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a b s t r a c t

Water samples from the Buha and Shaliu Rivers, located on the semi-arid northeastern Tibetan Plateau,
were collected weekly over a one year period. The major ionic compositions of water samples were mea-
sured and the daily contents of suspended particulate material (SPM) were monitored in both rivers in
order to investigate the influence of lithology, climate and physical erosion on seasonal silicate weather-
ing. In the Shaliu River, weathering of trace amounts of calcite contributes more than 50% of the Ca2+ and
HCO�3 to the river water. Through high-resolution variations of Ca2+ concentrations and elemental ratios,
the signal of carbonate precipitation is captured at the end of monsoon in this river. The measured phys-
ical erosion rate is only 8.7–16.0 mm/kyr in this semi-arid region, which is 2–3 orders of magnitude lower
than that in the Himalaya and nearby regions.

In contrast with several orders of magnitude in seasonal variations of silicate weathering rates in both
catchments, the distinct lithology between the catchments only leads to a 15 times difference of annual
net CO2 consumption. The correlation analysis shows that seasonal silicate weathering is strongly depen-
dent on water discharge in the semi-arid area. The most important observation is that, unrecognized by
the previous studies, both physical erosion rate and air temperature exhibit two distinct trends with sil-
icate weathering rates (and net CO2 consumption) during the years. The two trends might suggest that
temperature plays a more important role on the CO2 consumption rate before the mid-monsoon under
a condition of low water discharge than that after the monsoon with a high water discharge. During
the period before the mid-monsoon, the relationship between temperature and silicate weathering rate
exhibits higher activation energy than after the mid-monsoon, suggesting a greater dissolution of uneas-
ily weatherable minerals from groundwater, frozen soil, and/or dust input. The relationship between ero-
sion and weathering during the period before the mid-monsoon indicates a faster increase of silicate
weathering rate, because freezing erosion produces large amount of high surface area minerals.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Over geologic time scales, chemical weathering of silicate rocks
is thought to regulate global climate through the uptake of atmo-
spheric CO2 (Walker et al., 1981; Berner et al., 1983; Berner and
Kothavala, 2001). During the past decades, sustained attention
has been focused on factors governing silicate weathering rates,
such as lithology (Meybeck, 1986; Bluth and Kump, 1994; Edmond
and Huh, 1997; Huh et al., 1998a), climate (White and Blum, 1995;
Singh et al., 2005; Tipper et al., 2006; Wolff-Boenisch et al., 2009;
ll rights reserved.
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Clow and Mast 2010), and physical erosion (Gaillardet et al., 1999;
Huh and Edmond, 1999; Millot et al., 2002; Riebe et al., 2003; West
et al., 2005). The relationship between these factors and silicate
weathering, however, remains controversial. White and Blum
(1995) proposed that climate, but not lithology and physical ero-
sion, is the critical factor on controlling weathering by investigat-
ing their relationships in 68 small, mono-lithologic basins
distributed around the world, whereas some found a weak or no
correlation between temperature and weathering (Huh and
Edmond, 1999; Riebe et al., 2004; Hagedorn and Cartwright,
2009). The importance of physical erosion has been highlighted
by several recent studies that a linear relationship exists between
rates of physical erosion and chemical weathering (e.g. Riebe et al.,
2004; Hren et al., 2007; Hagedorn and Cartwright, 2009). Others
observed a power function relationship between them (Gaillardet
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et al., 1999; Millot et al., 2002; Singh et al., 2005; Qin et al., 2006).
One emerging view argued that their relationship is not a simple
linear correlation, i.e. under supply-limited conditions, chemical
weathering is in linear increase with physical erosion, whereas un-
der kinetically-limited conditions, the relationship becomes less
linear (West et al., 2005; Gabet and Mudd, 2009). Further study
is required to test the responses of chemical weathering to these
controlling factors under various conditions.

Recently, several studies have attempted to explore their poten-
tial relationship through collecting seasonal or time-series samples
(including river water and suspended particulate material (SPM))
at regional and catchment scales (e.g. Viers et al., 2000; Singh
et al., 2005; Qin et al., 2006; Tipper et al., 2006; Moon et al.,
2007; Gislason et al., 2009; Wolff-Boenisch et al., 2009; Zhang
et al., 2009; Clow and Mast, 2010; Jin et al., 2011). However, most
of the time-series sampling density is not high enough to minimize
the uncertainties for defining these controlling factors. For exam-
ple, Noh et al. (2009) proposed that the lack of expected correlation
between total dissolved solids (TDSs) and SPM could be due to the
inadequate temporal sampling density. Similarly, Hren et al. (2007)
ascribed the non-linear correlation between temperature and cat-
ions to the narrow temperature range of available samples. There-
fore, more high-resolution sampling studies are still required to
obtain accurate estimates.

In this study, we are trying to investigate whether and what de-
gree chemical weathering rate is affected by the factors of climate,
lithology and physical erosion in the semi-arid northeastern Tibe-
tan Plateau, by using high-resolution sampling at catchments of
the Buha and Shaliu Rivers. The two river catchments are adjacent
to each other and share the same climatic changes. By contrast, the
two rivers are underlain and surrounded by distinctive lithology.
The Buha River catchment is dominated by late Paleozoic marine
limestone, whereas the Shaliu River by Triassic sandstone and late
Cambrian metamorphic rocks. Each of these two rivers is moni-
Fig. 1. Sketchy geologic map of the Lake Qinghai catchment on the northeastern Tibetan
lake, and the Shaliu River on the north. The Buha and Shaliu hydrological stations ar
interpretation of the references to colour in this figure legend, the reader is referred to
tored by one hydrological station that provides daily hydrological
data such as water discharge, precipitation, and SPM. In addition,
these pristine catchments are the least impacted by the human
activities. The distinctive geological settings and high density sam-
pling of river waters provide an ideal case to assess the climatic
influences on catchment erosion and weathering, and to compare
lithologic controls on the two catchments under the same climatic
conditions. At last, these two river catchments are located in a
semi-arid region, where the detailed seasonal variations of erosion
and weathering are still sparse.

2. Study areas

2.1. Geography and climate

The Buha and Shaliu Rivers are located within the Lake Qinghai
catchment on the northeastern Tibetan Plateau with an elevation
of 3194 m at the river mouth (Fig. 1). As the largest river within
the catchment, the Buha River has a length of 286 km and drains
an area of 14,337 km2. It sources from the Shule South Mountain
(Qilian Mountains) where the mean elevation is >4600 m with gla-
ciers. The water discharge of the Buha River was 10.05 � 108 m3 in
2007, with its daily discharge varying from 2 m3/s in February to
220 m3/s in August (Fig. 2b) (Jin et al., 2011). The Shaliu River, sec-
ond largest river feeding Lake Qinghai, drains an area of 1442 km2,
with a length of 109.5 km. It originates from the Datong Mountain
at an elevation up to 5200 m (LZBCAS, 1994). The water discharge
of the Shaliu River was 4.23 � 108 m3 in 2009, with its daily dis-
charge ranging from 0.1 m3/s in February to 107 m3/s in July
(Fig. 2e).

The climate over the two rivers catchments was same (Fig. 2)
and was characterized by windy-dry spring, rainy summer, and
cold-snowy winter in both 2007 and 2009. Strong wind carrying
eolian dust generally occurs in springtime (Chen et al., 2008). In
Plateau (modified after Jin et al. (2011)). The Buha River is on the northwest of the
e marked by red stars. Inserted map showing the location of Lake Qinghai. (For
the web version of this article.)
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Fig. 2. Daily variations of air temperature, precipitation, water discharge and suspended particulate material (SPM) content in the Buha River in 2007 and in the Shaliu River
in 2009. These data show apparent seasonal variations. The air temperature was above 0 �C from May to October. The main precipitation, discharge and SPM were occurred
during the monsoon seasons in both the Buha and Shaliu Rivers. The SPM samples were only collected from April to October in the Buha River, and from May to October in the
Shaliu River, respectively.
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the Buha River catchment, the total precipitation was 389.8 mm in
2007, and the mean daily air temperature during a year ranged
from �20.5 �C to 16.5 �C (Fig. 2a). In the Shaliu River catchment,
the annual precipitation was 431.0 mm in 2009, with the mean
daily air temperature ranging from �25.5 �C to 12.0 �C (Fig. 2d).
On average, about 90% of the precipitation occurred from May to
September (1961–2001) as same as in both 2007 and 2009, result-
ing in 75–85% water discharge during this period at both catch-
ments. Nearly no precipitation occurred from December to
February. During spring season (from March to June), although
the precipitation is still in the form of snow, the increasing air tem-
perature lead to the melting of glacier, ice and snow, and hence
produces increasing water discharge. The annual average potential
evaporation was approximately 1650 mm and 1463 mm at the
Buha and Shaliu Rivers, respectively. Highest monthly air temper-
ature was in July and coldest in January. From middle October to
late April, the air temperature was generally below 0 �C. The mete-
orological and hydrological data above mentioned were provided
by the Buha and Shaliu River hydrological stations. The vegetation
is dominated by semi-arid climate species including montane
shrub, alpine steppe, and high-alpine meadow in both catchments
(LZBCAS, 1994).

2.2. Geology

Situated on the southern edge of the Qilian fold belt, Lake Qing-
hai is an intermountain basin surrounded by Mts. Riyue Shan,
Qinghai Nan Shan, Shule Nan Shan, and Datong Shan on the east,
south, northwest and north, respectively (Chen et al., 2008). The
lake was formed during late Cenozoic neo-tectonic activities and
controlled by a triple junction of NWW, NNW and S–N trending
tectonic units. On the north of the lake, the Mt. Datong Shan is
NNW strike with bedrock uncovered (Bian et al., 2000).

The Buha River catchment comprises hummocky terrain of pre-
dominantly Permian marine limestone and sandstones, Silurian
sandstones and schist (Fig. 1). Mesozoic granites outcrop in the
northern part of the catchment near the shore of Lake Qinghai.
The river has created fluvial plains and delta along the western
shores. Within the catchment, some modern glaciers exist on
mountains in the upper Buha River drainage basin (Jin et al.,
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2011). In the Shaliu River catchment, Triassic sandstone and schist
outcrop in the west of Gangcha County, Late Cambrian metamor-
phic rocks (schist and gneiss) in the east, and granite in the north
(LZBCAS, 1994).
3. Samples and analysis

River water samples were collected weekly at the Buha River
hydrological station in 2007 and the Shaliu River station in 2009.
The stations are both located in the low reaches of the rivers where
waters from tributaries converge (Fig. 1). The SPM, water dis-
charge, precipitation and temperature were monitored daily at
the hydrology stations. The water discharge was monitored twice
per day, and when in flood periods, the monitoring frequency
was increased to 4–5 times 1 day. In total, thirty-one water sam-
ples of rain and snow were also collected within the two catch-
ments during 2007 and 2010.

Water samples (including rain and snow after melted) were
in situ filtered on collection through 0.2 lm Whatman� nylon fil-
ters. For cation analysis, 60 mL filtered water of each sample was
stored in a pre-cleaned polyethylene bottle and was acidified to
pH < 2 using 6 M quartz-distilled HNO3. For anion measurements,
30 mL filtered sample was stored but not acidified. Bottles were
wrapped parafilm strip around the closure to prevent any leakage.
Temperature and pH were measured at the sampling sites synchro-
nously. All samples were kept chilled at 4 �C until analysis. Major
rocks, include limestone, granite, sandstone, clastic rock, schist
and gneiss, were collected within the two catchments for element
composition measurements.

Major cations of the water samples were analyzed by Leeman
Labs Profile ICP-AES at State Key Laboratory of Lake Science and
Environment, with a reproducibility of 1–2%. Major anions were
determined by a Dionex-600 ion chromatography at Institute of
Earth Environment, Chinese Academy of Sciences (IEECAS). The
average reproducibility was 0.5–1% (2r). Alkalinity (expressed as
HCO�3 in Tables 1 and 2) was measured by Gran titration. Rock
samples were analyzed for major elemental compositions by a
wavelength dispersion X-ray fluorescence spectroscopy at IEECAS.
Repeat analysis demonstrates a reproducibility of 2–5%.
4. Results and discussion

4.1. Physical erosion rate and seasonal variation

The time series physical erosion rate (PER) in both the Buha and
Shaliu Rivers was obtained by daily SPM concentration multiplied
water discharge. In this study, the daily SPM concentration was
measured during the period from May to October. It is observed
that the daily SPM concentration varies from <0.001 kg/m3 in the
dry season to 2.280 kg/m3 in the monsoon in the Buha River, and
from <0.003 kg/m3 to 2.350 kg/m3 in the Shaliu River. The PERs cal-
culated by daily SPM are 16 mm/kyr in the Shaliu River and
8.7 mm/kyr in the Buha River catchment. These values are 2–3 or-
ders of magnitude lower than PER in the High Himalaya
(2700 mm/kyr) and that in the southern edge of the Tibetan Pla-
teau (1200 mm/kyr) (Vance et al., 2003). An explanation for such
low PER in the semi-arid area is the extremely low precipitation,
because heavy monsoonal precipitation has been thought to act
as a first-order control of rapid physical erosion in the Himalayas
(Galy and France-Lanord, 2001).

The PER data exhibit significant seasonal variations in both the
Buha and Shaliu Rivers. It varies from <1 tons/day in the dry season
to 23,155 tons/day during the monsoon in the Buha River, and from
<1 tons/day to 21,078 tons/day in the Shaliu River, respectively.
4.2. General characteristics of river water chemistry

River water pH, temperature, and major ion concentrations of
the Shaliu River are listed in Table 1. The data of the Buha River
were reported by Jin et al. (2011). Water temperatures of the Shaliu
River varied from 0 �C to 15.7 �C in 2009, with the lowest values in
January/December and the highest in July. All waters are alkaline
with pH values between 8.17 and 8.67. The Normalized Inorganic
Charge Balance (NICB) is used to estimate overall analytical uncer-
tainties (Table 1). NICB is expected to be close to zero, unless one or
more ions have been overlooked during analyses. With the excep-
tion of two samples with the NICB of �12.53% and 10.67% collected
in the February, all samples from the Shaliu River are well balanced
with NICB < ±10%. The TDS in the Shaliu River shows a factor of 2–3
variation, ranging from 208 mg/L in July to 573 mg/L in March (Ta-
ble 1). The general properties of the Buha River (Jin et al., 2011) are
similar to those of the Shaliu River.

The total molar cation concentrations follow an order of
Ca2+>Na+ �Mg2+� K+ in the Shaliu River, and Ca2+ > Na+ > Mg2+�
K+ in the Buha River. The major cation is Ca2+, contributing to 39–
67% and 38–67% of TZ+ in the Shaliu and Buha Rivers, respectively.
The second major cation is Na+, accounting for 9–25% and 11–37%
of the total cation charges in the Shaliu and Buha Rivers, respec-
tively (Fig. 3a).

HCO�3 is the most abundant anion, accounting for 64–87% and
60–77% of the TZ� in charge equivalent units, in the Shaliu and
Buha Rivers, respectively. The molar anion concentrations listed
in Table 1 follow an order of HCO�3 > Cl� > SO2�

4 > NO�3 � F�. A ter-
nary diagram (Fig. 3b) shows that most of the data cluster around
the alkalinity apex leaning towards (Cl� + SO2�

4 ), with 12–35% and
22–36% of the total anion charges contributed from (Cl� + SO2�

4 ) in
the Shaliu and Buha Rivers, respectively. This indicates that the
evaporite dissolution and/or pyrite oxidation provide (Cl� + SO2�

4 )
to the rivers.

The abundant Ca2+ and HCO�3 in both the Shaliu and Buha Rivers
suggest that carbonate weathering dominates the water chemistry.

4.3. Temporal and spatial variations of major ions in river waters

Similar to the physical erosion processes, the water chemistry
in both rivers shows significant seasonal variations (Fig. 4). During
monsoon seasons, all of the major ions systematically decrease to
the lowest values due to dilution by high water discharge. By con-
trast, these ions are concentrated during dry seasons when precip-
itation is at the lowest level of the years. In this case, the river
discharge possibly comes partly from subsurface flow that has a
longer water–rock contact time and thus greater dissolution of
the solids.

It is noted that during the periods from late winter to spring,
concentrations of major ions, particularly Na+ and Cl�, reach their
highest values in both rivers (Fig. 4). Jin et al. (2011) ascribed these
highest ion concentrations in the Buha River to the eolian dust in-
put. In the Shaliu River, its slightly high major ion contents during
the late winter might also be ascribed to the dust input, because
the season was characterized by frequently dust storms. It is also
observed that the relatively high major ion concentrations oc-
curred during the autumn in the Shaliu River. This may be due to
evaporation because ratios of ions remain constant (Figs. 3 and
4). For example, 11 samples from the Shaliu River collected from
6th September to 15th November show constant Cl/SO4 of 0.9
and Mg/Na� of 1.5 (Na�was corrected by halite input) as TDS varied
from 381 mg/L to 484 mg/L.

However, Ca2+ varies in an opposite trend in the autumn in the
Shaliu River, showing decreased concentrations (Fig. 4a and b). A
likely explanation is that Ca2+ was removed by the precipitation
of secondary calcite. The calcite saturation index (CSI, Bethke and



Table 1
Dissolved major ions and calcite saturation index data of river waters from the Shaliu River sampled weekly in 2009.

Sample
no.

Date (mm/
dd/yy)

Ta

(�C)
pH Ca2+

(lmol/L)
K+

(lmol/
L)

Mg2+

(lmol/L)
Na+

(lmol/L)
Si
(lmol/
L)

F�

(lmol/
L)

Cl�

(lmol/L)
NO�3
(lmol/L)

SO2�
4

(lmol/L)

HCO�3
(lmol/L)

TDSb

(mg/L)
NCBIc

(%)
CSId

SL09-01 01/04/09 0.2 8.17 1512 193 867 1302 101 5.37 892 n.a. 651 3982 462 1.12 0.60
SL09-02 01/11/09 0.4 8.35 1621 45 723 1591 100 10.24 958 235 492 4326 487 �2.99 0.85
SL09-03 01/18/09 0.6 8.29 1795 39 767 1704 110 8.45 1018 242 525 4179 494 5.41 0.82
SL09-04 01/25/09 0.2 8.45 1634 41 734 1600 99 11.19 962 227 495 4375 490 �2.95 0.95
SL09-05 02/01/09 0.3 8.34 1624 43 725 1587 100 8.99 965 243 498 4375 491 �4.11 0.84
SL09-06 02/08/09 0.5 8.23 1503 192 889 1300 102 7.53 968 n.a. 708 4670 513 �12.53 0.72
SL09-07 02/15/09 5.5 8.54 1612 58 663 623 143 6.70 420 107 301 4129 408 �0.66 1.11
SL09-08 02/22/09 6.0 8.35 2132 56 849 1131 124 8.92 729 175 452 4572 501 10.67 1.07
SL09-09 03/01/09 6.1 8.50 969 53 899 1181 153 8.56 737 177 458 3490 393 �7.20 0.78
SL09-10 03/08/09 5.2 8.51 1538 42 592 530 130 6.18 345 96 270 4031 388 �3.87 1.05
SL09-11 03/15/09 6.3 8.60 2231 52 856 1131 130 12.06 753 186 454 5653 573 �2.12 1.41
SL09-12 03/22/09 6.4 8.54 1005 50 866 1131 145 8.56 698 175 439 3441 386 �5.62 0.84
SL09-13 03/29/09 9.5 8.41 1230 53 641 641 133 4.58 377 77 301 3294 338 1.81 0.84
SL09-14 04/05/09 9.8 8.49 1189 43 648 639 131 5.05 369 82 291 3441 344 �2.84 0.93
SL09-15 04/12/09 9.8 8.55 1737 47 698 617 131 2.01 384 94 308 4424 429 0.24 1.23
SL09-16 04/19/09 9.7 8.45 1126 29 450 420 88 2.48 225 46 214 2753 271 4.07 0.79
SL09-17 04/26/09 11.1 8.49 1271 30 490 459 86 4.42 254 62 223 3048 300 4.88 0.93
SL09-18 05/03/09 10.5 8.29 1206 36 476 537 82 4.05 267 52 236 2950 294 4.85 0.69
SL09-19 05/10/09 10.5 8.40 1201 30 465 462 77 3.24 239 47 212 3048 294 1.64 0.82
SL09-20 05/17/09 10.1 8.42 1117 28 415 420 71 1.93 162 48 222 2704 265 4.33 0.75
SL09-21 05/24/09 11.3 8.45 1121 28 412 418 69 3.11 159 61 220 2753 268 2.75 0.81
SL09-22 05/31/09 10.8 8.36 1104 31 398 403 70 1.72 147 24 202 2655 257 6.02 0.70
SL09-23 06/07/09 12.6 8.39 1103 32 396 409 71 1.79 159 33 208 2704 261 3.60 0.76
SL09-24 06/14/09 13.1 8.43 1117 28 410 415 70 2.06 158 32 212 2802 268 2.25 0.82
SL09-25 06/21/09 13.8 8.35 1108 32 397 409 71 1.74 160 27 200 2753 263 3.19 0.74
SL09-26 06/28/09 13.7 8.33 1119 31 406 412 71 1.73 160 30 207 2605 256 8.10 0.70
SL09-27 07/05/09 15.2 8.35 1112 31 404 409 71 1.94 166 49 209 2802 269 1.01 0.77
SL09-28 07/12/09 15.3 8.35 1119 31 408 416 71 1.86 161 29 209 2753 265 3.95 0.77
SL09-29 07/19/09 15.7 8.18 870 46 305 263 84 4.83 145 43 136 2163 208 1.20 0.42
SL09-30 07/26/09 15.2 8.34 1209 30 443 436 75 2.34 155 38 223 3146 296 -0.46 0.84
SL09-31 08/02/09 14.0 8.47 1240 30 439 450 76 2.48 157 44 215 3023 290 4.73 0.94
SL09-32 08/09/09 14.3 8.48 1293 37 448 419 80 2.86 173 33 211 3048 293 6.58 0.98
SL09-33 08/16/09 14.3 8.52 1368 31 488 471 86 3.63 186 89 250 3441 330 �0.11 1.08
SL09-34 08/23/09 16.1 8.41 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
SL09-35 08/30/09 14.4 8.34 1068 45 513 516 98 2.74 165 50 260 2962 289 0.61 0.75
SL09-36 09/06/09 12.8 8.61 1520 42 626 605 114 4.15 218 55 272 3966 378 3.07 1.24
SL09-37 09/13/09 14.1 8.67 1603 53 743 722 134 4.48 268 65 321 4307 416 3.29 1.36
SL09-38 09/20/09 13.3 8.33 1132 101 867 832 150 5.61 343 90 399 3716 381 �0.43 0.82
SL09-39 09/27/09 10.9 8.56 1077 65 972 938 165 5.32 383 110 480 3751 396 �2.15 0.98
SL09-40 10/04/09 10.1 8.64 1379 61 868 845 165 5.54 326 80 379 4070 409 2.99 1.19
SL09-41 10/11/09 11.2 8.37 1226 86 875 834 156 4.75 337 176 393 3726 390 1.78 0.86
SL09-42 10/18/09 10.5 8.57 1393 50 725 701 127 4.52 259 67 324 3900 382 2.19 1.12
SL09-43 10/25/09 9.7 8.60 1608 62 888 838 149 6.12 336 79 394 4498 446 3.14 1.24
SL09-44 11/01/09 8.0 8.62 1464 54 771 736 135 5.37 279 70 346 4059 400 2.96 1.17
SL09-45 11/08/09 7.6 8.43 1301 81 885 834 155 5.40 339 85 484 3963 411 �1.35 0.91
SL09-46 11/15/09 7.3 8.65 1602 56 815 767 141 5.08 291 71 354 4866 458 �5.02 1.29
SL09-47 11/22/09 5.8 8.52 1725 46 708 599 121 7.42 300 61 223 4528 421 3.08 1.16
SL09-48 11/29/09 5.6 8.53 1735 60 687 605 118 6.06 306 65 233 4563 425 1.89 1.17
SL09-49 12/06/09 0.3 8.56 1743 35 614 453 107 3.98 231 53 206 4728 423 �4.36 1.14
SL09-50 12/13/09 0 8.58 1726 35 617 447 108 4.04 226 49 209 4001 377 9.09 1.09
SL09-51 12/20/09 1.6 8.56 1835 34 692 584 108 6.48 341 301 200 4215 419 7.21 1.13
SL09-52 12/27/09 1.8 8.55 1838 41 661 511 109 4.13 269 31 230 4591 423 3.53 1.16
SL09-53 01/04/10 1.9 8.46 1821 41 659 508 108 3.86 267 31 227 4579 421 3.12 1.07

n.a. – Not analyzed.
a T refers to water temperature when the samples were collected.
b Total dissolved solids.
c Normalized Inorganic Charge Balance (NICB) = (TZ+ � TZ�)/TZ+, where TZ+ = Na+ + K+ + 2Mg2+ + 2Ca2+, TZ� = Cl� + 2SO2�

4 + HCO�3 + NO�3 in lEq.
d Calcite saturation index was calculated using Geochemist’s Workbench V.8.0 (Bethke and Yeakel, 2009).
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Yeakel, 2009) shows that river waters are supersaturated with re-
spect to calcite (Table 1). Furthermore, Fig. 5 indicates that Mg/Na�

ratios remain constant at 1.5, whereas Ca/Na� ratios decrease from
3.5 to 2.1 during the autumn in the Shaliu River, suggesting re-
moval of Ca2+ from river waters.

The differences of major ionic contents between two rivers over
a one year period are higher Na+, Cl� and SO2�

4 concentrations in
the Buha River than those in the Shaliu River, indicating a higher
contribution of evaporite input to the Buha River. Meanwhile,
higher Ca/Na� and Mg/Na� ratios in the Buha River waters (Fig. 5)
suggest that the Buha River gains more carbonate weathering from
its catchment than the Shaliu River, in response to a large area of
limestone distribution within the Buha River catchment.

4.4. Sources of dissolved load

The potential major sources of dissolved ions into the river
waters include (1) atmospheric deposition, (2) weathering of
rock-forming minerals (silicates, carbonates, and evaporite), and
(3) anthropogenic input. Considering the sparsely population,
anthropogenic input is negligible in our study area. In this study,
we adopt the forward model (Galy and France-Lanord, 1999; Noh



Table 2
Chemical compositions of rain and snow, sampled from the Buha River and Shaliu River catchments.

Sample no. Date (mm/dd/yy) Na+ (lmol/L) K+ (lmol/L) Ca2+ (lmol/L) Mg2+ (lmol/L) F� (lmol/L) Cl� (lmol/L) SO2�
4 (lmol/L) NO�3 (lmol/L)

5-F-01a 05/25/08 136 64 790 83 11.59 49 94 10
5-F-02a 06/22/08 51 9 313 26 n.a. 57 57 26
5-F-03a 06/27/08 133 22 761 58 0.65 111 49 20
5-F-04a 07/03/08 68 57 90 8 n.a. 34 71 34
5-F-05a 07/15/08 50 27 590 42 n.a. 34 31 16
5-F-06a 07/16/08 38 7 196 21 n.a. 13 25 7
5-F-07 07/18/08 99 46 579 44 n.a. 135 47 n.a.
5-F-08 07/21/08 172 142 68 6 1.89 20 43 5
5-F-09 07/28/08 122 126 65 5 0.86 31 61 1
5-F-10 09/06/08 18 14 43 4 n.a. 18 20 7
5-F-11 09/06/08 12 13 54 3 n.a. 10 10 1
5-F-12 09/09/08 23 13 59 8 n.a. 24 20 5
5-F-13 09/23/08 51 27 76 10 n.a. 32 61 16
5-F-14 09/25/08 68 30 101 16 n.a. 39 34 7
5-F-15 09/28/08 23 16 90 6 n.a. 14 18 16
Rain2 05/31/10 28 3 115 29 3.52 26 43 13
Rain3 07/04/10 50 89 102 28 4.69 182 48 0
Rain4 07/11/10 35 38 77 15 4.24 81 54 18
Rain5 07/15/10 51 32 160 32 4.88 44 75 n.a.
Rain6 08/04/10 62 72 97 39 5.22 80 100 22
Rain7 08/30/10 77 16 203 71 5.02 56 71 n.a.
rw-1 10/10/07 67 12 441 41 8.52 58 74 9
Rain1 03/03/10 95 21 242 44 n.a. 73 72 n.a.
Snow1 03/16/07 20 13 215 11 5.70 20 17 22
Snow2 10/11/07 18 14 130 14 4.31 34 22 0
Snow3 10/13/07 94 40 222 16 4.94 25 99 19
Snow4 01/27/08 313 123 356 100 6.45 216 92 95
Snow5 02/09/08 124 58 569 87 9.44 102 152 93
Snow6 04/21/08 254 21 415 38 n.a. 235 85 5
Snow7 10/10/08 19 14 60 6 n.a. 25 27 28
Snow8 11/06/08 11 6 48 7 n.a. 22 16 27

n.a. – Not analyzed.
a Data from Jin et al. (2011).

(a) (b)

Fig. 3. Ternary diagrams for cations (a) and anions (b) of river water samples from the Buha and Shaliu Rivers, indicating dominance of Ca2+ and HCO�3 . Samples close to Na+

and (Cl� + SO2�
4 ) apexes in the spring season in the Buha River suggest a potential input of eolian dust (Jin et al., 2011), whereas the samples close to Na+ and Mg2+ apexes in

the autumn in the Shaliu River likely reflecting an evaporation effect.
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et al., 2009) to calculate the fractions of weathering of different
rocks after atmospheric input correction.
4.4.1. Atmospheric input
Some solutes in rainfall can constitute an important fraction of

dissolved species appearing in surface waters (Meybeck, 1983).
The aim of the atmospheric input correction is to quantify and sub-
tract the portion of the elements carried by rainwater in the chem-
ical compositions of the river water. Different methods for
atmospheric input correction have been used (Meybeck, 1983;
Stallard and Edmond, 1981; Grosbois et al., 2000; Millot et al.,
2002; Das et al., 2005; Hren et al., 2007). The rainwater correction
here is followed the method by Grosbois et al. (2000), as illustrated
by the following equation:

X� ¼ ðX=ClÞrain � Clref ð1Þ

where X� refers to corrected concentration derived from rain water,
and (X/Cl)rain refers to measured ion/Cl in rain water and Clref is Cl�
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Fig. 4. Weekly variations in concentrations of major ions in the Shaliu and Buha Rivers, showing significant seasonal variations. The highest major ions are observed in the
late winter and early spring, and the lowest in the monsoon period.

Fig. 5. Plot of Ca/Na� versus Mg/Na� in the Buha and Shaliu Rivers. Na� was
corrected by the halite input. The trend in the data indicates that more carbonate
weathering occurred in the Buha River than in the Shaliu River, and that Ca2+ was
removed in the Shaliu River in the autumn.

Table 3
Chemical compositions of silicate rocks collected in the Buha River and Shaliu River catch

Catchment Rocks SiO2

(wt.%)
Al2O3

(wt.%)
Fe2O3

(wt.%)
MgO
(wt.%)

Buha River Granite 69.73 13.83 3.29 1.61
Schist 68.45 14.12 3.90 1.49
Sandstone 79.04 8.90 1.85 0.89
High-grade
metamorphic rock

66.96 15.45 3.76 1.42

Ratio range

Shaliu River Granite 71.03 13.30 2.95 0.95
Sandstone 77.20 10.10 2.57 1.50
Clastic rocks 68.99 11.47 4.45 1.81
Ratio range
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concentration derived from rainwater. The Clref is calculated with
average weighted Cl� content of rain samples (Clave) multiplied by
concentration factor F, i.e. Clref = F�Clave. The F value represents the
concentration effect of evapotranspiration and is related to the total
quantity of rainwater P (in mm) and the evapotranspiration process
E (in mm) by the equation:
F ¼ P=ðP � EÞ ð2Þ

To better constraining seasonal atmospheric contributions, our
rain samples are divided into two groups (Table 2). The first group
is samples collected during monsoon seasons (May–September),
and the remaining is the second group. Two reasons for doing this
are as the follows. On the one hand, the water vapor sources of dry
seasons are different from the monsoon seasons (Chen et al., 2008).
During the monsoon seasons, warm and moist air mass is origi-
nated from the low latitudes ocean and brings most of annual pre-
cipitations, whereas rain in dry seasons is mainly controlled by
cold continental high-pressure system (the Westerlies), which
brings cold and dry air with frequent dust. On the other hand, as
ments.

CaO
(wt.%)

Na2O
(wt.%)

K2O
(wt.%)

Ca/Na
(mol/mol)

Mg/Na
(mol/mol)

Number of
rocks

2.91 2.56 3.18 0.63 0.49 n = 5
1.71 2.57 3.71 0.37 0.45 n = 7
1.41 2.04 2.30 0.38 0.34 n = 4
1.92 4.05 3.74 0.26 0.27 n = 11

0.47 ± 0.19 0.38 ± 0.11

2.14 2.45 4.32 0.48 0.30 n = 2
1.07 2.55 1.24 0.23 0.46 n = 2
2.94 2.36 1.69 0.69 0.60 n = 2

0.48 ± 0.43 0.45 ± 0.16
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the study area is in the high altitude region (>3200 m), the air tem-
perature is generally below 0 �C from October to April and the pre-
cipitations are in forms of snow and hail, while from May to
September, the average monthly air temperature ranges from 3.5
to 11.5 �C and the precipitation is in form of rain.

Following the groups, the Clave are 52 lmol/L from May to Sep-
tember and 81 lmol/L for the second group, respectively. Accord-
ing to Eq. (2), the F value is 1.47. The Clref are 76 lmol/L for May
to September and 119 lmol/L for October to April, respectively.
The latter high value is very close to the lowest Cl� concentration
(106 lmol/L) of river waters within the Lake Qinghai catchment
(Zhang et al., 2009).

The calculated contributions show that rain input accounts for
average 22% of total riverine cations in both rivers, with their val-
ues ranging from 18% to 24% in the Buha River and from 16% to 33%
in the Shaliu River, respectively (Table 4). In addition, both rivers
show increased rain contribution during the monsoon periods. It
is noticed that one Shaliu River sample collected on 19th July has
exclusive high rain contribution (33%), which is attributed to a hea-
vy rain occurred on 16th July, resulting in a highest daily discharge
in the year. These results further suggest that river waters are di-
luted during monsoon seasons and that atmospheric input contrib-
utes an important fraction to river water in the semi-arid areas.

4.4.2. Evaporite contribution
Assuming that all Cl� after atmospheric correction comes from

halite and all SO2�
4 from gypsum/anhydrite, the calculated average

contributions of halite dissolution are 9% (5–12%) in the Buha River
and 2% (0.8–5%) in the Shaliu River, respectively (Table 4), and the
average gypsum contributions are 10% (5–14%) in the Buha River
and 8% (4–16%) in the Shaliu River, respectively. Sulfate could also
be generated via oxidation of pyrites (see Section 4.4.4) and there-
fore this estimate of SO2�

4 marks an upper limit of gypsum. These
results indicate that although the sources of SO2�

4 have some
uncertainties, the halite contribution is much higher in the Buha
River than in the Shaliu River, in agreement with its dominant mar-
ine lithology.

4.4.3. Silicate contribution
Aluminosilicate and Ca–Mg silicate weathering can provide

Ca2+, Mg2+, Na+, and K+ to river waters. If all Na� after rain and ha-
lite correction is silicate-derived (Nasil = Nar � Narain � Nahal), the
silicate contributions of Ca2+ and Mg2+ (Casil, Mgsil) are calculated
assuming that both are released to rivers from silicates in a fixed
proportion relative to Na�. For our study, the average (Ca/Na)sil

and (Mg/Na)sil ratios measured in silicate rocks are 0.47 ± 0.19
and 0.38 ± 0.11 in the Buha River catchment, and 0.48 ± 0.43 and
0.45 ± 0.16 in the Shaliu River catchment, respectively (Table 3).
These ratios are based on 27 and 6 rock samples in the Buha and
Shaliu River catchments, respectively, including granites, clastic
rock, schist, sandstones, and high-grade metamorphic rocks. Then
the fractions of cation contributions derived from the silicates to
the rivers are calculated. Within the uncertainties of the (Ca/Na)sil

and (Mg/Na)sil ratios, the average silicate contributions are 8 ± 2%
(2–18%) in the Buha River and 20 ± 5% (11–31%) in the Shaliu River,
respectively (Table 4). It is obvious that contribution of silicate
weathering in the Shaliu River is approximately two times higher
than that in the Buha River, which is consistent with different lith-
ologic distribution in each river catchment.

4.4.4. Carbonate contribution
In calculating carbonate contribution to rivers, it is important to

isolate contribution of gypsum-derived SO2�
4 from that via pyrite

oxidation, as the latter can supply protons from H2SO4 weathering
without consuming atmospheric CO2. Generally, pyrite oxidation
would result in high Si and SO2�

4 but low HCO�3 concentrations
(Huh et al., 1998a,b). However, both the Buha and Shaliu Rivers ex-
hibit low Si and SO2�

4 but high HCO�3 contents, thus SO2�
4 may

mainly originate from gypsum dissolution. Assuming that all
SO2�

4 is from gypsum dissolution and considering the uncertainties
of the (Ca/Na�)sil and (Mg/Na�)sil ratios, the average carbonate con-
tributions are 52 ± 2% (45–58%) in the Buha River and 46 ± 5% (31–
63%) in the Shaliu River, respectively (Table 4). These are lower
limits of carbonate contributions for both catchments.

If all SO2�
4 is from oxidation of pyrite, the upper limits of carbon-

ate contributions are 60 ± 2% (52–65%) in the Buha River and
55 ± 5% (47–67%) in the Shaliu River, respectively. It is noted that
the river waters are supersaturated with respect to calcite in both
the Buha and Shaliu Rivers (CSI > 0, Table 1), thus some Ca2+ might
be removed by calcite precipitation, resulting in underestimating
the carbonate contribution. In any case, carbonate weathering
has contributed more than half of total cations to the waters of
both rivers.

Although limited limestone outcrops within the Shaliu River
catchment, Ca2+ and HCO�3 dominate the water chemistry as in
the Buha River. It has been shown that in some silicate-dominated
watersheds, weathering of trace amounts of calcite may contribute
a significant amount of Ca2+ and HCO�3 (Blum et al., 1998; Jacobson
et al., 2003; Oliva et al., 2004; Hagedorn and Cartwright, 2009).
4.5. Rates of CO2 consumption by silicate weathering

The rate of net CO2 consumption by silicate weathering (ØCO2)
is calculated based on the silicate cations, coupled with the data of
drainage areas (A) and weekly averaged water discharges (Q).

ØCO2 ¼ ØðKsil þ Nasil þ 2� Casil þ 2�MgsilÞ � Q=A ð3Þ

For some springtime samples with abnormally high Na+ and Cl�

contents in the Buha River that might be affected by eolian dust
(Jin et al., 2011), we use ØCO2 = 2ØSi instead (Edmond and Huh,
1997) because the dissolved fluxes from eolian dust are unknown
and Si is conservative in the springtime river waters. It has been re-
ported that independent estimate of ØCO2 can be made from Si
concentrations, especially in those areas where carbonates and
evaporates are abundant (Hagedorn and Cartwright, 2009 and ref-
erences therein). The time series ØCO2 data within the Buha and
Shaliu River catchments are listed in Table 4.

The annual ØCO2 is 282 ± 71 � 103 mol/km2/yr in the Shaliu
River catchment and 19 ± 3 � 103 mol/km2/yr in the Buha River
catchment, respectively. These values are their upper limits, since
pyrite oxidation generates H2SO4 that can weather silicate miner-
als without consuming atmospheric CO2. If all the SO2�

4 is from pyr-
ite oxidation and is consumed by silicate weathering, the
recalculated ØCO2 would decrease to 171 � 103 mol/km2/yr in
the Shaliu River catchment and nearly all the values would be neg-
ative in the Buha River catchment. Obviously, the latter assump-
tion is unreasonable for the Buha River and provides only a
reference of a lower limit of ØCO2 for the Shaliu River, because car-
bonate will preferentially consume most of H2SO4 relative to sili-
cates (Chou et al., 1989). Tranter et al. (2002) proposed that only
trace quantities (�0.7%) of carbonate and sulfides in silicate bed-
rock surface could dissolve five times more carbonate than silicate.
Therefore, in our study areas where carbonate weathering domi-
nates water chemistry, the pyrite oxidation would not apparently
affect the ØCO2, even assuming that pyrite does exist in the Buha
and Shaliu River catchments.

For the seasonal variations of ØCO2, it is observed that ØCO2

varies from 4 mol/km2/yr in the dry season to 3687 mol/km2/yr
in the monsoon season in the Shaliu River, and from 1 mol/km2/
yr in the dry season to 229 mol/km2/yr in the monsoon in the Buha
River, respectively (Table 4).



Table 4
Chemical weathering fluxes and net CO2 consumption rates for the Shaliu River and Buha River catchments.

Sample
no.

Date
(mm/dd/yy)

Dischargea

(m3/s)
Tb

(�C)
Silicate Carbonate Rain Halite Gypsum SWRc

(kg/km2/day)
PERd

(kg/km2/day)
Net ØCO2

(mol/km2/day)
% of Cations

Shaliu River catchment
SL09-01 01/04/09 0.91 �18.0 20 33 18 12 18 1.5 – 70
SL09-02 01/11/09 0.78 �21.0 28 30 17 13 13 1.6 – 83
SL09-03 01/18/09 0.32 �17.0 28 31 16 12 12 0.7 – 37
SL09-04 01/25/09 0.16 �14.5 28 30 17 12 12 0.3 – 17
SL09-05 02/01/09 0.15 �11.0 27 30 17 13 13 0.3 – 15
SL09-06 02/08/09 0.11 �13.0 17 33 17 13 19 0.1 – 7
SL09-07 02/15/09 0.12 �9.0 11 56 21 5 8 0.1 – 4
SL09-08 02/22/09 0.12 �13.0 16 51 15 8 10 0.2 – 8
SL09-09 03/01/09 0.19 �10.0 25 27 22 11 15 0.3 – 14
SL09-10 03/08/09 0.21 �13.0 10 56 23 4 7 0.1 – 6
SL09-11 03/15/09 0.25 �12.0 14 53 15 8 10 0.3 – 16
SL09-12 03/22/09 0.29 �3.5 24 29 22 11 14 0.4 – 21
SL09-13 03/29/09 1.74 �7.0 16 45 25 5 9 1.5 – 76
SL09-14 04/05/09 2.38 �6.5 17 44 25 5 9 2.1 – 104
SL09-15 04/12/09 4.40 2.0 11 57 20 4 8 3.3 – 166
SL09-16 04/19/09 4.49 0.5 14 47 30 2 7 2.7 – 135
SL09-17 04/26/09 3.93 0.5 13 51 27 2 6 2.5 – 125
SL09-18 05/03/09 2.95 0.0 19 47 22 3 8 2.6 1.8 133
SL09-19 05/10/09 3.29 4.0 16 51 23 3 7 2.4 3.8 120
SL09-20 05/17/09 2.87 1.0 20 45 25 1 9 2.4 2.4 122
SL09-21 05/24/09 2.39 1.5 20 46 25 1 8 2.0 2.0 102
SL09-22 05/31/09 8.76 4.0 21 46 26 0 8 7.2 135.1 371
SL09-23 06/07/09 4.34 5.0 20 46 26 1 8 3.5 4.4 180
SL09-24 06/14/09 6.35 7.0 20 46 25 1 8 5.2 11.1 269
SL09-25 06/21/09 19.35 7.0 20 46 26 1 7 15.5 199.3 796
SL09-26 06/28/09 27.87 7.0 20 46 25 1 8 22.6 256.6 1161
SL09-27 07/05/09 26.41 10.0 19 47 25 1 8 20.6 135.4 1059
SL09-28 07/12/09 44.64 9.0 20 46 25 1 8 36.5 488.0 1879
SL09-29 07/19/09 53.41 11.0 12 49 33 0 5 22.4 2432.4 1046
SL09-30 07/26/09 39.13 8.5 21 48 23 0 8 35.2 206.4 1823
SL09-31 08/02/09 30.50 10.0 21 48 23 1 7 28.6 252.9 1481
SL09-32 08/09/09 39.17 5.0 17 52 22 1 7 31.5 236.3 1605
SL09-33 08/16/09 20.11 7.0 19 51 21 1 8 18.4 29.3 950
SL09-34 08/23/09 27.67 9.0 – – – – – – 103.0 –
SL09-35 08/30/09 35.34 4.5 27 39 24 1 10 40.8 92.9 2099
SL09-36 09/06/09 25.71 10.0 22 50 18 2 8 32.5 62.9 1684
SL09-37 09/13/09 47.60 6.0 24 49 16 2 9 71.4 719.5 3687
SL09-38 09/20/09 63.76 4.0 29 35 18 4 13 110.1 639.9 5512
SL09-39 09/27/09 32.39 2.0 31 31 17 5 16 60.0 131.0 3096
SL09-40 10/04/09 20.84 �1.0 27 39 20 3 10 35.3 51.8 1823
SL09-41 10/11/09 19.39 �3.0 28 36 21 3 12 32.7 10.1 1653
SL09-42 10/18/09 16.54 �4.5 25 42 22 2 9 23.6 6.7 1219
SL09-43 10/25/09 13.34 �6.0 24 44 19 3 10 21.9 – 1129
SL09-44 11/01/09 11.67 �10.0 24 43 21 2 9 17.3 – 892
SL09-45 11/08/09 9.69 �7.0 27 35 21 3 15 16.2 – 820
SL09-46 11/15/09 5.60 �10.0 24 46 19 2 9 8.7 – 448
SL09-47 11/22/09 3.55 �17.5 15 58 20 2 5 3.4 – 174
SL09-48 11/29/09 3.18 �15.0 15 58 20 3 5 3.2 – 158
SL09-49 12/06/09 2.98 �17.0 11 62 21 1 4 2.1 – 104
SL09-50 12/13/09 2.66 �14.0 11 62 21 1 4 1.8 – 93
SL09-51 12/20/09 2.45 �20.5 11 63 19 3 4 1.9 – 94
SL09-52 12/27/09 2.15 �22.5 12 62 20 2 5 1.7 – 84
SL09-53 01/04/10 2.06 �15.5 12 62 20 2 5 1.6 – 79

Buha River catchment
BH07-01 01/01/07 2.19 �15.0 9 53 22 8 8 0.1 – 6
BH07-02 01/07/07 2.07 �13.5 15 46 22 9 8 0.2 – 10
BH07-03 01/14/07 1.90 �15.0 10 53 22 8 7 0.1 – 6
BH07-04 01/21/07 1.79 �15.0 2 58 22 11 7 0.0 – 1
BH07-05 01/28/07 1.77 �14.5 10 52 22 8 8 0.1 – 5
BH07-06 02/04/07 1.80 �9.5 9 53 23 8 8 0.1 – 5
BH07-07 02/11/07 1.67 �11.0 18 50 23 5 5 0.2 – 9
BH07-08 02/18/07 1.66 �19.5 10 53 23 7 7 0.1 – 5
BH07-09 02/25/07 1.65 �11.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-10 03/04/07 1.59 �13.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-11 03/11/07 1.70 �4.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-12 03/18/07 1.60 �12.0 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-13 03/25/07 1.62 �11.5 n. c. n. c. n. c. n. c. n. c. n. c. – 2
BH07-14 04/01/07 1.92 �5.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-15 04/08/07 2.25 1.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-16 04/15/07 2.12 �5.5 n. c. n. c. n. c. n. c. n. c. n. c. – 3
BH07-17 04/22/07 3.80 �0.5 n. c. n. c. n. c. n. c. n. c. n. c. – 6

(continued on next page)
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Table 4 (continued)

Sample
no.

Date
(mm/dd/yy)

Dischargea

(m3/s)
Tb

(�C)
Silicate Carbonate Rain Halite Gypsum SWRc

(kg/km2/day)
PERd

(kg/km2/day)
Net ØCO2

(mol/km2/day)
% of Cations

BH07-18 04/29/07 5.42 2.5 n. c. n. c. n. c. n. c. n. c. n. c. 0.1 8
BH07-19 05/06/07 4.99 3.0 n. c. n. c. n. c. n. c. n. c. n. c. 0.2 7
BH07-20 05/13/07 8.81 �2.5 n. c. n. c. n. c. n. c. n. c. n. c. 1.9 12
BH07-21 05/20/07 4.91 3.0 n. c. n. c. n. c. n. c. n. c. n. c. 0.3 6
BH07-22 05/27/07 3.47 4.0 n. c. n. c. n. c. n. c. n. c. n. c. 0.1 4
BH07-23 06/03/07 2.79 7.0 n. c. n. c. n. c. n. c. n. c. n. c. 0.2 4
BH07-24 06/10/07 2.31 5.5 8 54 23 6 9 0.1 0.2 4
BH07-25 06/17/07 4.67 11.5 5 55 23 7 9 0.1 2.6 6
BH07-26 06/24/07 62.21 6.5 11 55 22 5 7 3.3 498.6 156
BH07-27 07/01/07 52.79 13.5 5 58 24 6 8 1.4 66.1 62
BH07-28 07/08/07 70.30 9.0 6 54 24 7 9 2.1 257.5 93
BH07-29 07/15/07 43.31 15.5 5 58 24 6 7 1.1 28.9 49
BH07-30 07/22/07 104.43 9.5 8 51 21 8 12 4.6 698.2 210
BH07-31 07/29/07 66.90 12.0 9 47 21 9 13 3.4 88.8 158
BH07-32 08/05/07 40.37 9.5 10 48 20 9 12 2.2 21.5 108
BH07-33 08/12/07 50.03 11.0 10 48 21 9 12 2.7 38.0 126
BH07-34 08/19/07 42.67 13.0 5 53 19 10 14 1.3 24.5 57
BH07-35 08/26/07 107.76 8.0 5 54 18 9 14 3.6 464.0 155
BH07-36 09/02/07 152.29 11.5 5 56 18 9 13 4.7 472.0 209
BH07-37 09/09/07 116.84 4.5 6 52 19 9 14 4.0 81.1 181
BH07-38 09/16/07 157.14 1.5 5 53 19 9 14 5.1 403.7 229
BH07-39 09/23/07 92.70 8.0 5 54 19 9 14 3.2 59.6 143
BH07-40 09/30/07 91.84 0.0 5 54 19 9 14 2.8 81.0 123
BH07-41 10/07/07 89.21 0.0 4 53 22 8 12 2.6 40.8 113
BH07-42 10/14/07 78.66 �1.0 3 53 23 9 12 1.8 13.6 73
BH07-43 10/21/07 55.47 2.5 4 53 23 8 12 1.6 3.8 71
BH07-44 10/28/07 39.39 �5.0 5 53 22 9 12 1.3 0.4 56
BH07-45 11/04/07 22.27 �6.5 14 45 22 10 8 1.9 – 93
BH07-46 11/11/07 16.56 �10.5 14 45 22 11 8 1.4 – 68
BH07-47 11/18/07 14.23 �9.5 8 52 22 8 10 0.7 – 32
BH07-48 11/25/07 8.72 �11.0 9 52 23 8 9 0.5 – 22
BH07-49 12/02/07 4.54 �14.5 8 51 24 8 9 0.2 – 10
BH07-50 12/09/07 3.59 �13.0 9 51 24 8 9 0.2 – 9
BH07-51 12/16/07 3.16 �19.5 8 51 24 8 9 0.1 – 7
BH07-52 12/23/07 3.15 �9.0 7 51 24 8 9 0.1 – 6
BH07-53 12/30/07 2.74 �20.5 8 51 24 8 9 0.1 – 6

n.c. – Refers to not calculated, since the samples might be significantly affected by potential dust input.
‘‘–’’ refers to lack of data.

a Discharge is weekly average.
b T refers to mean daily air temperature.
c SWR refers to silicate weathering rate calculated from silicate derived cations.
d Physical erosion rate = (weekly suspended particulate material flux)/7.
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Generally, ØCO2 has been calculated by using river water sam-
ples collected during the rainy season. In this study, the ØCO2 cal-
culated by rainy season samples are 16 � 103 mol/km2/yr in the
Buha River catchment and 182 � 103 mol/km2/yr in the Shaliu Riv-
er catchment, which are 16% and 35% lower than the annual ØCO2

sum by all weekly samples in the respective catchment. Such obvi-
ous difference can be attributed to high silicate-derived cations in
the dry seasons, owing to longer water–rock interaction relative to
the running discharge during the rainy seasons.
4.6. Controls on silicate weathering rate (SWR) and ØCO2
4.6.1. Lithology
The field meteorological data show that air temperature and

precipitation exhibit very similar seasonal patterns between
2007 and 2009, with their high values during the monsoon seasons
and low values during the dry seasons (Fig. 2). Under such same
climatic conditions, the lithology control on ØCO2 can be compared
between the catchments. The calculation shows that in the Shaliu
River, the annual ØCO2 is 15 times higher than that in the Buha
River, which can be attributed to the distinct lithology between
the two catchments. The Buha River catchment is dominated by
late Paleozoic marine limestone, whereas Triassic sandstone and
Late Cambrian metamorphic rocks dominate within the Shaliu Riv-
er catchment.
4.6.2. Water discharge and temperature
Among the climatic factors governing SWR, White and Blum

(1995) proposed that precipitation, temperature and runoff domi-
nate, whereas Dalai et al. (2002) indicated that temperature is
most important and Turner et al. (2010) further observed a sub-
stantial temperature control in high rainfall and favorable topogra-
phy conditions. In contrast, recent studies suggested that runoff
plays a critical role on SWR (Singh et al., 2005; Tipper et al.,
2006; Hren et al., 2007; Moon et al., 2007; Noh et al., 2009) and
that there is no obvious effect by temperature (Huh and Edmond,
1999; Riebe et al., 2004; Hren et al., 2007; Hagedorn and Cart-
wright, 2009). Thus, the identification of these climatic controls
on SWR remains a debate. In this study, one of the goals is to inves-
tigate whether there is a water discharge and/or temperature con-
trol on SWR in the semi-arid regions. If any, how about their
relationship with monsoonal seasonality?

The correlations between seasonal ØCO2 versus Q and air tem-
perature are carried out in the Shaliu and Buha River catchments
(Fig. 6) in order to test their controls on SWR. ØCO2 is calculated
as the product of Q and silicate-derived ions using Eq. (3). As the
silicate-derived ions is much less variable than Q in both rivers,



0.1 1 10 100
1

10

100

2

2

2

2

1000

0.01 0.1 1 10 100

1

10

100

1000

10000

300

R2 = 0.68
Ea = 59 kJ/mol

3.4 3.5 3.6 3.7 3.8 3.9 4
-1

0

2

4

6

R2 = 0.74
Ea = 62 kJ/mol

3.5 3.6 3.7 3.8 3.9 4

0

2

4

6

8

10

R2 = 0.67
Ea = 96 kJ/mol

R2 = 0.56
Ea = 74 kJ/mol

Late Winter
Spring
Monsoon
Autumn
Early Winter

Water Discharge (m3/s)

Fig. 6. Relationships between net CO2 consumption rate (ØCO2) versus water discharge and air temperature. A strong correlation of ØCO2 and water discharge suggests the
dominated control of discharge on silicate weathering (a and b). The two arrows mark the ØCO2 change directions before and after the mid-monsoons (a and b). Air
temperature exhibits two different trends with ØCO2 in both the Shaliu River (c) and Buha River (d), i.e. before and after the mid-monsoons, indicating ØCO2 dependence on
temperature as well.

1 2 3 4 5 6 7 8 9 10 11 12

Month (2007)

1

10

100

1

10

100

-25

-15

-5

5

15

1 2 3 4 5 6 7 8 9 10 11 12

Month (2009)

1

10

100

1000

10000

0.1

1

10

100

-25

-15

-5

5

15
Shaliu river

Buha River

Late Winter Spring Monsoon Autumn
300400

A
ir

T
em

pe
ra

tu
re

(o C
)

D
is

ch
ar

ge
(m

3 /
s)E

arly
W

inter

C
O

2
co

ns
um

pt
io

n
ra

te
(m

ol
/k

m
2 /d

ay
)

Temperature
Discharge
CO2 consumption rate

Fig. 7. The time-series variations of ØCO2, air temperature and water discharge in the Shaliu and Buha Rivers, showing significant seasonal variations.

F. Zhang et al. / Journal of Asian Earth Sciences 62 (2013) 547–560 557



2

2

0.51

2

0.20

2

0.27

2

2

0.44

(a)

(b)

Fig. 8. Plots of physical erosion rate (PER) versus silicate weathering rate (SWR) in
the Shaliu River (a) and the Buha River (b). Different power law functions between
SWR and PER are observed in each river.

3

Fig. 9. Plots of physical erosion rate (PER) versus water discharge in the Shaliu and
Buha Rivers (a and b). At a given discharge, the higher PER in May and June indicates
the effects of frozen process and erosion of ice and snow.

558 F. Zhang et al. / Journal of Asian Earth Sciences 62 (2013) 547–560
good linear log–log correlations with a near-zero intercept are ob-
served between Q and ØCO2 over a one year period (Fig. 6a, b),
indicating a dominated control of Q on SWR in both river
catchments.

Interestingly, different from the single relation obtained by sea-
sonal samples collected in the Himalayas (Dalai et al., 2002) or by
spatial samples from 68 small, mono-lithologic basins distributed
around the world (White and Blum, 1995), air temperature in this
study exhibits two distinct trends with ØCO2 during 2 time periods
in each catchment (Fig. 6c and d). It is noted that it may be mis-
leading to believe that there is a weak correlation between temper-
ature and ØCO2, if the weekly ØCO2 over a one year period is
plotted with the air temperature (R2 = 0.30 in the Shaliu River
and R2 = 0.41 in the Buha River), without seasonal classification.
However, by classifying into before and after the mid-monsoons,
the two trends are observed for both of the river catchments in
Fig. 6c and d. The steeper slopes for before the mid-monsoons
merely reflect the greater control of temperature on SWR and
ØCO2 relative to after the mid-monsoon.

During the winters, air temperature decreases to the lowest
with its values below �10 �C in both catchments (Fig. 7). The pre-
cipitation is very low and is in the form of snow. The discharge
might be sustained by subsurface flow and the ØCO2 decreases to
the lowest. During this period the catchment surface is frozen
and is covered by ice and snow. From winter to monsoon seasons,
air temperature gradually increases and the rivers are fed by melt-
water of ice and snow, resulting in gradually increasing ØCO2

(Fig. 7). It has been reported that the melt-water began to feed
the discharge within the Lake Qinghai catchment in March, and
the effect of melt-water would be diminishing in May because of
the decreasing snow and increasing rainfall (LZBCAS, 1994). Also,
this period are characterized by frequently dust storms. Therefore,
during the period before the mid-monsoon, under a low discharge
condition, increased silicate sources plausibly stem from (1) frozen
soil, (2) groundwater, and/or (3) eolian dust input. After the mid-
monsoon, although air temperature gradually decreases to
�10 �C as before the mid-monsoon, high water discharge lasts a
long period (Fig. 7), resulting in a relatively high ØCO2 (Figs. 6c
and d and 7). The two trends might suggest that temperature plays
a more important role on the ØCO2 before the mid-monsoon under
a condition of low water discharge than that after the mid-
monsoon when water discharge is high. In addition, the freezing
erosion triggered by low temperature before the mid-monsoon
also facilitates silicate weathering (discussed in Section 4.6.3).
Under the low water discharge condition, therefore, the roles of
temperature and physical erosion are augmented before the mid-
monsoon relative to after the mid-monsoon. As a consequence,
the combined effect of discharge, temperature and physical erosion
produces the different trends before and after the mid-monsoons.
The dominated control of Q on SWR and ØCO2 is further supported
by the lower slopes under high discharge after the mid-monsoon
than that before the mid-monsoon, even at the rivers draining
distinct lithology.

During the mid-monsoons, air temperature increases to about
15 �C and focused rainfall produces significantly increased dis-
charge (Fig. 7). The highest ØCO2 is observed during this period.
It is found that the monsoonal ØCO2 accounts for 75% and 71% of
the total annual flux in the Shaliu and Buha River catchments,
respectively, indicating dominant silicate weathering in the semi-
arid northeastern Tibetan Plateau during the monsoons.

The two distinct trends between temperature and ØCO2 can be
further described by an Arrhenius relationship from which the
activation energy (Ea) of the weathering reaction can be calculated
(White and Blum, 1995; White et al., 1999). During the period
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before the mid-monsoons, the calculated Ea values of silicate
weathering are 96 and 74 kJ/mol for the Shaliu and Buha River
catchments, respectively, while after the mid-monsoon, the corre-
sponding Ea are 62 and 59 kJ/mol, respectively. These values are
within ranges obtained for silicate weathering in natural water-
sheds, such as 77 kJ/mol (Velbel, 1993), 69–78 kJ/mol (White and
Blum, 1995), 51 kJ/mol (White et al., 1999), and 52–102 kJ/mol
(Turner et al., 2010). According to laboratory weathering studies,
easily weatherable minerals have lower Ea values, and different
minerals have different Ea values. For example, the Ea derived from
laboratory experiments is 25–35 kJ/mol for basaltic glass dissolu-
tion (Gislason and Eugster, 1987; Gislason and Oelkers, 2003),
60 kJ/mol for albite, and 80 kJ/mol for oligoclase (White and Blum,
1995 and references therein). Hence, the higher Ea values during
the period before the mid-monsoons than after the mid-monsoons
in our study can be related to a greater dissolution of uneasily
weatherable minerals derived from (1) frozen soil, owing to both
the long residence time under low discharge and the new reactive
minerals exposure by freezing erosion before the monsoon, (2)
groundwater that also has long residence time, and/or (3) eolian
dust input.

Anyway, these results suggest that the seasonal variations of
ØCO2 in the semi-arid catchments can be explained by the co-
variation of Q and temperature because of their strong coupling with
monsoons, behaving a cluster in highest ØCO2 during the monsoon
maximum (at the times of highest Q and temperature) (Fig. 6).

4.6.3. Physical erosion
The effect of physical erosion on SWR has long been the focus

since the hypothesis that rapid erosion exposes fresh, highly reac-
tive minerals and then enhances SWR. The test of this hypothesis
has been sought to define a positive correlation between physical
erosion and SWR (Gaillardet et al., 1999; Millot et al., 2002; West
et al., 2005). So far, four relationships between them were reported
in previous studies, as illustrated as (1) a linear relationship, (2) a
power function relationship, (3) under supply-limited conditions,
SWR is in linear increase with physical erosion, whereas under
kinetically-limited conditions, the relationship becomes less linear,
and (4) no correlation.

The data of PER listed in Table 4 are weekly averaged SPM fluxes
for comparing with SWR. The SWR is calculated based on silicate
derived cations above. Unlike the four relationships listed above,
in our two study catchments, relationships between PER versus
SWR also show two distinct trends during the periods before and
after mid-monsoon (Fig. 8a and b). During each period, their rela-
tionships obey a power law function, implying that the silicate
weathering is promoted by physical erosion through providing
fresh mineral exposure. Note that the higher exponent for a power
function means a faster increase of SWR at a given range of PER.
The exponents of power function are 0.44 and 0.51 before mid-
monsoon and are 0.27 and 0.20 after mid-monsoon in the Shaliu
and Buha Rivers, respectively. In this study, the higher exponent
values before the mid-monsoons in both rivers than that after
the mid-monsoons indicate that SWR increases faster before the
mid-monsoons than after the mid-monsoon. Because, as men-
tioned above, the frozen soil and the erosion of ice and snow before
the mid-monsoons in both catchments yield: (1) large volumes of
fine grained sediment, and (2) new reactive minerals exposure
with high surface area, as illustrated in several studies (Anderson
et al., 1997; Anderson, 2007). Such high reactive material acceler-
ates silicate weathering.

A further evidence for the supply of this material can be ob-
served in Fig. 9. It shows that at a given discharge, the PER is gen-
erally higher during early monsoon (from May to June) than during
late monsoon (from July to October) in both river catchments. A
reason for the higher PER is that large volumes of fine material pro-
duced by freezing erosion during the winter and spring seasons
was flushed out at the onset of monsoonal rainfall. Frost-shattering
and freezing processes produce the fracturing of rock and fine
material as reported previously (e.g. Gaillardet et al., 1999; Huh
and Edmond, 1999).

5. Conclusions

The major ion chemistry of weekly river water, daily SPM con-
tent and detailed hydrological data from the semi-arid northeast-
ern Tibetan Plateau over a one year period have brought out the
following observations.

The river chemistry, SPM and physical erosion rate exhibit sig-
nificant seasonal variations in both the Buha and Shaliu Rivers. In
the Shaliu River, weathering of trace amounts of calcite dominates
the Ca2+ and HCO�3 of the river water. Using the weekly time-series
variations of Ca2+ and elemental ratios, the signal of carbonate pre-
cipitation is captured at the end of monsoon in this river. Thus, in
the rivers that are supersaturated with respect to calcite, densely
time-series sampling might provide an effective way to monitor
the process of carbonate precipitation.

Although the two rivers share the same climate conditions, the
distinct lithology leads to a 15 times difference of annual ØCO2 be-
tween the two catchments. The linear correlations between Q and
ØCO2 indicate a dominated control of Q on SWR in both river catch-
ments. Different from the previous studies, the relationship be-
tween temperature and ØCO2 shows two distinct trends during
the periods before and after the mid-monsoons for both rivers,
indicating that temperature plays a more important role on ØCO2

before the mid-monsoon under a condition of low water discharge
than that after the mid-monsoon with a high water discharge. The
two distinct trends between physical erosion rates and silicate
weathering rates indicate that freezing erosion before the mon-
soon accelerates silicate weathering rates.
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