
in spite of the marked impact on the water chemistry. With a better
understanding of fractionation factors and speciﬁc mechanisms, the
systematic seasonal signal will enable a quantiﬁcation of how speciﬁc
weathering processes regulate export ﬂuxes, and retention of Mg
within catchments.
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