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Abstract

Magnesium isotope behavior in dissolution and precipitation reactions during chemical weathering have been well docu-
mented. However, mechanisms of mineral dissolution and precipitation impact on the riverine Mg isotope composition under
different climatic and geology background are not well constrained, which limits Mg isotope application in weathering
research. Mg isotopic compositions for solute and suspended sediments in Jinsha River Basin, located in Tibetan Plateau,
China, were examined to address this issue. The d26Mg values for dissolved loads range from �1.67‰ to �0.5‰, and the
suspended loads show systematically heavier Mg isotope compositions (�1.15‰ to �0.06‰). Conservative mixing between
different rock weathering end-members fails to fully explain Mg isotopic composition variation of Jinsha River waters based
on mass balance and mixing model with the river geochemistry data. Mg in rivers draining dominantly carbonate and evap-
orite is isotopically heavier compared with the value of catchment bedrocks, and water pH and d26Mg values are negatively
correlated in carbonate (calcite and dolomite) oversaturated river waters, which suggests the precipitation of secondary car-
bonate as an important mechanism driving the d26Mg of dissolved loads heavier. For carbonate unsaturated waters, Mg con-
centrations and d26Mg values are intermediate between those of silicate dominated basins and carbonate oversaturated
waters. The results suggest two possible different mechanisms controlling river solute d26Mg values: fractionation during car-
bonate precipitation incorporating of Mg; and conservative mixing between a solute end-member formed from carbonate pre-
cipitation and end-members from rock weathering. This study provides new evidence and insights in carbonate precipitation
processes regulating river Mg isotope signature and its potential influence on Mg cycling.
� 2019 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Weathering of Ca-Mg silicate rocks consumes atmo-
spheric CO2 and regulates global climate over geological
timescales. Magnesium is released from primary minerals
during weathering reactions, delivered into the oceans via
surface and groundwater systems, and is removed from
ocean by hydrothermal exchange, marine carbonate deposi-
tion and ion exchange reactions with clays (Elderfield and
Schultz, 1996). The Mg behavior in chemical weathering
is an important process in Mg biogeochemical cycling,
and Mg isotope system is applicable of exploring this pro-
cess. Mg isotopes show limited fractionation during crustal
differentiation while large fractionation during chemical
weathering (Li et al., 2010). Due to the large relative mass
differences (�8% between 24Mg and 26Mg), Mg isotopes
are subjected to mass fractionation during weathering reac-
tion and secondary mineral formation, which makes them
potential tracers for weathering processes (Pogge von
Strandmann et al., 2008; Wimpenny et al., 2011;
Opfergelt et al., 2012).

Rivers integrate the weathering and erosion information
and material in the basins. Previous studies have suggested
lithology as a dominant control on river water chemistry
(e.g. Gaillardet et al., 1999). The major source of riverine
Mg is carbonate and silicate weathering, which have con-
trasted Mg isotopic composition values (d26Mg), ranging
from �5.14‰ to �1.1‰ (Galy et al., 2002; Higgins and
Schrag, 2010, 2012, 2015) and �0.7‰ to +0.9‰ (Li et al.,
2010; Telus et al., 2012) respectively. Conservative mixing
of water mass from different rock weathering end-
members has been advocated as the dominant control on
Mg isotope composition of river water in many studies
(Jacobson et al., 2010; Lee et al., 2014; Fan et al., 2016).
However, studies of the mono-lithological silicate catch-
ments have suggested that d26Mg of river waters could
not be fully explained by the conservative mixing between
different isotopic signatures of drainage bedrocks (e.g.
Tipper et al., 2006a). Besides the distinct Mg isotopic com-
position range of carbonate and silicate rocks, Mg isotopes
are well documented of their fractionation during the disso-
lution and precipitation reactions (Mavromatis et al., 2013;
Wimpenny et al., 2014). Dominant control of secondary
mineral formation on d26Mg of river water is proposed
(Tipper et al., 2006a, 2012; Pogge von Strandmann et al.,
2008). Precipitation of secondary phases, which is con-
trolled by the average Mg-O distance in secondary phases,
either enriching light Mg in secondary carbonate (Buhl
et al., 2007; Galy et al., 2002) or generally favoring heavy
Mg in clay minerals (Brenot et al., 2008; Opfergelt et al.,
2012; Wimpenny et al., 2014), together with processes such
as ion exchange (Jacobson et al., 2010), and plant uptake
(Black et al., 2008; Bolou-Bi et al., 2010), are reported as
potential factors drifting the river d26Mg away from the
value of basin bedrocks. However, how precipitation of sec-
ondary minerals influences d26Mg values at basin/global
scale, and what is the first order control on the dissolved
Mg isotope compositions in river systems with different
background remain unclear. Studies about climatic control
on riverine Mg isotope composition are rare. Tipper et al.
(2006b) reported different d26Mg values of river water in
arctic and tropical environments, but the river Mg isotope
variation and its mechanisms in arid regions have not been
reported yet. Hence, more explorations on riverine Mg iso-
topes in different climatic and geologic background settings
are worthwhile.

In this study, Jinsha River Basin is selected to explore
the behavior of Mg isotopes during weathering processes.
As one of the largest rivers draining Tibetan Plateau, Jinsha
River is the upper reach of Yangtze River which is the lar-
gest river in term of Mg flux to the oceans (approximately
equal to Amazon River, Tipper et al., 2006b). The upper-
middle reaches of Jinsha River Basin are in arid to semi-
arid climate, widely distributed by carbonates and evapor-
ites, and characterized by intense evaporation and carbon-
ate precipitation (e.g. Yang et al., 2015). The river
chemistry shows that waters are basically oversaturated
with respect to calcite and dolomite in this area (calculated
from Wu et al., 2008; Noh et al., 2009). Mg isotopic com-
positions for both dissolved and suspended loads in the Jin-
sha River main channel and its tributaries were
investigated. We found that the formation of secondary
carbonate is an important mechanism driving the Mg iso-
tope composition heavier than conservative mixing process
only in Jinsha River waters, and Mg isotopes could be a
powerful tool to constrain these processes occurring at
basin scale.

2. STUDY AREA

The Jinsha River, the headwater of Yangtze River, is
located in the Tibetan Plateau and North Yunnan Plateau.
It accounts for approximately 35% of the total river length
and 14% of the draining area of Yangtze River which is one
of the world’s largest river (Noh et al., 2009). The Jinsha
River originates from the Geladandong Peak (with an ele-
vation of 6621 m) of the Tanggula Mountains in the north
Tibetan Plateau. There are three source tributaries, which
are Dangqu River (south source), Chumaer River (north
source) and Tuotuo River (the main source). They converge
as Tongtian River, which is the upper reaches of Jinsha
River, flowing through the Hengduan Mountains and into
the warm and humid Sichuan Basin (Fig. 1).

Climate condition shows large spatially and temporally
variation in the study area. The mean annual precipitation
(MAP) decreases from the southeast to northwest, with
90% precipitation happens during May to October. The
evaporation is intense especially in upper reaches of Jinsha
River Basin. The Tuotuo River Basin, Chumaer River
Basin and Dangqu River Basin in source areas are in cold
and dry climate regime, with the mean annual temperature
(MAT) below 4 �C, the MAP ranging from 200 mm to
500 mm, and annual evaporation of 1690 mm. Southern
areas of this basin (downstream of Jinsha River) are con-
trolled by maritime southwest monsoon and southeast
monsoon, which results in a damp and rainy climate there.
The MAP in the downstream area of Jinsha River, from
Lijiang to Panzhihua, is 900–1300 mm (Wu et al., 2008).
Overall, there are three vegetation community types in
Jinsha River Basin: the alpine meadow in the source area,



Fig. 1. Map showing sample locations and geology of the Jinsha River Basin, Southeast Tibetan Plateau.
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arid-semiarid scrub in the upper-middle reaches (upward
from Shigu), and combination of coniferous forest and sub-
tropical forest at the lower reaches (Ren et al., 2016), in
accordance with climate regime change. The Jinsha River
Basin is relatively pristine, and the average population den-
sity of Yushu City is less than 2 persons/km2 (website of
Ministry of Civil Affairs of the People’s Republic of China,
available at http://202.108.98.30). Anthropogenic input in
this basin is negligible (Wu et al., 2008; Noh et al., 2009).

The majority of areas of the Jinsha River Basin are cov-
ered by Triassic sedimentary formation, which can be
divided into three sedimentary lithologies: clastic rocks
(mainly sandstone and slate), limestone occasionally inter-
calated with volcanic rocks and gypsum beds, and
intermediate-acidic volcanic rocks in Upper Triassic; clastic
rocks and limestone with volcanic rocks in Middle Triassic;
and limestone, sandstone and slate intercalated with basalt
and siliceous rocks in Lower Triassic (Editorial Committee
of Geology of Three River, 1986). According to the lithol-
ogy classification (Dürr et al., 2005) and distribution statis-
tics of Jinsha River Basin (Noh et al., 2009), about 70% of
the Jinsha River Basin is underlain by mixed consolidated
rocks (with 30–70% carbonate), 10% of complex lithology
including sedimentary rocks and volcanic rocks with meta-
morphic rocks, and 10% of siliciclastic consolidated rocks
mainly consisting of clay, siltstone, mudstone and carbon-
ate. Spatially, the upstream of Jinsha River Basin is covered
by clastic rocks with evaporates layers, and rare igneous
outcrops. In the river basin downwards from Yushu to
Batang, clastic rock, carbonate and granitoid rocks are
widely distributed. Some ophiolitic melanges were found
at the suture zones near Batang, dominated by basic and
ultrabasic rock and limestone (Wang et al., 2000). Precam-
brian high grade metamorphic rocks expose around Shigu,
the first big bend of the Yangtze River. Clastic rocks, car-
bonates, fluvial deposits and granites are distributed
throughout the lower reaches from Shigu to Panzhihua.

3. FIELD AND ANALYTICAL TECHNIQUES

3.1. Sampling

River waters and suspended sediments were collected
along the Jinsha River in July, 2013. Temperature, pH
and electrical conductivity were measured in the field with
a portable EC/pH meter (pH/�C: ±0.05/0.5 �C). Water
samples were filtered in the field through 0.22 lm cellulose
acetate filters, and the alkalinity was titrated by hydrochlo-
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ric acid in the same day of sampling. Filtered water samples
were stored in pre-acid-cleaned high density polyethylene
bottles and those for analysis of cations and Mg isotopes
were acidified to pH < 2 with ultrapure HNO3. Two rain
samples were collected at Shigu and Gula village respec-
tively (Fig. 1).

3.2. Analytical methods

Suspended sediments were grounded to 200 mesh and
dissolved in high pressure bomb using a mixture of concen-
trated HNO3-HF (1:1, v/v) in 190 for 48 h and dried up
with 1 ml HNO3 twice, and finally dissolved in 2% HNO3

for chemistry analyzing and in 1 N HNO3 for Mg separa-
tion. Concentrations of cations and anions for the water
samples were determined using Perkin Elmer inductively
coupled plasma mass spectrometry (model Elan DRC-e)
and Dionex Ion Chromatography (model ICS-1500) with
uncertainties better than 5% and 10%, respectively. The
mineral compositions of suspended sediment were deter-
mined by X-ray Diffraction (XRD) (Bruker D8 Advance)
with a scan speed of 1� min�1. The chemical purification
procedure of Mg employed in this study was adapted from
Teng et al. (2007). The chromatographic purification was
processed in a Savillex micro-column filled with 2 ml Bio-
Rad AG50-X12 (200–400 mesh) cation resin. The resin
was conditioned with 5 ml 1 N HNO3 and then sample with
20 lg Mg was loaded and eluted by 1 N HNO3. Since Mg
isotopes can be significantly fractionated during ion
exchange processes, it is obligatory to obtain Mg yield close
to 100%. The total blank and the recovery of the sample
purification procedure were <10 ng and >99%, respectively.
Chemistry analysis and Mg purification were conducted in
the hydrochemistry and environmental laboratory at the
Institute of Geology and Geophysics, Chinese Academy
of Sciences.

Mg isotope ratios were measured by Neptune Plus MC-
ICP-MS at the Isotope Geochemistry Laboratory of the
China University of Geosciences, Beijing. The Mg concen-
tration of the sample was adjusted to the same concentra-
tion (±10%) as the standard, about 400 ppb, which yields
beam intensity of �8 V for 24Mg with background Mg sig-
nals <10�4 V. All samples and standards were introduced
to the Ar plasma in 3% HNO3 using a ‘‘wet” sample intro-
duction system with a quartz spray chamber and a 50 ll/
min PFA nebulizer. A single analysis of Mg isotope ratio
is corresponded to one bracket using standard-sample
bracketing method (DSM-3 as standard), the standard-
sample sequence was repeated 4 times for each sample to
get a reproducibility. All data are reported in delta notation
relative to DSM-3:

d xMg ¼
xMg= 24Mg

� �
sample

xMg= 24Mg
� �

DSM�3

� 1

0
B@

1
CA� 1000 ð1Þ

where x = 25 or 26. Long term external precision (2SD) is
±0.06‰ for d26Mg and ±0.05‰ for d25Mg (Ke et al.,
2016). Reduplicated measurements of the BHVO-2 yield
average d26Mg = �0.23‰ ± 0.02 (2SD, n = 10), identical
to those reported in the previous studies within uncertainty
(Huang et al., 2012; Ke et al., 2016). The instrument work-
ing condition was detailed in Ke et al. (2016).

4. RESULTS

4.1. Major element concentrations

The electrical conductivities of river water show large
variations, ranging from 21 to 2387 lS/cm. Concentrations
of dissolved elements vary significantly, from 41.1 to
1471.9 lmol/L for Mg, 38.5 to 1942.3 lmol/L for Ca,
51.9 to 15025.4 lmol/L for Na. Calcite saturation index
(CSI) and dolomite saturation index (DSI) were calculated
(Table 1) with PHREEQC program (Parkhurst and
Appelo, 1999) to evaluate the calcite and dolomite satura-
tion status for river waters. River waters which are calcite
oversaturated are generally dolomite oversaturated.

The head water of the Jinsha River shows significant
evaporite influence on water chemistry, which is in accor-
dance with previous studies (e.g. Wu et al., 2008; Noh
et al., 2009). Two headwater tributaries (JSJ-01 and JSJ-
02) exhibit extremely high Na+, Ca2+, Cl�, and SO4

2� con-
centrations, which are supposed to be the result of halite
and gypsum/anhydrite dissolution. These ion concentra-
tions generally decrease along mainstreams resulted by dilu-
tion effect (Table 1). Significant correlations are observed
between Na+ and Cl� (R2 = 0.99), K+ and Cl�

(R2 = 0.84, except JSJ-02), and SO4
2� is positively corre-

lated with Ca2+ (R2 = 0.53). Gypsum/anhydrite is scattered
throughout the upper basin area, and the importance of
Mg-associated SO4

2� in river water is emphasized (Noh
et al., 2009). The saline lakes (e.g. Hoh Xil Lake, Zhuonai
Lake, and Xijir Ulan Lake) located in the vicinity of source
area of Jinsha River Basin are mainly magnesium sulfate
subtype lakes with high Mg2+ and SO4

2� concentrations
(Zheng and Liu, 2010). The associated mineral assemblages
of these lakes are epsomite, bloedite, and bischofite. An
excess of SO4

2� relative to Ca2+ concentration was observed
for sample JSJ-02, showing the possible existence of magne-
sium or sodium sulfate salts. Ca2+ and HCO3

� are the dom-
inant ions in river waters, and HCO3

� is well-correlated with
Ca2+ (R2 = 0.94), implying significant solute contribution
from carbonate weathering in Jinsha River waters.

4.2. Magnesium isotopic compositions

Dissolved loads show a wide range of d26Mg values
(from �1.67‰ to �0.50‰), within the ranges of dissolved
loads from world other watersheds, e.g. Yellow River
(�1.53‰ to �0.11‰, Fan et al., 2016), Marsyandi River
at south Himalaya (�2.08‰ to �0.77‰, Tipper et al.,
2008), and Mackenzie River (�1.7‰ to �0.86‰, Tipper
et al., 2012). The main channel is characterized by a narrow
solute d26Mg range from �1.25‰ to �0.86‰. Water sam-
ples are characterized by systematically lighter Mg isotope
composition relative to the suspended loads, which range
from �1.15‰ to �0.06‰ (Table 2). Two rain waters with
similar d26Mg values at �1.84‰ and �1.82‰, are isotopi-
cally lighter than the river waters, seawater (�0.82‰,



Table 1
Elemental concentrations and Mg isotopic compositions of river water.

Samples pH T HCO3
� F� Cl� NO3

� SO4
2� SiO2 K Na Ca Mg d25Mg 2r d26Mg 2r CSI DSI

mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L mmol/L ‰

Tributaries

JSJ-01 7.87 13.7 2484.9 12.5 5841.6 3.9 748.0 115.2 286.9 6050.6 1107.1 455.2 �0.49 0.02 �0.96 0.04 0.01 �0.39
JSJ-03 7.86 12.9 1570.7 6.9 858.5 8.2 202.7 39.4 57.0 758.9 579.2 380.1 �0.53 0.01 �0.99 0.06 �0.39 �1.00
JSJ-04 7.89 15.4 2436.3 6.4 2774.4 11.1 853.7 54.4 48.1 2260.4 892.8 1257.5 �0.38 0.03 �0.74 0.06 �0.03 0.09
JSJ-05 8.27 17.8 2466.1 5.0 232.7 105.9 347.5 61.6 26.2 466.5 1207.0 420.1 �0.63 0.05 �1.25 0.02 0.58 0.73
JSJ-06 8.28 15.3 3289.7 6.3 61.9 98.6 83.0 115.2 29.5 250.6 1407.6 454.8 �0.62 0.05 �1.22 0.03 0.74 1.00
JSJ-07 8.13 15.3 3585.5 3.7 242.6 164.6 1086.5 84.5 25.3 472.2 1495.1 1471.9 �0.29 0.01 �0.59 0.03 0.59 1.17
JSJ-08 8.15 10.3 4070.7 9.0 397.7 116.8 1037.6 99.5 38.2 1006.9 1779.9 1109.2 �0.37 0.05 �0.75 0.03 0.66 1.03
JSJ-11 7.05 11.6 2295.7 11.6 16.5 96.7 194.3 78.8 32.6 101.4 939.1 464.1 �0.51 0.01 �0.99 0.05 �0.92 �2.22
JSJ-12 7.55 12.2 1751.3 3.1 12.5 51.1 284.4 82.3 19.1 57.1 976.4 253.9 �0.49 0.03 �0.98 0.05 �0.45 �1.54
JSJ-13 6.92 13.2 2035.3 3.2 13.0 85.1 197.8 88.1 24.9 66.9 911.1 387.2 �0.54 0.04 �1.06 0.05 �1.11 �2.63
JSJ-14 7.87 15.7 1285.1 16.9 12.4 87.0 89.4 80.9 20.0 78.9 539.7 219.0 �0.56 0.04 �1.07 0.03 �0.42 �1.23
JSJ-15 8.00 14.0 1396.3 5.7 10.7 59.4 175.0 78.8 20.2 81.7 653.4 243.4 �0.42 0.02 �0.83 0.01 �0.21 �0.87
JSJ-16 7.93 14.7 1396.3 3.0 9.8 61.8 541.9 91.6 10.5 73.1 762.9 514.2 �0.26 0.03 �0.5 0.02 �0.24 �0.66
JSJ-17 8.32 14.7 2596.2 5.0 30.8 104.9 141.2 108.1 19.4 141.2 1186.2 236.2 �0.71 0.05 �1.37 0.03 0.62 0.52
JSJ-18 8.21 14.7 1928.8 4.2 13.9 117.1 150.2 116.0 15.6 116.2 915.6 170.8 �0.65 0.03 �1.26 0.04 0.29 �0.17
JSJ-19 8.22 14.3 2189.2 4.8 35.0 124.4 238.6 98.1 25.7 254.1 917.6 293.4 �0.66 0.04 �1.23 0.05 0.33 0.15
JSJ-20 8.31 15.2 2769 6.5 62.5 100.3 149.2 120.2 27.5 290.0 1212.7 351.7 �0.61 0.03 �1.22 0.06 0.64 0.75
JSJ-21 8.38 16.0 2352.7 4.6 46.9 1.2 51.1 90.9 35.6 146.9 850.9 243.1 �0.86 0.02 �1.67 0.05 0.53 0.52
JSJ-22 8.21 13.1 757.1 2.7 9.5 11.9 25.3 125.3 11.8 91.8 262.1 78.2 �0.48 0.05 �0.93 0.04 �0.62 �1.80
JSJ-23 7.69 14.0 316.4 1.7 4.6 7.8 5.4 84.5 9.7 58.5 84.7 41.1 �0.59 0.03 �1.14 0.04 �1.97 �4.30
JSJ-24 7.16 17.9 839.6 2.0 17.2 15.0 15.7 116.7 23.2 71.1 304.2 85.7 �0.61 0.03 �1.22 0.03 �1.54 �3.60

Mainstreams

JSJ-02 7.72 14.0 1878.1 15.7 15044.3 4.6 2438.3 58.7 139.0 15030.6 1988.5 916.5 �0.65 0.03 �1.25 0.06 �0.11 �0.59
JSJ-09 8.15 15.4 2840 9.3 3368.0 132.9 810.6 95.2 92.8 3750.4 1371.3 814.0 �0.44 0.03 �0.86 0.02 0.47 0.72
JSJ-10 8.20 15.7 2816.3 9.0 2552.5 138.4 756.9 98.8 76.1 2838.0 1301.2 764.2 �0.49 0.05 �1.01 0.03 0.51 0.80
JSJ-25 7.27 22.2 2171.9 7.8 1458.3 6.5 425.4 100.9 52.5 1599.4 885.8 446.7 �0.56 0.04 �1.07 0.03 �0.58 �1.37

Rain

Shigu 0.0 19.1 13.8 16.1 8.5 25.1 184.3 30.4 �0.95 0.04 �1.84 0.04
Gula 0.9 7.9 6.9 10.4 3.8 7.7 83.4 13.9 �0.95 0.02 �1.82 0.06
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Table 2
Elemental concentrations and Mg isotopic compositions of suspended load and epsomite.

Samples Na K Mg Ca Rb d25Mg 2r d26Mg 2r

mg/g mg/g mg/g mg/g lg/g ‰

Tributaries

JSJ-01 7.21 36.42 12.00 45.90 632.4 �0.14 0.02 �0.28 0.04
JSJ-03 11.61 28.50 12.74 28.67 323.0 �0.20 0.05 �0.40 0.05
JSJ-04 11.46 32.76 11.12 40.64 300.1 �0.20 0.02 �0.41 0.03
JSJ-05 9.68 20.71 16.54 87.28 222.0 �0.60 0.02 �1.15 0.01
JSJ-06 8.39 20.59 8.11 38.34 229.3 �0.17 0.04 �0.34 0.02
JSJ-07 10.20 22.05 8.97 40.27 246.2 �0.22 0.02 �0.45 0.03
JSJ-08 10.83 26.81 12.90 32.80 250.5 �0.20 0.04 �0.44 0.05
JSJ-11 5.04 36.68 10.78 32.96 397.0 �0.10 0.02 �0.23 0.06
JSJ-12 6.72 33.21 12.26 15.51 348.0 �0.07 0.05 �0.16 0.07
JSJ-13 7.09 29.75 10.95 24.97 304.8 �0.13 0.03 �0.28 0.06
JSJ-14 7.43 28.82 13.23 22.88 303.0 �0.15 0.03 �0.27 0.03
JSJ-15 6.58 33.24 13.05 6.77 387.2 �0.11 0.03 �0.19 0.04
JSJ-16 5.88 28.10 19.99 22.76 324.5 �0.02 0.04 �0.08 0.04
JSJ-17 6.81 25.46 10.81 43.70 291.5 �0.08 0.05 �0.17 0.05
JSJ-18 8.99 21.63 8.92 39.64 242.8 �0.11 0.06 �0.19 0.01
JSJ-19 17.72 24.67 17.72 30.34 351.2 �0.16 0.05 �0.33 0.06
JSJ-20 7.00 25.18 10.92 30.74 279.8 �0.11 0.04 �0.21 0.02
JSJ-21 1.68 36.30 14.90 10.37 421.9 �0.06 0.04 �0.10 0.06
JSJ-22 4.84 24.37 14.57 21.44 264.4 �0.47 0.04 �0.89 0.06
JSJ-23 10.61 29.42 11.80 8.10 364.1 �0.14 0.01 �0.28 0.06
JSJ-24 1.51 31.91 6.77 6.00 449.2 �0.01 0.04 �0.06 0.04

Mainstreams

JSJ-02 6.38 38.88 19.13 45.23 325.6 �0.24 0.03 �0.46 0.04
JSJ-09 6.98 27.96 10.17 66.21 234.3 �0.30 0.01 �0.62 0.05
JSJ-10 7.13 22.65 11.48 78.64 266.3 �0.32 0.04 �0.58 0.04
JSJ-25 6.24 27.57 12.27 46.28 338.1 �0.17 0.05 �0.33 0.03
Epsomite �0.58 0.03 �1.16 0.05

�0.58 0.02 �1.11 0.04
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Young and Galy, 2004) and silicate rocks (�0.7‰ to
+0.9‰, Li et al., 2010; Telus et al., 2012). The epsomite
samples collected in the source area show d26Mg values of
�1.16‰ and �1.11‰. All samples fall on a line with a slope
Fig. 2. All samples analyzed in this study fall on a single isotopic
mass-dependent fractionation line on the Mg three-isotope
diagram.
of 0.521 in a d26Mg vs. d25Mg diagram (Fig. 2), in consist
with the slope of the terrestrial equilibrium mass fractiona-
tion line reported by Young and Galy (2004).

5. DISCUSSION

5.1. Correction for atmospheric input

Correcting atmospheric contribution to riverine Mg
budgets is the first step when evaluating the influence of
weathering on the Mg isotope composition of rivers. It is
critical to exclude evaporite and anthropogenic Cl� during
the correction. Collected from a silicate and pristine catch-
ment, sample JSJ-23 has the lowest Cl� concentration of
4.6 lmol/L in all river waters, which is within the Cl con-
centration of local long-term precipitation (0.9–32.7 lmol/
L, Zhang et al., 2012). The Cl� of river sample JSJ-23 is
assumed to be entirely from atmospheric precipitation.
The long term average Mg/Cl molar ratio in rain waters
is 0.67 (Zhang et al., 2012), thus Mg concentration of rain
water is calculated at 3.1 lmol/L. Then we estimated the
proportion of Mg derived from precipitation to Mg in riv-
ers is 0.2–8%. Using a standard isotope mass-balance equa-
tion, the corrected riverine d26Mg are lowered by less than
0.05‰ from measured riverine d26Mg, within the long term
external precision (±0.06‰). The impact of atmospheric
precipitation to riverine d26Mg values is negligible.
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5.2. Biological control

Both experimental studies (Black et al., 2008; Bolou-Bi
et al., 2010) and field observations (Tipper et al., 2010) have
demonstrated that Mg isotopes are fractionated during
plant uptake. The plants preferentially take heavier Mg iso-
topes (Black et al., 2008), thus potentially driving d26Mg of
solutions lower. However, there is a lack of evidence for
plant uptake effect on river water Mg isotopic compositions
(Wimpenny et al., 2011; Tipper et al., 2012; Fan et al.,
2016), even in a strong vegetation gradient basin (Tipper
et al., 2008). Bolou-Bi et al. (2010) estimated that, at the
global scale, even if 40% of river dissolved Mg originates
from litter degradation, increase of d26Mg values in river
waters is still limited (�0.25‰). The sampling sites were
generally with elevation over 3000 m and the vegetation
(mainly herbage and thorny shrubs) are not well developed
(Ren et al., 2016). Based on the previous observation and
evaluation, we exclude the effect of plant uptake as the
major control of riverine d26Mg in the study basin.

5.3. Lithological control

The Mg isotope compositions of river water are interme-
diate between silicates and carbonates (Fig. 5a and Table 1).
It seems that Mg isotopic composition of river waters is the
result of conservative mixing between silicate and carbonate
end-members. However, d26Mg values does not correlate
with potential index for identifying carbonate and silicate
end-members, such as Ca/Si (R2 = 0.006), implying that
conservative mixing of silicate and carbonate rock weather-
ing end-member is not the only mechanism controlling river
Mg isotope composition.

In river water, Mg derived from silicate weathering
(Mgsil) can be estimated by the following equation (Galy
and France-Lanord, 1999):

Mgsil ¼ Nasil � Mg
Na

� �
sil

ð2Þ

In the equation, Nasil is silicate weathering derived Na,
and (Mg/Na)sil is the molar ratios of silicate weathering
end-member. Generally, the (Mg/Na)sil ratios can be
obtained based on either the dissolved composition of small
silicate monolithologic drainages within the study area, or
local silicate bedrock chemistry. Previous studies have doc-
umented the element ratios (such as Mg/Na) of silicate end-
member for river basins in Tibetan Plateau to estimate sil-
icate weathering rate. For example, In adjacent river basins
of Jinsha River, the (Mg/Na)sil ratio of 0.26 was employed
for Min Jiang (Yoon et al., 2008), 0.16 for Red River
(Moon et al., 2007), and 0.3 ± 0.2 for Himalaya rivers
(Krishnaswami and Singh, 1999). Moreover, the Mg/Na
ratio of silicate rocks in small granite catchments in east
Tibetan Plateau was reported at 0.25 (Jiang et al., 2018),
and the Mg/Na ratios of silicate bedrock data compiled
by Wu et al. (2008) in Jinsha River Basin are 0.18–0.43.
Here we adopted the (Mg/Na)sil value of 0.24 ± 0.12 from
Gaillardet et al. (1999), which has also been used by Noh
et al. (2009) in their analyses of silicate weathering rate in
Jinsha Rivers.
It is calculated that silicate weathering contributes 0–
38% of dissolved Mg to river, averaging at �10%. Consid-
ering that sodium sulfate exists in source area of the basin
(Wu et al., 2008), and the proportion of sodium sulfate
(such as Namirabilite/Nahalite) in evaporite is unknown, the
calculated Mgsil is an upper limit of silicate Mg. The con-
temporaneous Triassic granites have the d26Mg between
�0.26‰ and �0.14‰ (Liu et al., 2010) and d26Mg value
of the basalt in the basin have been reported from
�0.45‰ to �0.51‰ (Tian et al., 2018). Thus assuming a sil-
icate rock end-member d26Mg value of �0.2‰ (value of
Upper Continental Crust, Li et al., 2010), the simple mass
balance model shows that there should be a non-silicate
(carbonate or evaporite) end-member with d26Mg value as
high as �0.5‰ (the ±50% uncertainty of (Mg/Na)sil has lit-
tle influence (±0.02‰) on the estimated value), which is sig-
nificantly higher than current accepted carbonate d26Mg
range (�5.14‰ to �1.1‰, Galy et al., 2002; Higgins and
Schrag, 2010, 2012, 2015; Jacobson et al., 2010;
Pokrovsky et al., 2011; Riechelmann et al., 2012). Another
potential contributor for riverine Mg is evaporites. The
d26Mg value of gypsum which is the most widely existent
evaporite was reported at �0.8‰ (Brenot et al., 2008).
The gypsum in Jinsha River Basin have very low Mg con-
tent, as well as Mg/Ca ratio (Mg/Ca molar ratio at
1 � 10�4, Tian et al., 2017). The d26Mg values of epsomite
in this basin are about �1.1‰, which are comparable to
d26Mg value of rivers, the water chemistry of which is char-
acterized by evaporite dissolution (JSJ-1 and JSJ-2, d26Mg
of �1.25‰ and �0.96‰). So, the estimated d26Mg of
non-silicate end-member falls out of any documented evap-
orite d26Mg range, and the conservative mixing cannot fully
explain the magnesium isotope data in Jinsha River Basin.
Many studies have argued lithology as the dominant con-
trol on Mg isotope compositions in river and groundwater
(e.g. Brenot et al., 2008; Jacobson et al., 2010; Fan et al.,
2016), while it is questionable in Jinsha River Basin. Fur-
ther end-members and alternative mechanism investigation
for Mg isotope systems are needed.

5.4. Mg isotope fractionation during secondary mineral

formation

5.4.1. Clay formation

River suspended sediments represent the solid weather-
ing product, including secondary minerals and residual pri-
mary minerals. The mineral composition determines the
geochemical signature of suspended sediment, thus the
Mg isotope composition. The d26Mg values of suspended
load range from �1.15‰ to �0.06‰, which is slightly lower
than the reported d26Mg range of suspended loads in typi-
cal silicate-draining rivers (e.g. �0.84‰ to 0.53‰ of basal-
tic rivers in Iceland, Pogge von Strandmann et al., 2008,
and �0.46‰ to �0.27‰ of rivers draining silicate meta-
morphic rock in West Greenland, Wimpenny et al., 2011).
A linear relationship (R2 = 0.47) between the d26Mg value
and Ca/Mg ratio was observed for suspended loads
(Fig. 3). The relationship reveals a mixture of two Mg
end-members, which are primary silicate minerals and clay
with high d26Mg value and low Ca/Mg ratio, and carbonate



Fig. 3. The relation between Ca/Mg molar ratios and d26Mg values
in suspended load.
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with low d26Mg and high Ca/Mg ratio. This is assumed to
be the reason for the lowered suspended d26Mg range for
Jinsha River basin compared with other silicate basins.
The suspended loads of JSJ-5 and JSJ-22 are two anomalies
in the plot, which have relatively low d26Mg values and fall
outside the linear relationship. This was supposed to be the
result of detrital dolomite contamination. From this point,
the d26Mg value of dolomite in this basin should be lower
than �1.15‰, which is in accordance with the average
d26Mg value of documented dolomite (�1.75 ± 1.08‰,
Geske et al., 2015).

The mineral compositions of suspended load were chlo-
rite (mainly chinochlore) and kaolinite as clay minerals, and
quartz, albite, muscovite and calcite as non-clay minerals
according to XRD analysis (Table S1). Chlorite is the dom-
inated Mg residence clay in the suspended materials in Jin-
sha River. Previous studies have argued that secondary
mineral formation plays an important role in controlling
Mg isotopic compositions in river waters (Tipper et al.,
2006a; Pogge von Strandmann et al., 2008). However, the
influence of clay formation on river d26Mg is very limited
in Jinsha River Basin where carbonate weathering contribu-
tion dominates the water chemistry (Brenot et al., 2008; Lee
et al., 2014; Fan et al., 2016). First, the proportion of Mg in
river water from silicate weathering is small (averaging at
�10% of total) compared with those from carbonate and
evaporite. Besides, the fractionation factor for chlorite is
1.0005 (Wimpenny et al., 2014), and the formation of chlo-
rite would drive the d26Mg value of river water lower, which
cannot explain the inferred non-silicate end-member with
isotopically heavy Mg (discussed in Section 5.3).

Rb concentrations in suspended load are employed to
indicate clay content in previous studies as it is uniquely
hosted in the interlayer crystallographic sites of clays
(Tipper et al., 2012). In Jinsha River Basin, based on the
available data, the clay content is positively correlated with
Rb concentration in suspended load (R2 = 0.84, Fig. S1),
which confirmed the indication of Rb concentration for
clay content. The relationship between Rb content and
d26Mg values of suspended load are plotted in Fig. 4a,
the data is adequately described by a ternary mixture of car-
bonate with low Rb content and d26Mg value, clay with
high Rb content and d26Mg, and primary mineral with
low Rb content and high d26Mg such as albite, indicating
the mineralogy control on Mg isotope composition of sus-
pended load. In contrast with the trend documented by
Tipper et al. (2012), no correlations are observed between
Rb content of suspended load and water d26Mg (Fig. 4b).
The signal of clay fractionation impact on dissolved loads
is assumed to be limited and are more likely overprinted
by other Mg rich mineral weathering processes, such as car-
bonate and evaporite dissolution in Jinsha River water.

5.4.2. Carbonate precipitation

The northeast Tibetan Plateau is characterized by arid
climate, intense evaporation and widely carbonate precipi-
tations (Yang et al., 2015). Up to 70% of Ca is estimated
to be lost from river waters by precipitation of secondary
calcite in the arid climate area of the Tibetan Plateau
(Jacobson et al., 2002). Based on the discussion above
and the basin background, we propose the hypothesis that
the carbonate precipitation might regulate the riverine Mg
isotope composition in Jinsha River. It has been well docu-
mented that light Mg is preferentially incorporated into car-
bonate during its precipitation by experimental and field
studies (e.g. Galy et al., 2002; Mavromatis et al., 2013;
Trostle et al., 2014; Zhang et al., 2018). Thus, the formation
of secondary carbonate in river basin has the potential to
drift the Mg isotope composition of river water heavier.

In Jinsha River Basin, river waters in upper and middle
reaches under the arid climate and high alkalinity are basi-
cally oversaturated with respect to both calcite and dolo-
mite (Table 1). As shown in Fig. 5a, the presented 1/Mg
and d26Mg relationship cannot be explained by mixing
model alone, especially the samples with high d26Mg values
and low 1/Mg. Although these samples have overlapped
d26Mg range with silicate draining rivers (between
�0.96‰ and +0.3‰, Tipper et al., 2006b; Pogge von
Strandmann et al., 2008), the Mg concentrations is much
higher. Evaporation of silicate draining river waters might
be a potential mechanism to explain the samples locating
outside the mixing zone of the three end-members. The
Dousitu River Basin which is located in arid area of north-
eastern Tibetan Plateau with annual precipitation and
evaporation at 267 mm and 2459 mm (�10 times difference)
respectively, has more intense evaporation effect than Jin-
sha River Basin. The modeled result for the percentage of
evaporated rain volume in Dousitu River is between 10–
30% (Qian et al., 2007). As the dominated sources of river
water, it is reasonable to say that the condensing effect on
ion concentration by evaporation would be limited to less
than 30%. Besides, evaporation is 3–7 times higher than
precipitation in upper-middle reaches of Jinsha River
Basin, which is lower than Dousitu River. So, the enrich-
ments of ion concentration due to evaporation in Jinsha
River Basin should be weaker than Dousitu River Basin.
However, the Mg concentration is 5–10 times higher than



Fig. 4. Rb concentrations of suspended load versus d26Mg values of suspended loads (a) and d26Mg values of river waters (b).

Fig. 5. (a) The relationships between 1/Mg and d26Mg values, and (b) water pH and d26Mg values of river waters. Solid circles correspond to
calcite and dolomite oversaturated river waters, and open circles correspond to calcite and dolomite unsaturated river waters. Mg
concentration and d26Mg data of rivers draining silicate rocks are from Tipper et al. (2006b), Lee et al. (2014) and Pogge von Strandmann
et al. (2008). Data of rivers draining carbonate rocks is from Tipper et al. (2006b), Lee et al. (2014) and Brenot et al. (2008). Data of river
draining basins contain evaporite is from Brenot et al. (2008).
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the proposed silicate draining river end-members. So, evap-
oration of silicate draining river waters is excluded as the
dominated mechanism for the high Mg concentration in
samples outside the mixing zone.

In Fig. 5a and b, carbonate oversaturated and unsatu-
rated river water are separated into two different trending
groups, which suggests that carbonate precipitation have
modified Mg isotope compositions and Mg concentration
in river water. The pH value could be an indicator of car-
bonate precipitation process. H+ is released from HCO3

�

during the incorporation of CO3
2� into carbonate phases,

which causes the decreasing of pH values (Plummer et al.,
1990; Jacobson et al., 2010). The fractionation of Mg iso-
topes by secondary carbonate precipitation in Jinsha River
Basin is well indicated by the strong negative correlation
(R2 = 0.91, Fig. 5b) between water pH and d26Mg values.
The distinct trends are also observed between carbonate
oversaturated waters and unsaturated waters in plot of river
water d26Mg and suspended load d26Mg (Fig. 6). A negative
relationship for oversaturated waters also illustrates the
formation of secondary carbonate which drifts the river
water d26Mg higher and the suspended load d26Mg lower
at the same time.

Rayleigh equation was constructed for Mg isotope frac-
tionation process during carbonate precipitation:

d26Mgriver ¼ d26Mgorigin þ 1000ðacalcitesolution � 1Þ � lnð1� cÞ ð3Þ
In the equation, c refers to the fraction of Mg incorpo-

rated in carbonate. d26Mgorigin is d26Mg value of the origin
solution where the secondary carbonate is formed and gains
its Mg. An initial isotopic composition of �1.1‰ is
employed for d26Mgorigin, which is the d26Mg values of
magnesium salt. The kinetic equilibrium precipitation of
carbonate drives the river water d26Mg to �0.59‰ (the
highest value of the oversaturated water). Then we can esti-
mate that the fraction of Mg incorporated into secondary
carbonate could be 16% for the given fractionation factor
(acalcite-solution) between calcite and residue fluid of 0.997



Fig. 6. Plot of d26Mg in river water versus d26Mg in suspended
load.
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(Mavromatis et al., 2013). Mg partition coefficient between
calcite and fluid is as low as 0.01–0.03 (Mavromatis et al.,
2013; Drake et al., 2018), the Ca precipitated would be 2–
3 order of magnitudes more than Mg. As shown in
Fig. 7, DSI show better correlation with d26Mg value of
river waters relative to CSI. We infer that the secondary
Mg-rich carbonate formation (such as high-Mg calcite,
Whipkey et al., 2002, and pedogenic dolomite, Capo
et al., 2000) might be an alternative mechanism incorporat-
ing Mg and fractionate Mg isotopes in the studied basin,
since dolomite could form in any natural solution with
Mg/Ca ratios as low as 1:1, as long as crystallization rate
is slow enough for ordering to take place (Folk and
Land, 1975).

Carbonate precipitations have been well documented
previously, especially carbonate phases which are associ-
ated with calcium/magnesium-sulfate deposits (e.g.
Fig. 7. Plots showing variations of d26Mg values with CSI (calcite satura
(b).
Plummer et al., 1990). The dissolution of the sulfates (gyp-
sum and epsomite) releases Ca and Mg to the pore fluids,
promoting the carbonate precipitation processes. As calcite
precipitates during evaporation, Ca2+ is rapidly depleted in
the solutions. In absence of substantial recharge, continu-
ous calcite precipitation (and the dissolution of Mg-
evaporites) drives the solution Mg/Ca ratios higher, and
resulted in Mg carbonate precipitation (Capo et al.,
2000). Mg/Ca ratio in solution usually affects the Mg con-
tent in precipitated carbonate (Folk and Land, 1975). These
ongoing processes have been reported in soil water and
groundwater at basin scale (Capo et al., 2000; Whipkey
et al., 2002; Trostle et al., 2014; Zhang et al., 2018), and reg-
ulate the river water geochemistry.

The influence of carbonate precipitation on Mg isotope
signature of river waters at basin scale has aroused intense
interests in previous studies (Tipper et al., 2006a; Brenot
et al., 2008; Pogge von Strandmann et al., 2012; Lee
et al., 2014; Fan et al., 2016). However, its effect on river
Mg isotope composition has not been well recognized yet,
because (1) calcite is not a significant sink for Mg, (2) the
formation of high-Mg carbonate is difficult in most envi-
ronment, and (3) Mg isotope fractionation signal could be
obscured by repetitive dissolution/precipitation cycles (e.g.
Brenot et al., 2008). In arid basins like upper-middle
reaches of Jinsha River, we provide river geochemistry
and Mg isotope evidence that carbonate precipitation is
an important mechanism driving d26Mg of river waters
heavier in basin scale, which suggests Mg isotope system
as a potential tracer to constrain and explore continental
and oceanic carbonate precipitation, as well as Mg cycling.

5.5. Implications

Even for the Mg isotope compositions of the carbonate
unsaturated water samples, they cannot be fully explained
by conservative mixing (Fig. 5a). Although the in-place
river waters are unsaturated with respect to carbonate, car-
bonate kinetic precipitation reactions are widely docu-
mented in groundwater/soil pore water systems in the
tion index) (a) and DSI (dolomite saturation index) in Jinsha River
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basin (Capo et al., 2000; Whipkey et al., 2002; Trostle et al.,
2014; Zhang et al., 2018). Fractionation resulted solution
(as a Mg reservoir) will be produced and serves as a new
end-member, which recharges the river water and regulates
river Mg isotope composition. The new end-member with
heavy Mg isotope compositions will mix with rock weather-
ing end-members to control the riverine d26Mg. As shown
in Fig. 5a, the carbonate unsaturated samples are dis-
tributed between silicate weathering end-member and those
of oversaturated samples. This implies the mixing between
the ‘‘carbonate precipitation produced Mg reservoir” and
the silicate weathering Mg reservoir. Such fractionated
reservoir is resulted from carbonate precipitation and the
speculation could be well supported by the soil profile
and groundwater studies, e.g. Trostle et al. (2014) specu-
lated the export Mg flux from basalt soil is isotopically
heavy (with d26Mg value of +3.2‰) due to the pedogenic
carbonates in arid Hawaii Island. Authigene soil high-Mg
calcite and dolomite have also been reported in Hawaii soils
(Capo et al., 2000; Whipkey et al., 2002). Recent work has
also documented that the carbonate precipitation could ele-
vate d26Mg value of groundwater by �1‰ in north China
(Zhang et al., 2018). This study proposes that the removal
of light Mg during Mg carbonate precipitation can produce
a fractionated reservoir for Mg at basin scale, and observ-
ably impact the riverine Mg isotope compositions and Mg
cycling in arid-semiarid basins. Mg isotope composition
of rivers transported to the oceans is controlled by the
Mg isotope composition of the source lithology of upper
continental crust and the fractionated reservoir (such as
secondary minerals and plants) at global scale (Tipper
et al., 2006a). Since the fractionation of Mg isotopes during
carbonate precipitation is much larger than that of silicate
secondary minerals (�2‰ to �3‰ vs. 0.01‰ to 0.6‰,
Higgins and Schrag, 2010; Mavromatis et al., 2013; Ryu
et al., 2016; Brewer et al., 2018), the influence of this frac-
tionation reservoir should not be ignored. This process
and further exploration on its effect during Mg cycling at
different time and space scale are needed to be better con-
strained and considered.

6. CONCLUSIONS

The Mg isotopic composition of dissolved and sus-
pended loads in Jinsha River falls into a range of 1.6‰.
A lower d26Mg range of dissolved loads between �1.67‰
and �0.5‰ was observed, compared with suspended loads
between �1.15‰ and �0.06‰. The atmospheric Mg pre-
cipitation and biologic impacts on riverine d26Mg values
are negligible in Jinsha River Basin. Based on mass balance
and mixing equations obtained from the river geochemistry
data and related assumptions, lithological control and con-
servative mixing between different weathering end-members
alone fails to fully explain Mg isotopic composition varia-
tions of Jinsha River waters. In evaporites and
carbonates-dominated catchments, with limited silicate
weathering contribution, the strong relationships between
d26Mg and 1/Mg, and pH in carbonate oversaturated
waters suggest secondary carbonate precipitation as the
principal process driving the Mg isotope composition heav-
ier in Jinsha River Basin waters. In addition, the new Mg
reservoir created by secondary carbonate formation acts
as a new d26Mg end-member regulating river Mg isotope
composition. The study proposes the secondary Mg car-
bonate resulted heavy Mg solution reservoir, and highlights
its impact on river water Mg isotope composition at basin
scale.
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