
tters 250 (2006) 241–253
www.elsevier.com/locate/epsl
Earth and Planetary Science Le
The magnesium isotope budget of the modern ocean: Constraints
from riverine magnesium isotope ratios

E.T. Tipper a,⁎, A. Galy a, J. Gaillardet b, M.J. Bickle a, H. Elderfield a, E.A. Carder a

a Department of Earth Sciences, University of Cambridge, Downing Street, Cambridge, CB2 3EQ, UK
b Institut de Physique du Globe de Paris 7, Place Jussieu 75252 Paris cedex 05, France

Received 28 February 2006; received in revised form 21 July 2006; accepted 21 July 2006
Available online 28 August 2006
Editor: M.L. Delaney
Abstract

We have measured the magnesium (Mg) isotope ratios in 45 rivers including 16 of the largest rivers in the world, covering a
range of geologic, tectonic and climatic drainage basin environments. The range in riverine δ26Mg is 2.5‰, half the variation in
terrestrial rock. Although the Mg isotopic composition of the source rock is important for small rivers, at a global scale lithology is
of limited significance for Mg isotope ratios in rivers. Part of the variability at a global scale may be attributed to fractionation in
the weathering environment. The rivers analysed constitute 30% of the global Mg riverine flux to the oceans and a flux weighted
Mg isotope composition of global runoff has been estimated at −1.09‰. Even taking into account uncertainty, this is distinct from
seawater at −0.82‰. This difference arises either from the fractionation of Mg isotope ratios in the ocean and/or a Mg budget
which is not at steady state. The difference is consistent with fractionation by carbonate precipitation. In the simplest steady state
scenario, where the oceanic mass balance is maintained by riverine input and hydrothermal and dolomite output, Mg isotope ratios
imply a minimum dolomite Mg flux of 9% of the total output Mg flux. The implications of the distinct isotopic composition of the
riverine flux from modern seawater, is that the Mg isotope ratio of seawater has probably varied outside of current analytical
uncertainty. Mg isotope ratios may therefore provide a valuable new tracer in palaeo-oceanography.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium (Mg) is the 8th most abundant element in
the continental crust [1] and the 4th most abundant species
in seawater [2,3]. Its transfer from the continents to the
oceans via rivers, and its return to the solid Earth via
hydrothermal exchange at mid-ocean ridges [4] constitutes
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one of the major chemical exchanges between the mantle
and the hydrosphere [5–7]. Mg in rivers is derived from
the weathering of both carbonate and silicate minerals of
the continental crust [8]. Mg weathered from silicates,
exchanged for calcium (Ca) atmid-ocean ridges and stored
as carbonate inmarine sediments, impacts on the long term
atmospheric carbon budget. Secular variation in the Mg
concentration of seawater through geological time has
been invoked as a controlling factor on the dominant
carbonate mineralogy of the ocean [7,9,10]. Previous
investigations have led to an understanding of the key
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processes affectingMg in themodern ocean [4,7,9,11–18].
Both the modern Mg concentration and the isotopic
composition are uniform at 53 mmol/l [19] and −0.82‰
[20–22] as anticipated from the long residence time [23],
although some small concentration anomalies have been
reported [24]. Themain source ofMg to the oceans is from
continental waters. Most of this Mg flux is from river
waters. Groundwater however, may contribute up to 10%
of the riverine discharge [25,26] and may have a
concentrated dissolved load [27]. The main sinks of Mg
are exchange with the oceanic crust during hydrothermal
circulation at mid-ocean ridges, the precipitation of
dolomite, and ion-exchange reactions with clays [12].
However the modern Mg budget remains difficult to
quantify with ranges in the hydrothermal sink from 61 to
100% of the total flux [18,14].

The advent of multi-collector inductively coupled
plasma mass spectrometry (MC-ICP-MS) has enabled
the analysis of Mg isotope ratios to a sufficient precision
to resolve differences in the Mg isotope composition of
terrestrial reservoirs of Mg, and the processes which
induce mass dependent fractionations of Mg isotope
ratios [28,29]. The few studies of Mg isotope ratios on
terrestrial material [22,29–33] have revealed that Mg
isotope ratios are fractionated by carbonate precipita-
tion, one of the main processes affecting Mg in the
oceanic cycle. There is also evidence that Mg isotope
ratios are fractionated during silicate weathering with
heavy Mg retained in the soil [32].

In this study, we present analyses of Mg isotope
ratios for 45 rivers. Sixteen of the largest rivers in the
world have been analysed, including two separate sam-
ples of the Amazon, Ganges, Brahmaputra, Mekong and
Chang Jiang (Yangtze). The rivers analysed cover a
range of geologic, tectonic and climatic settings per-
mitting an assessment of the global controls on the Mg
isotope ratios of rivers. In addition, Mg isotope ratios
have been measured on a series of small rivers draining
specific lithology, which has enabled a first order as-
sessment of the lithological control on dissolved Mg
isotope ratios. The data demonstrate that, although the
Mg isotopic composition of the source rock is important
for small rivers, at a global scale lithology is of limited
significance. Mg isotope ratios in rivers at a global scale
may not be adequately modelled as a simple mixture
between two end member lithologies such as dolomite
and Mg bearing silicate minerals. These rivers contrib-
ute ca. 30% of the riverine flux of Mg to the oceans and
provide a representative sample set for determining the
mean Mg isotope composition of global runoff. The flux
weighted Mg isotope ratio of the riverine flux is com-
pared to the modern seawater Mg isotope composition.
2. Materials and methods

The samples analysed were either collected from
archives of river water collections or were sampled
specifically for the purposes of this study. All samples
collected for this study were filtered on collection
through b0.45 μm filters for cool storage. Two types of
river have been selected; small rivers draining mono-
lithological catchments such as silicate (basaltic and
granitic) and carbonate (dolostone and limestone), and
large rivers which integrate continental outputs.

Large rivers such as the Lena andMackenzie are from
arctic environments and in contrast the Congo and
Orinoco are from the tropics. The rivers with their head-
waters in the Himalaya–Tibetan-Plateau (HTP) region
are weathering limited while the Congo and Orinoco are
transport limited following the terminology of [34].

Where possible samples have been collected from the
mouth, at the high water stage to provide the most rep-
resentative samples of global runoff, as most of the Mg
flux occurs at maximum discharge. For the Chiang Jiang,
sample ace160 is from the headwaters in Tibet and the
second sample is from the mouth. For the Mekong and
Salween samples ace158 and ace156 are from the Ti-
betan headwaters. All other rivers (apart from tributaries
and the small rivers draining specific lithologies) are
from the mouth with the exception of the Columbia and
the Nile. The Nile was sampled at Luxor (Egypt) 830 km
upstream of the mouth, and the Columbia was sampled at
Trojan, Oregon, 120 km upstream of the mouth.

2.1. Analytical procedure

Mg isotope ratios were measured by MC-ICP-MS
following a chemical purification of Mg from all other
elements which can introduce matrix effects or isobaric
interferences in the mass spectrometer [28]. Mg was
purified by ion chromatography using Biorad AG50
X12 cation exchange resin. This resin fractionates Mg
isotope ratios [29,30] and therefore 100% recovery from
the column is imperative. Typically 20 μg of Mg was
processed through chemistry except for dilute rivers
where as little as 5 μg of Mg was processed. Following
chemistry, all samples were dissolved in 0.3 N HNO3

and centrifuged before introduction into the mass spec-
trometer. The total procedural blank is estimated as 2 ng,
b10−3 of the smallest sample processed.

Mg isotope ratios have been analysed using the
sample–standard bracketing method of [28] and reported
as δ26Mg on theDSM3 scale [35]. The samples are diluted
to the same concentration as the standard (±10%),
typically 0.5–1.5 ppm. Samples are introduced into the
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Nu Instruments MC-ICPMS via an ARIDUS desolvating
nebuliser. Prior to analysis, levels of aluminum, iron,
manganese, potassium, sodium, silicon (Si) and Ca are
monitored to verify chemical purification. The 25Mg/24Mg
ratio is always analysed to ensure mass dependent
behaviour. All samples have had at least duplicate analyses
of a single column processed sample. The long term
reproducibility of Mg isotope ratios is evaluated by repeat
analysis of mono-elemental standards, Cambridge1 and
DSM3. The long term error (2 standard deviations) is
0.14‰, N=339, during the two year period of analysis of
the samples presented in this study. The integrity of the
total analytical procedure was verified by chemical
separation and analysis of a multi-elemental standard of
known Mg isotopic composition [32]. A synthetic multi-
elemental standard was purified through chemistry 16
times in total and underwent duplicate analysis each time,
yielding an average δ26Mg offset by only 0.06‰
compared to the mono-elemental standards [32]. In
addition two total procedural replicates of natural samples
are presented in Table 1. A conservative estimate of the
uncertainty is from these total procedural replicates.

Mg, Ca and Si concentrations on samples collected
for this study have been measured by inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES)
against synthetic standards and cross calibrated against
natural water standards ION 20 and SPSSW2 following
[36]. Repeat analysis of these standards demonstrates a
reproducibility within 3%. Strontium (Sr) isotope anal-
yses on samples has been achieved following a chemical
separation using Eichrom Sr spec SPS 50–100 μ mesh
resin and analysis by MC-ICP-MS. Analysis of NBS987
gave 0.710244 (2σext=0.000035, N=199) during the
period of analysis.

3. Results

Mg isotope ratios are presented as δ26Mg and δ25Mg
(Table 1). The regression of δ26Mg and δ25Mg yields a
slope1 of 0.519±0.009 compared to the theoretical
equilibrium fractionation slope of 0.521 [37]. Deviation
from the equilibrium fractionation line is expressed as
Δ25Mg′ [37] (Table 1). All samples in this study have a
Δ25Mg′ within error of equilibrium behaviour. Major
element concentrations and Sr isotope ratios are either
from this study or compiled from several sources ref-
erenced in the caption of Table 1.

There is a large range in Mg concentration in rivers
around the world. The most dilute river studied here is
1 The gradient is calculated by regressing δ26Mg′ and δ25Mg′
following Young and Galy [20].
the Amazon. However, the Amazon has the largest
discharge in the world [38] making the Amazon the
second largest river to supply Mg to the oceans after the
Chiang Jiang (Yangtze) at 8%2 of the total riverine flux.
The Huanghe (Yellow river) is the most concentrated
large river in this study, at 800 μmol/l but because of the
small discharge contributes only 1.4% of the riverine
Mg flux. Some rivers have been analysed more than
once and there is considerable variability between Mg
concentrations.

3.1. Mg isotope ratios in rivers

This study finds a range of 2.5‰ in δ26Mg for the 45
rivers analysed. This is approximately half the total ter-
restrial range reported for δ26Mg so far [20]. The heavi-
est water measured is Volvic mineral water at −0.3‰
draining volcanic rocks as a spring. The lightest Mg
isotope ratios in the present study are small rivers drain-
ing limestone at ca. −2.5‰.

To assess the variability between samples, more than
one sample has been analysed where possible. The dif-
ference of 0.5‰ for the Chiang Jiang (Yangtze) is
probably related to the different localities of the samples
(Tibetan headwaters and mouth). Repeats on the Ganges
and Amazon from different years give good agreement
within 2σext (Table 1). However, Tipper et al [32] have
observed an annual variation of 0.4‰ in a small
limestone dominated river and seasonal variations in
δ26Mg are clearly possible in large rivers.

3.2. Small rivers draining silicate rock

The range in δ26Mg for seven rivers draining silicate
rock is only 0.6‰. The rivers draining basalt and arc
complexes average −0.6±0.2‰ (2σmean, N=5). Al-
though there are significant differences in major element
chemistry between rivers draining basic igneous rock
and granite [39,40], the rivers in this study draining
granite and gneiss have a similar δ26Mg to the rivers
draining basic igneous rock. The Arran sample repre-
sents the average of two small rivers draining the Arran
granite of the British Tertiary Igneous Province in
Scotland [41]. The small tributary of the Marsyandi
(M0316) is from Formation 1 of the High Himalayan
Crystalline series (Nepal Himalaya) draining dominant-
ly biotite gneiss [42]. These rivers draining acidic crys-
talline rock have a δ26Mg of −0.8‰. However, some of
these small rivers are dilute in Mg concentrations and
2 Out of the 60 largest rivers in the world.



Table 1
Compilation of the largest rivers in the world which have been analysed for Mg isotope ratios

River Sample Date Stage Mg conc
(μmol/l)

Discharge
(km3/yr)

Mg flux
1010

(mol/yr)

δ26Mg±
2σm

δ25Mg±
2σm

Δ25

Mg′
N 87Sr/86Sr Si(OH)4/

Ca molar
ratio

Asian rivers
Chang Jiang(a) CH94 94 H 290 928 27 −1.45±0.03 −0.76±0.00 0.00 3 0.7107 0.11
Chang Jiang ace160 Sep-03 H 460 −0.91±0.13 −0.47±0.07 0.00 5 0.7105 0.10
Ganges(b,c) BGP4A Aug-96 H 200 493 10 −1.20±0.06 −0.64±0.01 −0.02 3 0.7291 0.27
Ganges BR213 Aug-02 H 160 493 8 −1.39±0.06 −0.70±0.09 0.02 3 0.7306 0.26

Major tributaries of the Ganges
Trisuli ett164 Sep-02 H 149 na na −1.29±0.03 −0.68±0.02 −0.01 2 0.7365 0.34
Trisuli rep 149 na na −1.43±0.11 −0.76±0.04 −0.01 2 na na
Karnali(b,c) NAG11 Nov-95 L 430 na na −1.54±0.09 −0.78±0.00 0.02 2 0.7299 0.16
Bheri(b,c) NAG14 Nov-95 L 440 na na −1.19±0.16 −0.62±0.13 0.00 3 0.7446 0.13
Kali
Gandaki(b,c)

NAG45 Dec-95 L 450 na na −1.54±0.03 −0.80±0.03 0.00 3 0.7313 0.11

Narayani(b,c) NAG 49 Dec-95 L 430 na na −1.33±0.04 −0.68±0.02 0.01 3 0.7364 0.20
Brahmaputra BR200 Aug-02 H 110 510 6 −0.98±0.02 −0.49±0.03 0.02 2 0.7179 0.32
Meghna BR221 Aug-02 H 120 1003 15 −1.10±0.09 −0.56±0.04 0.01 3 0.7232 0.32
Yarlung ace127 Aug-03 H 140 na na −0.99±0.00 −0.49±0.00 0.03 2 0.7130 0.20
Mekong(a) Aug-92 H 370 467 17 −1.12±0.02 −0.60±0.02 −0.01 2 0.7102 0.17
Mekong ace158 Sep-03 H 480 467 22 −1.03±0.08 −0.54±0.04 0.03 5 0.7097 0.08
Salween ace152 Sep-03 H 550 211 12 −0.82±0.05 −0.43±0.04 −0.01 3 0.7096 0.09
Irrawaddy HTD1 Sep-04 H 250 486 12 −0.86±0.04 −0.43±0.02 0.01 2 0.7101 4.06
Huanghe(a) CH94-6 94 H 850 55 5 −1.16±0.06 −0.58±0.02 0.02 3 0.7111 0.11
Sutlej 1U May-01 H 781 na na −1.57±0.05 −0.84±0.02 −0.02 3 0.7114 0.07
Narmada(a) IN98 2 98 H 490 39 2 −0.53±0.09 −0.24±0.05 0.04 2 0.7114 na
Quitang(d,e) c43 na 120 na na −1.04±0.05 −0.52±0.01 0.02 2 na 0.17

North and South America
Columbia Jun-05 M 210 236 5 −0.64±0.02 −0.31±0.05 0.02 2 0.7121 1.58
Mackenzie(f) CAN96.6 H 340 308 10 −1.70±0.07 −0.88±0.02 0.01 4 0.7110 0.06
Amazon(h) s336 H 44 6590 29 −0.87±0.05 −0.42±0.04 0.04 2 0.7109 0.96
Amazon(a,i) AM6/1.14 May-89 H 37 6590 24 −1.03±0.07 −0.53±0.04 0.00 3 0.7115 0.85
Orinoco(g) or451 Mar-83 L 49 1135 6 −0.65±0.10 −0.32±0.05 0.02 3 0.7182 0.96

Africa
Congo(a) Nov-89 H 59 1200 7 −0.59±0.09 −0.30±0.06 0.01 3 0.7192 0.19
Nile Apr-04 L 416 83 4 −0.52±0.09 −0.26±0.07 0.01 3 0.7070 0.16

Siberia
Lena(j) ul607 Jul-95 H 137 525 7 −1.28±0.08 −0.66±0.02 0.01 2 0.7105 2.36

Basaltics and Arc complexes
Tibetan Arc ace33 Aug-03 H 58 na na −0.75±0.09 −0.41±0.07 0.01 4 0.7140 0.31
Antilles Bras
David(k)

AN03-17 2003 H 89 na na −0.50±0.02 −0.26±0.03 0.00 3 8.02

Nass(l) CAN99
30

Jun-99 H 80 na na −0.86±0.08 −0.43±0.05 0.01 3 0.7053 0.12

Reunion Riviére
de l'est(m)

95-DR3 Feb-95 H 130 na na −0.55±0.04 −0.28±0.04 0.01 3 0.7044 2.58

Volvic 330 na na −0.31±0.03 −0.16±0.02 0.00 4 0.7083 2.04

Granite and gneissic
Arran Apr-04 H 29 na na −0.83±0.07 −0.43±0.03 0.01 2 0.7194 2.31
Marsyandi
HHCS trib

M0316 Oct-03 M 29 na na −0.78±0.08 −0.40±0.03 0.01 3 0.7370 0.77
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Table 1 (continued)

River Sample Date Stage Mg conc
(μmol/l)

Discharge
(km3/yr)

Mg flux
1010

(mol/yr)

δ26Mg±
2σm

δ25Mg±
2σm

Δ25

Mg′
N 87Sr/86Sr Si(OH)4/

Ca molar
ratio

Dolostone
Andhi Khola(b,c) Nh7 Mar-95 L 811 na na −1.35±0.08 −0.69±0.06 0.01 3 0.7846 0.11
Marsyandi

LHSS trib
ett153 Sep-02 H 841 na na −1.39±0.08 −0.73±0.04 0.00 3 0.8441 0.29

Limestone
Jura mean na 185 na na −2.52±0.11 −1.31±0.06 0.01 9 0.7076 0.02
Soaso K154 Aug-04 L 171 na na −2.43±0.04 −1.24±0.03 0.03 2 na 0.02

N represents the number of analyses by MC-ICP-MS of a single column processed sample except for the limestone rivers of the Jura and the rivers
from Arran where the data represent the average of N separate samples. For Volvic mineral water N is the number of total procedural replicates. na
is not available, rep = total procedural replicate. Discharge data is from Gaillardet et al. (1999) [54]. Chemical data sources are: (a) = Gaillardet et al.
(1999) [54], (b) = major element data from Galy and France-Lanord, (1999) [65] (c) = Sr isotope data from Galy et al. (1999) [66], (d) = major
element data from Hu et al. (1982) [67], (e) = Sr isotope data from Palmer and Edmond, (1992) [46], (f) = major element and Sr isotope data from
Millot et al. (2003) [53], (g) = major element data from Edmond et al, (1996)[48], (h) = major element and Sr isotope data from Stallard and Edmond,
(1883) [34], (i) = major element and Sr isotope data from Gaillardet et al, (1997) [68], (j) = major element and Sr isotope data from Huh et al. (1997)
[69], (k) = S. Rad (Personal communication), (l) = major element and Sr isotope data from Gaillardet et al. (2003) [70], (m) = major element and Sr
isotope data from Louvat and Allégre, (1997) [71].
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cyclic input may contribute to the Mg budget in these
rivers. At present there are no analyses of Mg isotope
ratios in rainwater and it is not possible to correct δ26Mg
for cyclic input. The small difference in δ26Mg between
rivers draining basic igneous rock and acid igneous rock
is within uncertainty and is therefore difficult to interpret
at present.

3.3. Rivers draining dolostone

Two representative small rivers draining the dolo-
mitic formations of the Lesser Himalayan Sedimentary
Series of Nepal were analysed. Both of these tributaries
are very concentrated in Mg at N800 μmol/l. The Mg/Ca
molar ratio of both samples is 0.93 close to the stoichi-
ometry of 1 as anticipated by the weathering of do-
lostone. The δ26Mg of both these tributaries is very
similar at −1.37±0.06‰. This is 0.7‰ lower than rivers
draining silicate rock.

3.4. Rivers draining limestone

Nine samples from the Jura mountains in Eastern
France were selected because they drain only limestone.
The δ26Mg presented in Table 1 represents the average of
these rivers. The Soaso is a small river from the Spanish
Pyrénées and drains only limestone. For these rivers the
Si(OH)4/Ca molar ratio b0.02 and the low dissolved Na
(63 and 9 μmol/l for the Jura mean and Soaso, respec-
tively) can be accounted for by cyclic input leading to
Na/Ca molar ratios of ca. zero. The Mg budget in rivers
draining limestone can be strongly influenced by small
amounts of silicate material or dolomite because Mg is
commonly a major constituent of silicate minerals and
dolomite but only a trace component of calcite. In spite
of this, the δ26Mg of these 10 limestone rivers are the
lightest that have been analysed in the present study
averaging −2.5‰, nearly 2‰ lower than that of silicates
and defining a very narrow range.

3.5. Large rivers

There is a range of 1.2‰ in the δ26Mg of the large
rivers analysed in this study. All the rivers have a δ26Mg
between the extremes defined by limestone and silicate.
The heaviest river is the Nile at −0.5‰ and the lightest
is the Mackenzie at −1.7‰.

There are small differences between the Asian rivers,
many of which have their headwaters in the Himalayan–
Tibetan-Plateau (HTP) region. TheGanges has an average
value of −1.3‰ similar to its large tributaries which
average −1.4‰. The large Himalayan rivers which drain
the Eastern HTP have slightly heavier Mg isotope ratios.
The average of the Brahmaputra, Yarlung Tsangpo,
Irrawaddy, Salween and Mekong is −0.9±0.2‰. The
Meghna (mixture of the Brahmaputra and Ganges) is
intermediate between the Brahmaputra and Ganges at
−1.1‰. The Chiang Jiang has the lightest δ26Mg of the
Asian rivers at−1.45‰ at themouth. This is significant as
it is the largest river in terms of Mg flux to the oceans.

The second largest river (in terms of Mg flux), the
Amazon, has an average δ26Mg of −0.95‰. Of the



Fig. 1. Range in δ26Mg for both rock and water. The limestone is an
average of values from [29,32] (N=8). Dolostone is from [29,45]
(N=6). Silicate is an average of continental crust, basalt and mineral
separates from [20,32,33,63,64] (N=41). The uncertainty of the small
limestone and dolomite draining rivers is smaller than the size of the
symbol. The error bars denote the range in rock values. The Himalayan
rivers are limestone dominated from [32]. Average±2σ error bar is
shown.
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remaining large rivers, there is a range in δ26Mg, with
the Orinoco, Congo, Nile, Narmada and Columbia sim-
ilar to small rivers which drain silicate rock with heavy
δ26Mg.

4. Controls on the Mg isotope ratios of rivers

The controls on the isotopic composition of rivers
waters are two fold. The composition of bedrock often
dominates the chemistry of rivers [38]. For stable iso-
topes however, fractionation in the weathering environ-
ment may be important during soil reactions or biomass
uptake [32,43,44]. Calcite precipitation is known to
fractionate Mg isotope ratios [29] and the preferential
retention of heavy Mg in soil during weathering of
silicate minerals also induces the formation of isotopi-
cally light Mg in the dissolved load [32]. Deconvolving
a fractionation control from a lithological control is
difficult for Mg isotope ratios, because the range in
rocks is about twice the range observed in most rivers
for δ26Mg. The approach in this study has been to
analyse mono-lithological small catchments to under-
stand the lithological control.

4.1. Small rivers

The small rivers draining silicate, dolostone and
limestone have distinct Mg isotope ratios which are
similar to the rock values (Fig. 1). The small rivers
draining silicate lithologies have a slightly lighter
δ26Mg than the bedrock (by 0.4‰ on average). This is
consistent with a retention of heavy Mg in soil reported
by [32].

The small Himalayan rivers draining dolomite have a
δ26Mg indistinguishable from the δ26Mg of the dolomite
rocks from the area at −1.46±0.20‰ (2σmean, N=3
[29]). A similar result has been found for speleothem drip
waters draining dolostone [29]. The data therefore imply
that Mg isotope ratios are not fractionated during
dolomite dissolution. It is noted, however, that there is
a large range in reported δ26Mg of dolomite from
different sample sites across the globe [29,45].

The small rivers draining limestone fall within the
range of δ26Mg defined by limestone bedrock (Fig. 1)
but are 0.8‰ heavier than the global average of
limestone reported so far [29,32]. A similar result has
been found in the Tethyan Himalaya [32] where lime-
stone dominated rivers are heavier than bedrock lime-
stone. This is also found in speleothem drip waters [29]
and may result from contamination by silicate material,
or in the case of the Jura and Soaso, may result from
cyclic contributions as these rivers are dilute.
4.2. Large rivers

At a global scale, the riverine Mg budget is derived
mainly from silicate and dolostone dissolution with Mg-
poor limestone contributing negligible amounts of Mg
[23]. On average, dolostone is 1.5‰ lighter than silicate
rock (Fig. 1). Based on our limited data, the incongruent
dissolution of silicate rocks induces an enrichment in
light isotopes of less than 0.4‰ in small catchments (see
previous section). The expected lithological control on
the isotopic composition of dissolved Mg at a global
scale is weak as evidenced by the lack of correlation
with parameters distinguishing dolostone from silicate
rocks (such as dissolved Si(OH)4/Ca or

87Sr/86Sr ratios,
Fig. 2a and b). Sr isotope ratios have been previously
used as a tracer of carbonate to silicate source lithologies
[46]. However, Himalayan rivers are distinct from
global trends [47] and rivers draining mantle derived
igneous rocks have distinct 87Sr/86Sr from continental
derived silicates. Even if these rivers are excluded from
the global data set there is no discernable trend between
87Sr/86Sr and δ26Mg, which combined with the lack of
trend with Si(OH)4/Ca suggests that lithology is not the
first order control of riverine Mg isotope ratios.

There may be several reasons why Mg isotope ratios
in rivers at a global scale cannot be described as a simple
two component mixture between dolostone and silicate.



Fig. 2. (a) Cross plot of δ26Mg vs 87Sr/86Sr. (b) Cross plot of δ26Mg vs
Si(OH)4/Ca molar ratio. Sr isotope and Si(OH)4/Ca data is either from
this study or from references in the caption of Table 1.

3 Out of the 60 largest rivers in the world [54].
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Firstly, despite the limited number of analysis, there is
already a range of 3‰ in the δ26Mg of dolomite (Fig. 1),
which could lead to scatter. Secondly, there is evidence
that Mg isotope ratios are fractionated during silicate
weathering [32]. The retention of heavy Mg in soil
enriches rivers in the light isotopes of Mg compared to
silicate rock. Part of the global variation in δ26Mg in
rivers may be attributed to fractionation in the
weathering environment.

There may be a distinction between transport and
weathering limited rivers. The Orinoco and Congo
rivers drain shield terrains and are transport limited [48–
50]. In these rivers erosion is at steady state and 90% of
the Mg flux is transported in the dissolved load [51].
The dissolved δ26Mg is within uncertainty of silicate
rock at −0.65 and −0.59‰, respectively. However,
sightly lighter Mg in the dissolved load would be con-
sistent with the enrichment in heavy isotopes in soil [32].
Assuming that the maximum difference between un-
weathered rock and the dissolved δ26Mg of the Congo is
the analytical uncertainty of 0.14‰, the Mg enrichment
factor associated with silicate weathering would be 10
times this difference (i.e. −1.4‰), by mass balance.
Altogether, the heavier Mg in soil compared to silicate
rock (0.5‰ [32]), the offset by 0.4‰ towards lighter Mg
in the dissolved in small rivers draining silicates, and the
mass balance of Mg in transport limited rivers strongly
suggest a Mg enrichment factor in the order of −1.5 to
−0.5‰ associated with silicate weathering.

The Columbia, Nile and Narmada also have similar
δ26Mg to the rivers which drain silicate rocks but are not
transport limited. These rivers drain dominantly basalt
[46,52] (The Columbia flood basalt, Ethiopian traps and
Deccan traps) consistent with the low 87Sr/86Sr ratios.
Similar values for the δ26Mg of the dissolved load and
fresh rock in these rivers could either reflect a smaller
fractionation factor during the weathering of basaltic
lithologies, or the chemical weathering of soil in a non-
steady state scenario. In contrast, rivers which are
weathering limited have lighter Mg isotope ratios than
silicate bedrock. The Himalayan rivers and Arctic rivers
have δ26Mgb−0.9‰. Assessing the extent to which
this reflects a fractionation or a mixture with a carbonate
source is not straightforward. The Mackenzie river, with
the lightest δ26Mg of the large rivers in this study, is
known to have Mg-rich limestone and also black shale
in the catchment [53]. Despite the large climatic dif-
ferences between the rivers, such as the Mackenzie and
Lena from arctic environments and the Congo or Am-
azon from tropical environments, there is little system-
atic variation in δ26Mg suggesting that at a global scale,
climate is not a first order control.

5. The oceanic mass balance of Mg

The rivers analysed in this study constitute approx-
imately 30% of the riverine flux of Mg to the oceans and
it is therefore possible to estimate the δ26Mg of global
runoff. The two most influential rivers for the oceanic
Mg budget are the Chiang Jiang and the Amazon (8 and
7% of the total riverine flux respectively3) because of
their very high discharge (Table 1). A flux weighted
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mean δ26Mg of the riverine input to the ocean has been
estimated as

P
y26Mg ¼

Xn
n¼1

FiCiy
26Mgi

Pn
i¼1

FiCi

ð1Þ

where Fi is the discharge in an individual river and Ci is
the concentration in an individual river. The Salween
data used in this average was collected in Tibet ca.
1000 km from the mouth and has a similar δ26Mg to the
Mekong and the Irrawaddy. Therefore it is probably
representative of the δ26Mg close to the mouth. The best
estimate from the data presented in the present study isP
y26Mg ¼ −1:09x.

The uncertainty in the estimate of the mean riverine
δ26Mg arises from both scatter in the set of rivers
analysed but is dominated by the 70% of the Mg flux
which has not been analysed, notably the Mississippi
and Danube accounting for 6 and 7% of the riverine Mg
flux respectively. The uncertainty in δ26Mg needs to
take account of the rivers that have not been analysed.
This is estimated as the standard deviation of the flux
weighted δ26Mg of the rivers which have been analysed
for δ26Mg:

SD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

fFiCiðy26Mgi−�26MgÞ2g

ðn−1ÞPn
i¼1

FiCi

vuuuuuut ð2Þ

following [55]. The uncertainty, σδ
26

Mg, of the riverine
�26Mg is then estimated as:

ry26Mg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SD2F2

uC
2
u þ

Xn
i¼1

friFiCig2

FuCu þ
Pn
i¼1

FiCig
� �2

vuuuuuut ð3Þ

following [55], where FuCu is the riverine flux of Mg
which has not been measured for δ26Mg, and σi is the
analytical uncertainty on δ26Mg for each river analysed.
The uncertainty on

P
y26Mg (σδ

26
Mg) is estimated as

0.05‰, smaller than the analytical uncertainty on each
measurement. This uncertainty assumes that the distri-
bution of unsampled rivers is similar to the sampled
rivers and does not take into account uncertainty in
discharge and concentration but given that the estimate
is based on 16 samples, the associated uncertainty is
likely smaller than the analytical uncertainty of Mg
isotope measurements.

P
y26Mg is therefore distinct from

seawater δ26Mg at −0.82±0.1‰ by almost 0.3‰.
Although some large rivers such as the Danube have not
been analysed, this river has a Mg/Ca ratio of 0.76 [38],
suggestive of dolomite weathering and it is probable that
its δ26Mg is lighter than seawater.

Groundwater could modify the isotopic composition
of the continental flux to the oceans as it could comprise
as much as 10% of the riverine discharge to the oceans
[25,26]. At present there are only two measurements of
groundwater for δ26Mg [29,32] and both are isotopically
lighter than both seawater and

―
δ26Mg. Tipper et al [32]

have suggested Himalayan groundwaters are fraction-
ated to isotopically lighter values than silicate rock. It is
therefore assumed that groundwater is distinct from
seawater and probably isotopically lighter than

P
y26Mg.

5.1. Constraining the oceanic cycle of Mg

The measurement of the Mg isotope composition of
the riverine input of Mg to the oceans allows a first order
assessment of the marine Mg budget. To sustain a
difference between the riverine δ26Mg and the δ26Mg of
seawater requires either:

(1) The modern ocean is not at steady state with
respect to Mg isotope ratios, or

(2) Mg isotope ratios must be fractionated in the
ocean.

Both of these possibilities have been investigated and
they are not mutually exclusive. In a simplified oceanic
system, Mg is delivered to the oceans via the riverine
flux (Fig. 3). The oceanic sinks of Mg are two fold.
Analysis of hydrothermal fluids has revealed that they
are depleted in Mg relative to seawater [4,56–58] and it
has been assumed that the removal of Mg by hydro-
thermal circulation at mid-ocean ridges is quantitative.
This is a reasonable assumption in high temperature
hydrothermal fluids where N80% of the Mg present is
removed from solution [58]. However, estimates vary as
to the relative importance between high temperature
axial circulation and low temperature off axis hydro-
thermal circulation where only a small amount of Mg
(b10%) is removed from solution [58,59]. This return
flux of Mg is potentially associated with an isotopic
fractionation. There are presently no measurements of
Mg isotope ratios in hydrothermal fluids, but given that



Fig. 3. Schematic of the global Mg cycle, with estimates of fluxes in
Tmol/yr from [7].
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small rivers draining silicate rock are enriched in the
light isotopes of Mg (Fig. 1), it is probable that any
fractionation during hydrothermal alteration will en-
hance the isotopic difference between seawater and the
source of Mg.

Estimates of the hydrothermal sink of Mg vary from
54 to 100%[18,14] and a recent review proposed that
80–87% of the input flux of Mg is removed by
hydrothermal circulation at mid-ocean ridges [12]. The
remaining Mg is removed by a combination of marine
carbonate (biogenic calcite and dolomite), ion exchange
reactions between Ca and Mg in clays and the pre-
cipitation of authigenic minerals [11,12]. Therefore,
solving the isotopic mass balance for the modern ocean
should place new constrains on the importance of the
hydrothermal sink of Mg.

The governing equation for the budget of an isotopic
ratio such as 26Mg/24Mg in seawater may be derived
from the conservation equations for individual isotopes
of Mg [60] and the rate of change of δ26Mg in the
oceans (δsw) is given by

dNMgysw
dt

¼ yrivJriv−yhydJhyd−yotherJother ð4Þ
where δsw is the δ26Mg of seawater, δriv is the δ
26Mg of

the riverine input, δhyd is the δ
26Mg of the hydrothermal

output and δother is the δ26Mg of the remaining output
flux of Mg considered in the following as carbonate with
the other sinks such as ion exchange reactions and clays
assumed to be negligible in this first order assessment.
NMg is the total number of moles of Mg in the ocean.
J represents the fluxes for each of the inputs and
outputs.

5.2. Steady state scenario

Assuming the ocean is at steady state with respect to
isotopic composition, Eq. (4) simplifies to:

yrivJriv ¼ yhydJhyd þ yotherJother ð5Þ

As a consequence of steady state with respect to
concentration, the input flux of Mg must equal the
output:

Jother ¼ Jriv−Jhyd ð6Þ

hence

yother ¼ yrivJriv−yhydJhyd
Jriv−Jhyd

u
yriv

Jriv
Jhyd

−yhyd
Jriv
Jhyd

−1
ð7Þ

Assuming that no Mg is returned to the ocean from
hydrothermal circulation [4], implies that δhyd=δsw.
Assuming that ion exchange reactions and clays are a
negligible sink of Mg (they represent between 0 to 16%
of the total Mg sink [18,7]), the δother in Eq. (7)
corresponds to the δ26Mg of bulk carbonate. To satisfy
the oceanic mass balance of Ca this carbonate must be
mainly dolomite and not calcite [7] because of the lower
Mg/Ca ratio of calcite would require 100–1000 times
more Ca to be precipitated than Mg. Therefore, a first
order assessment of a steady state scenario for the
modern ocean predicts that the δ26Mg of modern
dolomite is only a function of the isotopic composition
of the riverine input and the relative importance of the
hydrothermal output and the dolomite output (Fig. 4a).

For the �26Mg estimated from the global rivers the
δother falls within the range −3.2 to −2‰ using the 80–
87% range in Jhyd / (Jhyd+Jother) as estimated by [12]
(Fig. 4). This is consistent with the literature range of
δ26Mg for marine carbonates [29,32,45]. The inferred
δother of −3.2 to −2‰ is on average slightly lighter than
the current best estimate for dolomite at −2‰ but
unsurprisingly given the biomineralisation of dolomite



Fig. 4. (a) δcarb plotted as a function of the proportion of hydrothermal
to total Mg sink for a steady state modern ocean. The black arrow
shows the current best estimate for the difference in δ26Mg between
modern seawater and modern dolomite. The grey arrow shows the
maximum estimate for the difference in δ26Mg between modern
seawater and modern dolomite and the white arrow the minimum
estimate. (b) Schematic showing the likely response of δ26Mg in
seawater by changing the proportion of the Mg sink between
hydrothermal circulation and carbonate. The solid line is calculated
for the estimated δ26Mg of runoff for the present day and the dotted
lines are calculated for the δ26Mg of the heaviest and lightest large
rivers presented in this study. With a greater carbonate sink of Mg (as
may have been the case in the geological past) the ocean is likely to
evolve to a heavier δ26Mg (see Section 5.4 for further discussion). The
dot shows modern seawater.
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leads to variable fractionation factors between seawater
and dolomite [45].

A lower Mg removal by dolomite of 0.1 Tmol/yr
based on an estimate of Jhyd / (Jhyd+Jcarb) of 0.98 [5,7]
would require a very negative composition of the car-
bonate sink with an unrealistic δcarb of −14‰. The most
negative dolomite composition measured so far may be
used to place a minimum dolomite flux from the ocean
using Eq. (7). A dolomite δ26Mg of −4‰ [45] would
require that 9% of the sink of Mg from the oceans is via
dolomite and only 91% via hydrothermal circulation.
Whilst this is greater than some estimates of the do-
lomitic sink of Mg, it is consistent with that of Holland,
(2005) [18] and Elderfield and Schultz, (1996) [12]. It is
possible that the dolomitic sink is smaller, but the other
sinks such as ion-exchange reactions, reverse weathering
or hydrothermal circulation must preferentially scavenge
light isotopes in order to fulfill the steady state scenario.
This is unlikely given that the Mg enrichment factor (see
Section 5) associated with continental silicate weather-
ing and soil formation is (1) small, and (2) in the wrong
direction to reconcile the difference between modern
seawater and the riverine δ26Mg.

5.3. Non steady state scenario

Alternatively, it is possible to reconcile the difference
between the riverine input to the ocean and the Mg
isotope composition of the ocean by a system which is
not at steady state as has recently been proposed for Mg
concentrations [18]. It is possible that the ocean is not at
steady state for Mg concentration but maintained at
steady state for Mg isotope ratios, given a restricted set
of boundary conditions, for the Mg isotope composition
of the riverine input, the importance of the dolomite sink
and the fractionation associated to it. More likely, if the
Mg concentration is not at steady state, then the Mg
isotope composition is not at steady state and will have
changed through time.

5.4. Potential changes in Mg isotope ratios in seawater
through time

Over geological time scales there is strong evidence
that the ocean has not been at steady state for Mg
concentrations. Several studies have modelled the evo-
lution of seawater over geological time [7,9,13,17,18] or
have estimated changes in seawater composition from
fluid inclusions [15,16,61]. Whilst there is discordance
over the changes in seawater composition, there is an
agreement that both the Mg concentration in seawater
and the amount of dolomite accumulation during the
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Phanerozoic has been variable. It is therefore anticipated
that the Mg isotope composition of seawater may also
have been variable over geological timescales. It is not
possible to accurately predict how oceanic δ26Mg may
have varied in the past, but the magnitude of potential
changes in oceanic δ26Mg can be predicted by
considering models of oceanic Mg cycling.

One of the major factors which may impact marine
δ26Mg is a shift in the relative proportion of marine Mg
lost to hydrothermal circulation and dolomite precipita-
tion. Wilkinson and Algeo, (1989) [7] suggested that as
much as 90% of Mg is lost to a carbonate sink during
enhanced periods of dolomitisation. Such a change could
induce a shift in the δ26Mg of seawater by up to 1.5‰
towards isotopically heavier values (Fig. 4b).Maintain-
ing the Mg isotope composition of seawater constant
with a greater dolomitic sink of Mg would require a
significantly lighter input ofMg compared to the modern
riverine input (Fig. 4b). A lighter riverine input could be
achieved by enhanced dolomite weathering or enhanced
silicate weathering in a weathering limited regime sim-
ilar to the modern Amazon or HTP rivers. Periods of
enhanced dolomitisation are thought to occur during
extended periods of high sea level and atmospheric CO2

[62] which are probably less favorable for weathering
limited conditions, compared to the modern day.

The implications from these simple simulations
(Fig. 4a and b) are that the δ26Mg of seawater may be
variable in geological time outside of analytical un-
certainty. Small imbalances between the isotopic com-
position of the input and output fluxes will create
differences in the δ26Mg of seawater. This is, in part a
consequence of Mg isotope fractionation during the
weathering of silicate rock and in part because of the
fractionation induced by the precipitation of marine
carbonate. Further imbalances in the Mg isotope budget
of the ocean through time derive from shifting the
proportion of the output flux to more dolomite and less
hydrothermal circulation.

6. Conclusions

We have measured the Mg isotope ratios in 45 rivers
including 16 of the largest rivers in the world from a
range of lithotectonic and climatic settings. There is a
2.5‰ range in the rivers analysed reflecting Mg isotope
heterogeneity in source rock and fractionation during
weathering. There are no correlations between δ26Mg
and proxies for lithology such as 87Sr/86Sr and Si(OH)4/
Ca andMg isotope ratios in rivers at a global scale cannot
be adequately represented by a two component mixture.
The rivers analysed constitute 30% of the global riverine
flux of Mg to the oceans. A flux weighted average of the
Mg isotope composition of global runoff has been
calculated as −1.09±0.05‰. This is distinct from the
δ26Mg of seawater at −0.82‰, even if 2σ uncertainty is
considered. An important implication from this is that
either Mg isotope ratios must be fractionated in seawater
by carbonate precipitation, or, the modern ocean is not at
steady state with respect to Mg. To a first order, the
marine mass balance of Mg isotopic ratios can be ap-
proximated by a riverine input and output via hydro-
thermal circulation at mid-ocean ridges and via Mg
carbonate. The mass balance of Mg isotope ratios of the
modern ocean implies that at least 9% of the Mg flux
from the oceans must be removed by deposition of
dolomite, assuming that the modern ocean is in steady
state. This is greater than some estimates of the dolomite
flux and will need to be accounted for in future models of
oceanic Mg. The implications for seawater over geo-
logical time are the Mg isotope ratios may have varied
outside of current analytical uncertainty. Mg isotope
ratios may therefore provide a valuable new tracer in
palaeo-oceanography.
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