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Abstract

The Hong (Red) River drains the prominent Red River Fault Zone that has experienced various tectonic activities—intru-
sion of magma, exhumation of basement rocks, and influx of thermal waters—associated with the Cenozoic collision of India
and Eurasia. We report dissolved major element and Sr isotope compositions of 43 samples from its three tributary systems
(Da, Thao/Hong main channel, and Lo) encompassing summer and winter seasons. Carbonic acid ultimately derived from the
atmosphere is the main weathering agent, and sulfuric acid from pyrite oxidation plays a minor role. Seasonality is manifested
in higher calcite saturation index and Mg/TZ+ and lower Ca/Mg in summer, suggesting calcite precipitation, and in higher Si/
(Na* + K) ratios in summer suggesting more intensive silicate weathering. We quantified the input from rain, evaporite, car-
bonate, and silicate reservoirs using forward and inverse models and examined the robustness of the results. Carbonate dis-
solution accounts for a significant fraction of total dissolved cations (55–97%), and weathering of silicates makes a minor
contribution (1–40%). Our best estimate of the spatially averaged silicate weathering rate in the Hong basin is
170 · 103 mol/km2/yr in summer and 51 · 103 mol/km2/yr in winter. We tested for correlations between the rate of CO2 con-
sumption by silicate weathering and various climatic (air temperature, precipitation, runoff, and potential evapotranspiration)
and geologic (relief, elevation, slope, and lithology) parameters calculated using GIS. Clear correlations do not emerge (except
for /CO2 and runoff in winter) which we attribute to the complex geologic setting of the area, the seasonal regime change
from physical-dominant in summer to chemical-dominant in winter, and the incoherent timescales involved for the different
parameters tested.
� 2006 Elsevier Inc. All rights reserved.
1. INTRODUCTION

Chemical weathering of silicate rocks acts as a net sink
for atmospheric CO2 over >1 m.y., and climatic and geo-
logic factors controlling its rate and feedback mechanisms
have attracted much interest as regulators of atmospheric
CO2 levels over geologic timescales (Walker et al., 1981;
Berner, 1991; Edmond, 1992; Raymo and Ruddiman,
1992). Walker et al. (1981) proposed that the tempera-
ture-dependence of silicate weathering rates constitutes a
0016-7037/$ - see front matter � 2006 Elsevier Inc. All rights reserved.
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negative feedback on atmospheric CO2. Raymo and Ruddi-
man (1992) countered by ascribing the Cenozoic deteriora-
tion in global climate to the rise of the Himalayas and the
resulting increase in mechanical and chemical weathering
rates and consumption of atmospheric CO2. In order to test
the former ‘‘thermostat’’ hypothesis or the latter ‘‘uplift-
weathering’’ hypothesis, we require field data on chemical
weathering rates under various climatic and geologic condi-
tions. Hitherto, rivers draining the Himalayas have been the
focus because of the high chemical weathering rates, unusu-
ally high delivery of radiogenic Sr, and temporal associa-
tion between the rise of the Himalayas and the Cenozoic
global cooling (Raymo and Ruddiman, 1992; Galy et al.,
1999; Krishnaswami et al., 1999). Recognizing the
thering in the Hong (Red) River basin: Rates ..., Geochim.

mailto:yhuh@snu.ac.kr


2 S. Moon et al. / Geochimica et Cosmochimica Acta xxx (2007) xxx–xxx

ARTICLE IN PRESS
importance of the Tibetan Plateau as a prominent topo-
graphic and tectonic feature in the area and in the genera-
tion of the Asian monsoon system, we extended our study
of riverine geochemistry to the Hong (Red) River in the
eastern periphery of the Tibetan Plateau.

Quantification of silicate weathering rates from field
studies of large rivers involves applying models and proxies
to calculate the amount of major elements and isotopes
from various potential sources—rain, evaporite, carbonate,
silicate, sulfide, and anthropogenic input (Gaillardet et al.,
1999; Krishnaswami et al., 1999; Bickle et al., 2005). The
‘forward’ and ‘inverse’ models both consist of mass balance
equations involving cations (Na, Ca, Mg, and K) and make
a priori assumptions about the compositions of the pre-as-
signed source reservoirs. For both models, the uncertainties
are ultimately dependent on the ability to correctly define
the relevant reservoirs and to assign appropriate end mem-
ber constraints (Négrel et al., 1993; Wu et al., 2005).

Deriving a functional relationship between silicate
weathering rates and their controls, such as climatic (tem-
perature, precipitation, runoff, and potential evapotranspi-
ration) and geologic (relief, elevation, slope, and lithology)
factors (Gaillardet et al., 1999; Millot et al., 2003; West
et al., 2005) in present-day environments is important for
applying the underlying relationship to interpreting paleo-
records or for implementing into global carbon cycle mod-
els. Recent development in remote sensing and GIS-based
digital data processing tools enables numerical analyses of
climatic and geologic parameters at basin scales and pro-
vides us with a tool to quantify the potential agents in
chemical weathering.

We analyzed the major element and Sr isotopic compo-
sition of the Hong River in south China and north Viet-
nam. Rates of silicate weathering and CO2 uptake are
quantified and then correlations with climate (runoff, pre-
cipitation, air temperature, and potential evapotranspira-
tion) and geology (relief, elevation, slope, and surface
rock portion) examined. Spatial variation in the three trib-
utary systems and temporal variation between summer and
winter are also investigated.

2. STUDY AREA

2.1. Geography, vegetation, and climate

The Hong hails from southeast of the Tibetan Plateau in
the Yunnan Province, China and flows along the NW–SE
trending Red River Fault Zone to the Gulf of Tonkin in
the South China Sea. The name originates from the large
quantity of silt, rich in iron oxide, that the river carries
(Penn, 2001). The drainage area of the Hong is
157 · 103 km2 (Wolf et al., 1999) of which our study area
covers �86% (Fig. 1). The samples are organized into three
groups according to the three major tributaries—the Da,
Thao (Hong main channel), and Lo—occupying 38%,
35%, and 27% of the study area, respectively.

The Hong drainage basin is in a subtropical monsoon
climate regime, and the temperature, precipitation, evapo-
ration, and runoff undergo seasonal fluctuations. Average
air temperature over the Hong drainage basin varies from
Please cite this article in press as: Moon S. et al., Chemical wea
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12 �C in winter to 22 �C in summer, monthly precipitation
from 18 (winter) to 210 (summer) mm, and potential evapo-
transpiration (PET) from 58 (winter) to 100 (summer) mm
(Fig. 2 and Table 1). Vegetation is mainly tropical to sub-
tropical moist broadleaf forest with local subtropical conif-
erous forest above 22–23�N (World Wildlife Fund, 2000).
Total water discharge of the Hong is �120 km3/yr (32nd
in the world), and average suspended sediment transport
is �130 · 106 t/yr (14th in the world) (Meybeck and Ragu,
1997). Water discharge in Hanoi is highest (725 km3/yr) in
July and August and lowest (22 km3/yr) in January–March
(Mathers and Zalasiewicz, 1999). During the summer mon-
soon season, the suspended sediment concentration is
�12 g/l and accounts for up to 90% of annual sediment
load (Mathers et al., 1997; Mathers and Zalasiewicz, 1999).

2.2. Tectonics and geology

The Tibetan Plateau is �2000 km wide and its average
elevation is �5 km. Eastward extrusion of the Indochina
block from the Tibetan Plateau formed the NW–SE trend-
ing Red River Fault Zone (RRFZ), a great right lateral
fault following a series of narrow high-grade gneiss ranges
(Schärer et al., 1990; Leloup et al., 1995; Zhang and Schä-
rer, 1999) (Fig. 1b). The RRFZ is the southeastern member
of the larger NW-WNW trending Red River-Jinshajiang
fault zone linking the Red River area to the Yangtze head-
waters in Tibet.

Two continental blocks meet in the Hong basin: the
South China block (Yangtze Platform) and the Indochina
block (Fig. 1b). Ophiolites of the Song Ma suture zone
mark the boundary between the two blocks which were su-
tured �250 Ma (Lan et al., 2001). Along the Thao/Hong
main channel, metamorphic gneiss (2.3–1.0 Ga) with silli-
manite-mica schist and amphibolite is exposed (Lan et al.,
2001). Between the RRFZ and the Song Ma suture zone
are found Mid-Proterozoic to Early Cenozoic age igneous
rock suites of calc-alkaline to high K calc-alkaline granites
(Lan et al., 2000).

The headwaters of the Thao drains the Chuxiong Basin
composed of thick Upper Triassic to Lower Cenozoic
sequences of coal-bearing continental clastic rocks (Leloup
et al., 1995; Burchfiel and Wang, 2003; Wang et al., 2005).
Mafic and ultramafic intrusions hosting sulfide deposits are
also exposed along the RRFZ (Wang et al., 2005) (Fig. 1).
The Da drains the Yangbi and Simao basins with Paleozoic
and Mesozoic cover of continental red beds and, close to
the RRFZ, Permo-Carboniferous limestones (Leloup
et al., 1995). Felsic and ultramafic rocks are limited to a
few scattered exposures near the RRFZ. The Lo drains
the South China Fold Belt, which is characterized by a
thick marine succession of Triassic limestone and fine-
grained clastic rocks (Burchfiel and Wang, 2003)
(Fig. 1b). Between the Lo main channel and the Chay trib-
utary, Proterozoic to Lower Paleozoic low-grade metamor-
phic and sedimentary rocks are exposed along with small
granitoid intrusions (Wysocka and Swierczewska, 2003)
(Fig. 1b).

In summary, the three main tributaries of the Red River
drainage system have considerable differences in their
thering in the Hong (Red) River basin: Rates ..., Geochim.



Fig. 1. (a) Sample location map of the Hong (Red) River with the three sub-basins of the Da, Thao (Hong main channel), and Lo delineated.
(b) Geologic map modified from the digital map of east and southeast Asia (Wakita et al., 2004). The rock type is divided into 3 categories—
sedimentary, igneous (including volcanic, plutonic, and ultramafic), and metamorphic. The thick dashed line indicates the boundary between
the Yangtze Platform and the Indochina block.

Chemical weathering in the Hong River 3

ARTICLE IN PRESS
lithologies. The Thao is dominated by metamorphic rocks,
except in the upper reaches with coal-bearing sedimentary
deposits and sulfide-bearing ultramafic intrusions. The Da
drainage is composed of sedimentary rocks of Mesozoic
and Paleozoic age with minor felsic intrusions. The Lo
drainage has low-grade metamorphic rocks and Proterozoic
to Paleozoic sedimentary rocks with some granitoid
intrusions.

3. METHODOLOGY

River water samples were collected in summer from Au-
gust to September 2001 and in winter from December 2002
Please cite this article in press as: Moon S. et al., Chemical wea
Cosmochim. Acta (2007), doi:10.1016/j.gca.2006.12.004
to January 2003. Samples for major ions were filtered
through 0.45 lm Millipore� filters and those for Sr through
0.4 lm polycarbonate filters in a portable laboratory in the
field within 24 h of collection. The trace element samples
and small aliquots for nutrient analyses were acidified with
ultrapure HCl or HNO3 and stored in HDPE bottles. The
pH was measured at the sampling sites to ensure against
CO2 loss. Upon returning to the laboratory at Northwest-
ern University, the major cations (K, Na, Ca, and Mg) were
analyzed by flame atomic absorption spectrometry,
alkalinity by Gran titration, Cl and SO4 by ion chromatog-
raphy, and Si (on acidified samples) by colorimetry. Stron-
tium concentrations were determined by ICP-MS at
thering in the Hong (Red) River basin: Rates ..., Geochim.
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Fig. 2. Monthly variations of temperature, precipitation, and potential evapotranspiration (PET) at the furthest downstream sampling
locations of the (a) Da (RD101), (b) Thao (RD115), and (c) Lo (RD114). (d) Water discharge at the three locations of a, b, and c. See text for
data sources. Arrows indicate our sampling periods in winter and summer.
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Northwestern University and the isotopic composition by
TIMS at US Geological Survey, Menlo Park, CA. The
long-term value for NBS987 was 0.71023 ± 0.00002.

The calcite and dolomite saturation indices (CSI, DSI)
and the CO2 partial pressure (pCO2) were calculated with
the Geochemist’s Workbench� v.4.0 (Bethke, 2002) and
the thermodynamic database provided with the program.
Stepwise multiple regression and various statistical analyses
were carried out with the SPSS� v.12.0 package. For the in-
verse model iterations, we used the commercial Premium
Solver� optimization package with the Microsoft Excel�

spreadsheet program.
We used ArcGIS� v.9 software to calculate the GIS

parameters (Table 1). Climatic data (air temperature, pre-
cipitation, and evapotranspiration) were from Leemans
and Cramer (1991), and runoff data were from the
UNEP/GRDC composite Runoff Fields v 1.0 with 30 min
resolution (Fekete et al., 2002). Drainage basin area was
modified from the Hydro1k database for Asia obtained
from the Land Processes Distributed Active Archive Center
(LP DAAC) of USGS. The mean local relief (‘maximum–
minimum’ elevation) was calculated from the 10-min grid-
ded modal height data for land masses provided by the
US Navy Fleet Numerical Oceanography Center (FNOC).
This spatial resolution is equivalent to �17 km at the 21–
Please cite this article in press as: Moon S. et al., Chemical wea
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25�N latitude of the Hong drainage basin. The digital eleva-
tion model (DEM) was acquired from the 3-arc-s elevation
data set from the Shuttle Radar Topography Mission
(STRM), and the slope was calculated from the same data-
set. Using the digital geologic map of east and southeast
Asia (Wakita et al., 2004), we simplified the distribution
of rock types as sedimentary, igneous (volcanic and ultra-
mafic), and metamorphic rocks (Fig. 1b), and the sum of
igneous and metamorphic rocks was grouped into non-sed-
imentary rocks (Table 1). Further subdivision of sedimenta-
ry rocks into clastic versus carbonate rocks would be most
useful, but such information was not available at the spatial
scale required for our study in a quantitative format. Pop-
ulation density was from LandScan Global Population
2000 Database developed by Oak Ridge National Labora-
tory (ORNL) with 30 min resolution (Hearn et al., 2001)
(Table 1).

4. RESULTS AND DISCUSSION

4.1. Major elements

The pH was mildly alkaline—from 7.44 (RD201) to 8.51
(RD118), averaging 8.0. It was more alkaline in summer
(8.20) than in winter (7.93), with seasonal contrast in the
thering in the Hong (Red) River basin: Rates ..., Geochim.



Table 1
Climatic and geologic parameters calculated from digital data sets (see Section 3)

Furthest downstream samples in each tributary system are shaded.
—: no sample.
a PET means potential evapotranspiration.
b Non-sed.: non-sedimentary = igneous + metamorphic.
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Thao (0.39) and Da (0.33) but none in the Lo. The water
temperatures measured at sample collection were 20.8–
31.2 �C in summer and 9.6–20.2 �C in winter. The total dis-
solved cations (TZ+ = Na+ + K+ + 2Mg2+ + 2Ca2+) and
total dissolved anions ðTZ� ¼ Cl� þ 2SO4

2� þHCO3
�Þ

were well balanced: 39 of the 43 samples had normalized
inorganic charge balance, NICB = (TZ+–TZ�)/TZ+, below
7%, and all samples had NICB <10% (Table 2).

Water discharge of the Hong River was 5 times higher
during the summer sampling period (66 km3/yr) than in
winter (13 km3/yr). A paired-samples t-test showed insignif-
icant seasonal difference (p = 0.052) in the TDS (total dis-
solved solids): 70–244 mg/l (mean 172 mg/l) in summer
and 76–338 mg/l (mean 179 mg/l) in winter. Only in the
Da was there a decrease of �15% in TDS (p = 0.004). Riv-
ers in general do not undergo simple dilution in their dis-
solved chemical concentrations with increasing water
discharge. Carbonate weathering tends to increase with
runoff, whereas silicate-derived ions can undergo dilution
above some threshold runoff (Stallard and Edmond, 1987;
Berner and Berner, 1996). In one unusual sample, the Hua-
nien He of the Thao (RD118), TDS increased 58% in sum-
mer despite the 10 times higher water discharge. We suspect
this was due to the seasonal change in water flow path. The
river normally drains a small area of igneous and metamor-
phic rocks, but in summer the areas underlain by sedimen-
tary rocks may also be incorporated into the drainage.

The average TDS of the Hong was relatively high and
similar to the Ganges (187 mg/l) and Indus (164 mg/l)
draining the Himalayas and the Mackenzie draining the
Rockies (160 mg/l) but was lower than the Upper Huang
He (Yellow) (274 mg/l) (Karim and Veizer, 2000; Dalai
et al., 2002; Millot et al., 2003; Wu et al., 2005). Other rivers
draining orogenic zones have moderate TDS, e.g., the Brah-
maputra draining the Himalayas and Tibetan Plateau
(71 mg/l), the Amazon (41 mg/l) and Orinoco (82 mg/l)
draining the Andes, or the rivers of the Russian Far East
draining the collision zone (70 mg/l) (Edmond et al.,
1996; Huh et al., 1998; Galy and France-Lanord, 1999;
Dosseto et al., 2006). In comparison, rivers draining shield
terrains have lower TDS—e.g., the Amazon draining the
Brazilian Shield (11 mg/l), Orinoco draining the Guayana
Shield (9 mg/l), St. Lawrence draining the Canadian Shield
(32 mg/l), or the rivers draining the Siberian Shield (90 mg/
l) (Edmond et al., 1995; Gaillardet et al., 1995; Gaillardet
et al., 1997; Huh and Edmond, 1999; Millot et al., 2003).

Major cation concentrations were in the order of
Ca > Mg > Na > K (on molar basis) (Table 2 and
Fig. 3a). Ca concentrations were on average 11% lower
and Mg 10% higher in summer. In the RD118 sample men-
tioned above, Ca, Mg, and Si were �60%, 100%, and 60%
higher in summer than in winter, respectively. Seasonal var-
iation is discussed further in Section 4.3.4. Bicarbonate was
the most abundant anion and made up more than 70% of
TZ� in charge equivalent units (Fig. 3b). Concentrations
of Si varied from 96 to 246 lM (average 178 lM) and did
not differ significantly among the three tributary systems
(p = 0.31). Concentrations of SO4 and Cl, on the other
hand, were 2–3 times higher in the Thao than in the other
two tributary systems.
Please cite this article in press as: Moon S. et al., Chemical wea
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4.2. Comparison to global rivers

We compared our Hong River data (n = 43) with those
of 60 large rivers in the world which we will refer to as
‘Global Rivers’ (Gaillardet et al., 1999). Na-normalized
molar ratios were used to facilitate comparison for different
water discharge and evaporation. Molar ratios of Ca/Na
and Mg/Na did not show log-normal distribution (Shap-
iro–Wilk test for normality, p < 0.05) but were skewed to-
ward higher ratios than the Global Rivers; Cl/Na ratios
displayed a log-normal distribution (Fig. 4a, b, and c).
Ca/Na and Mg/Na ratios were 3 times higher and Cl/Na
ratios 0.4 times lower than the average Global Rivers,
which we qualitatively interpret as dominance of carbon-
ates rather than silicates or evaporites in supplying dis-
solved elements to the Hong. The strontium isotope ratios
also showed a skewed distribution, but the range in values
was similar to that of Global Rivers (Fig. 4d). Maximum
87Sr/86Sr was 0.7217 (RD212) and minimum 0.7085
(RD102), but 70% of the Hong samples clustered between
0.710 and 0.714 with no extremely radiogenic samples
indicative of old, Rb-rich silicate weathering (>0.80) or
extremely unradiogenic samples indicative of young, Rb-
poor basalt weathering (0.702–0.706). Most samples had
87Sr/86Sr values more radiogenic than Phanerozoic marine
carbonates (0.7065–0.709) (Burke et al., 1982).

Mixing of the three representative lithologies—carbon-
ate, silicate, and evaporite—can be displayed on plots of
Na-normalized molar ratios (Fig. 5). The Hong samples
plotted closer to the carbonate end member than do Global
Rivers, with the Thao closest to the silicate and/or evaporite
end members and the Lo closest to the carbonate end mem-
ber (Fig. 5a and c). Winter data plotted closer to silicate/
evaporite end members than summer data (Fig. 5b and d).

4.3. Effect of different rock types

Dissolved major elements in rivers come from atmo-
spheric precipitation, chemical weathering of rocks and sed-
iments, and anthropogenic input. The population density of
our study area was �80 (40–250) indiv./km2, which is lower
than the average population density of China (123 indiv./
km2) or those of the Chang Jiang (214 indiv./km2) and
Huang He (156 indiv./km2) drainage basins but is higher
than those of the Amazon, Mackenzie, and Siberian rivers
(<5 indiv./km2) (CIESIN et al., 2004). To examine the effect
of anthropogenic input, we tested for a statistical relation-
ship between the population density and the fluvial yield
of K, an element supplied in fertilizers and potentially
affected by agriculture which is the main economic activity
in the Hong drainage basin. High correlations (r2 = 0.608
with p < 0.001 in winter; r2 = 0.302 with p = 0.007 in sum-
mer) were biased by two pairs of samples (RD131/RD229,
RD130/RD228) in the upper Thao which had high yields
not only for K but also for Na, SO4, and Cl and had high
population densities (250 and 160 indiv./km2, respectively).
Excluding these samples, the correlation between K yield
and population density was insignificant at 5% significance
level. Dissolved reactive phosphorus (Wu and Huh, in re-
view) and Cl, two other elements sensitive to human activ-
thering in the Hong (Red) River basin: Rates ..., Geochim.



Table 2
The dissolved chemical composition of the Hong River

Furthest downstream samples in each tributary system are shaded.
–: no data.
a ab = above; bl = below; trib = tributary; LB = left bank; RB = right bank; res = reservoir.
b Water temperature.
c TDS = total dissolved solid = Na + K + Mg + Ca + Cl + SO4 + CO3 + SiO2.
d NICB = normalized inorganic charge balance = (TZ+ � TZ�)/TZ+ · 100%.
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Fig. 3. (a) Cation and (b) anion ternary diagrams (in charge
equivalent units). Carbonate weathering (Ca, alkalinity) dominates
the major element composition of the Hong. Ca/Mg ratios vary
seasonally. The Thao samples show enrichment in Cl + SO4.
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ity, also did not show significant correlations with popula-
tion density. In addition, local rain concentrations (data
obtained from EANET: Acid Deposition Monitoring Net-
work in East Asia, Japan, http://www.adorc.gr.jp) account-
ed for only 5% of riverine TDS, suggesting negligible
anthropogenic input of TDS to rivers through atmospheric
deposition.

4.3.1. Evaporite dissolution and pyrite oxidation

Halite (NaCl) and gypsum (CaSO4Æ2H2O)/anhydrite
(CaSO4) are the two most common evaporites that can af-
fect river water compositions. The contribution from halite
can be estimated in a straightforward manner by assuming
that all Cl after correction for atmospheric input (see Sec-
tion 4.4.1) is from halite. Assessing the contribution from
gypsum is complicated, because there are multiple potential
sources of dissolved sulfate in rivers.
Please cite this article in press as: Moon S. et al., Chemical wea
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Sulfate in river water can be supplied by dissolution of
gypsum, oxidation of pyrite, pollution, volcanism, rainout
of natural biogenic emissions, and cyclic salt, with the first
two rock weathering sources being the most important
(Berner and Berner, 1996). An assessment can be made of
the significance of pyrite oxidation and gypsum dissolution
relative to weathering reactions involving carbonic acid by
considering the charge balance between Ca + Mg and
HCO3 (alkalinity). Weathering of carbonates or Ca–Mg-sil-
icates by carbonic acid generates equivalent charge units of
Ca + Mg and HCO3. On the other hand, gypsum dissolu-
tion and weathering of carbonates or Ca–Mg-silicates by
sulfuric acid results in an excess of Ca + Mg over HCO3.
In the Hong samples, Ca + Mg (y-axis) and alkalinity (x-
axis) were almost exactly balanced (slope = 1.001 ± 0.023,
r2 = 0.978, p < 0.001), while both Ca to alkalinity
(slope = 0.723 ± 0.032, r2 = 0.924, p < 0.001) and Ca + Mg
to alkalinityþ SO4 had inferior slopes (slope =
0.925 ± 0.029, r2 = 0.962, p < 0.001), suggesting relatively
minor contribution from gypsum dissolution or pyrite oxi-
dation compared to carbonic acid mediated reactions.

Distinguishing between the gypsum and pyrite sources
of SO4 is of some concern, because pyrite oxidation gener-
ates sulfuric acid, which can be used to weather surround-
ing carbonate and silicate minerals. Atmospheric CO2 is
not consumed in this process, and thus one can overesti-
mate the drawdown of CO2 by silicate weathering if
neglecting the role of sulfide oxidation.

The alkalinity-Si–(Cl + SO4) ternary diagram provides
one way to assess the relative importance of gypsum versus
pyrite (Fig. 3b). Gypsum dissolution generates data near
the (Cl + SO4) apex; pyrite oxidation and accompanying
carbonate weathering along the alkalinity-(Cl + SO4) axis;
and pyrite oxidation with concomitant silicate weathering
toward the center of the ternary diagram, because sulfuric
acid generates high sulfate, neutralizes the alkalinity, and
dissolves silicates. We attempted to quantify this ‘uncertain-
ty (Hr)’—the degree of data points to occupy the center of
the ternary diagram—using a function similar in form to
entropy (Pelto, 1954):

100H r ¼
�100

P3
i¼1pi log pi

H m

;

where the set of probabilities p1, p2, and p3 are calculated
from alkalinity, Si, and (Cl + SO4) in charge equivalent
units, and Hm is the maximum entropy (1.0986) when
p1 = p2 = p3. The resulting Hr value is a measure of the rel-
ative proportion of sulfate in the sample resulting from sul-
fide oxidation and silicate weathering. The absolute value
of Hr itself does not carry physical meaning, i.e., we cannot
anchor the Hr = 100% to an exact geochemical situation,
and this method cannot distinguish between sulfide weath-
ering and mixing of the carbonate–silicate–evaporite end-
members. Nevertheless, this offers a semi-quantitative
method of estimating the gypsum versus pyrite contribu-
tions to dissolved sulfate, which is important for the long-
term carbon budget.

The entropy (Hr) in the Hong samples ranged from 25%
to 70% (Fig. 6a). A group of relatively high-SO4 Thao sam-
ples had high entropy which suggested that pyrite oxidation
thering in the Hong (Red) River basin: Rates ..., Geochim.
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Fig. 4. Histograms of Na-normalized molar ratios—(a) Ca/Na, (b) Mg/Na, (c) Cl/Na—and (d) strontium isotopic ratios of the Hong River
samples (this study) and those of Global Rivers (Gaillardet et al., 1999).
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was the dominant source of sulfate in these samples. These
were the group of samples progressing toward the
(Cl + SO4) axis on the ternary diagram (Fig. 3b). They
showed a good correlation (r2 = 0.916, p < 0.001) between
SO4 and Na* (Na corrected for rain and halite input and
therefore corresponding to the silicate-derived portion),
suggesting concomitant weathering of silicates (Fig. 6b).
The silicate thus weathered generated cation-rich clays,
judging from the relatively low Si/(Na* + K) ratios
(Fig. 6c, see Section 4.3.2). The headwater samples of the
Thao (RD228 and 229) had significantly lower entropy
compared to other high-SO4 samples of the Thao
(Fig. 6a). While silicate weathering did accompany pyrite
oxidation as indicated by the good correlation between
SO4 and Na*, carbonate weathering exerted an overwhelm-
ing influence leading to lower entropy, low Si, and low
87Sr/86Sr ratios (Fig. 6b, c, and d). The high dissolved
SO4 observed in the Thao samples and the large contribu-
tion from pyrite oxidation is consistent with the known dis-
tribution of coal-bearing and sulfide bearing deposits in the
area (see Section 2.2). Some of the Da and Lo samples,
though their sulfate concentrations were lower, had rela-
tively high contribution from pyrite oxidation relative to
Please cite this article in press as: Moon S. et al., Chemical wea
Cosmochim. Acta (2007), doi:10.1016/j.gca.2006.12.004
gypsum dissolution, judging from their high entropy values,
high Si concentrations and 87Sr/86Sr ratios (Fig. 6). This is
consistent with Galy and France-Lanord (1999), who sug-
gested that 70% of the dissolved sulfate in the Ganges–
Brahmaputra is from oxidation of sulfides.

4.3.2. Silicate weathering

The Si/(Na* + K) ratio is a proxy commonly related to
the ‘‘intensity’’ of silicate weathering (Edmond et al.,
1995). If K is not from anthropogenic sources, Na* + K
is silicate-derived and accounts for on average 7% of
TZ+* (TZ+ � Cl) in our samples, from 1% in RD102 to
14% in RD212. In comparison, it can reach 25% in silicate
weathering dominant rivers such as the Yamuna (Dalai
et al., 2002). Because the Ca/Na ratio of silicate bedrock
in both the Hong and the Yamuna basins were estimated
to be �0.46, this difference in (Na* + K)/TZ+* is thought
to represent lower contribution of silicate weathering to
the dissolved load for the Hong samples. The Si–
(Na* + K) correlation was conspicuous for the Lo samples
(r2 = 0.983), while none existed for the Thao or Da
(Fig. 6c). The good correlation between Na* + K and
87Sr/86Sr ratios in the Lo samples also supported silicate
thering in the Hong (Red) River basin: Rates ..., Geochim.
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Fig. 5. Mixing diagrams using Na-normalized molar ratios: (a and b) Mg/Na versus Ca/Na (a) by tributary system and (b) by season, and (c
and d) HCO3/Na versus Ca/Na (c) by tributary system and (d) by season. End member compositions of carbonate, silicate, and evaporite are
a posteriori values of the inverse model (see Section 4.4.4). Enlarged symbols indicate the furthest downstream sample of each tributary system
in summer. In (a) and (c), Global Rivers data are plotted in the background for comparison (Gaillardet et al., 1999).
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weathering (Fig. 6d). The Si/(Na* + K) ratio in the Lo was
2.2 and indicated that silicate weathering proceeded to the
kaolinite stage and not completely to the gibbsite stage.
For reference, we estimate that weathering of local silicate
bedrock to kaolinite and to gibbsite generates Si/
(Na* + K) ratios of 2 and 3.3, respectively. As explained
in Section 4.3.1 sulfuric acid resulting from pyrite oxidation
was a supplementary proton source to the carbonic acid
ultimately derived from atmospheric CO2.

4.3.3. Carbonate weathering

Ca and HCO3
� were the two most abundant ions in

the Hong, and 80% of the summer samples (19 of 22
samples) and 44% of the winter samples (8 out of 18
samples) were supersaturated with respect to calcite
Please cite this article in press as: Moon S. et al., Chemical wea
Cosmochim. Acta (2007), doi:10.1016/j.gca.2006.12.004
(Fig. 7). A paired t-test showed that the summer samples
had higher CSI than winter samples at 0.1% significance
level, which we attribute to the effect of higher tempera-
tures. Most of the summer (95%) and winter (72%) sam-
ples were similarly supersaturated with respect to
dolomite. The Con of the Lo system (RD112, RD 212)
is undersaturated with respect to calcite regardless of sea-
son. This river had the highest metamorphic rock cover-
age in the drainage basin (33%), TDS (�75 mg/l, Table 2)
lower than the average Global Rivers (�100 mg/l), radio-
genic 87Sr/86Sr ratios (0.716 in summer and 0.722 in win-
ter), and high Si (�20% of total anions, Fig. 3b).
Therefore, underlying lithology appears to exert an
important control on the carbonate saturation status of
the river.
thering in the Hong (Red) River basin: Rates ..., Geochim.



Fig. 6. (a) SO4 versus entropy (see Section 4.3.1 for definition). (b) SO4 versus Na* (Na–Cl) with the least squares fit for the Thao samples. (c)
Si versus (Na* + K) and (d) 87Sr/86Sr versus (Na* + K) with least squares fit for the Lo samples.

Fig. 7. The CO2 partial pressure in river water normalized to
atmospheric values versus the calcite saturation index
(CSI ¼ logðfCa2þgfCO3

2�g=Kcalcite where {} denotes activity).
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We calculated the CO2 partial pressure (P CO2
) taking

into account the effect of elevation (Andrews et al., 1996;
Wu et al., 2005):
Please cite this article in press as: Moon S. et al., Chemical wea
Cosmochim. Acta (2007), doi:10.1016/j.gca.2006.12.004
P z ¼ P 0 expð�Z=HÞ;

where Pz is the pressure at altitude Z (km), P0 is CO2 pres-
sure at sea level (370 latm); H is the scale height, approxi-
mately 8.4 km. Pz was calculated for each sample using
average elevation values of the sample drainage basins
(Hearn et al., 2001). The Hong was 1–10 times supersatu-
rated (Fig. 7). The photosynthetic productivity and dynam-
ic state of a river determines its P CO2

level (Stallard and
Edmond, 1987), and most rivers are up to �10 times super-
saturated with respect to the atmosphere (Huh et al., 1998;
Cole and Caraco, 2001; Wu et al., 2005), though tributaries
of the Amazon are up to 40 times supersaturated due to
root respiration and organic matter decomposition (Stal-
lard and Edmond, 1987; Richey et al., 2002). We attribute
the lower P CO2

levels of the Hong in summer to higher pho-
tosynthetic activity.

4.3.4. Seasonal variation

A paired-samples t-test on all Hong samples showed
that Ca/Mg was lower (Fig. 3a), Mg/TZ+ was higher, and
CSI was also higher (Fig. 7) in summer at the 0.1% signif-
icance level (p < 0.001). This seasonality was most evident
in the Da samples, in which Mg/TZ+ ratio was positively
correlated with CSI (r2 = 0.703, p = 0.0002), and Ca/Mg
ratio was negatively correlated with CSI (r2 = 0.624,
p = 0.001), suggesting that the higher temperatures of sum-
thering in the Hong (Red) River basin: Rates ..., Geochim.



Table 3

Inverse model a posteriori reservoir compositions to be compared to the a

priori values in Fig. 8

Cl/Na Mg/Na HCO3/Na Ca/Na Sr/Na 87Sr/86Sr

Rain

Summer 2.15 0.40 0.0001 1.12 0.00019 0.709

Winter 10.50 1.37 0.0001 10.15 0.00019 0.709

Evaporite

Summer 1 0.02 0.2 0.10 0.005 0.709

Winter 1 0.02 0.3 0.15 0.003 0.709

Silicate

Summer 0.001 0.09 1.0 0.15 0.0002 0.910

Winter 0.001 0.01 3.0 0.56 0.0002 0.826

Carbonate

Summer 0.001 18 140 54 0.08 0.709

Winter 0.001 12 91 40 0.07 0.709
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mer influenced the carbonate precipitation and exclusion of
Mg from its lattice. Additionally, at 1% significance level
(p < 0.01) for the Da tributary system, Si/(Na* + K) and
87Sr/86Sr were higher in summer, which we interpret as
more intensive silicate weathering (see Section 4.3.2). To
summarize the seasonal changes, we suspect that in summer
carbonate precipitated and more intensive silicate weather-
ing occurred in the Da tributary system.

4.4. Quantification of input sources

To quantify the contributions from rain, evaporite dis-
solution, carbonate dissolution, and silicate weathering,
we used forward and inverse models outlined in Fig. 8.

4.4.1. The forward model

Assuming negligible anthropogenic input, the forward
model was based on mass budget equations of cations
(Na, Ca, Mg, and K) from four sources—rain, evaporite,
carbonate, and silicate (Galy and France-Lanord, 1999;
Krishnaswami et al., 1999; Mortatti and Probst, 2003).
First, to calculate the input from rain, we assumed that
the sample with the lowest Cl content (RD104/RD204 pair)
obtained all its Cl (�10 lM) from rain (Table 2). Knowing
the cation/Cl ratio of local rain (EANET) (Table 3), we
calculated the input of the four cations from rain, which
Fig. 8. An outline of the forward and inverse model calculations for the

Please cite this article in press as: Moon S. et al., Chemical wea
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came out to be 1–4% of total dissolved cations. Second,
to calculate the input from evaporite, we assumed that ex-
cess Cl after rain correction was derived from halite (NaCl).
Two limiting cases were considered for SO4—(i) all sulfate
from gypsum dissolution and (ii) all sulfate from pyrite oxi-
dation. Third, to estimate the silicate contribution, all Na
after the rain and evaporite corrections and all K after
the rain correction were assumed to be from silicate weath-
ering. Ideally, Ca and Mg from silicates should be estimated
silicate fraction, silicate weathering rate, and rate of CO2 uptake.

thering in the Hong (Red) River basin: Rates ..., Geochim.
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using data from monolithologic streams within the study
area. In the absence of appropriate samples, we used (Ca/
Na)sil = 0.44 and (Mg/Na)sil = 0.16 compiled from silicate
bedrock data of our study area (Leloup et al., 1995; Zhang
and Schärer, 1999; Lan et al., 2000; Roger et al., 2000). The
((Ca + Mg)/Na)sil value of 0.6 that we used is a reasonable
choice considering that the a posteriori values from our in-
verse model was 0.45 ± 0.23 (see Section 4.4.2), Global Riv-
ers silicate end member composition 0.59 ± 0.19 (Gaillardet
et al., 1999), and river waters draining exclusively silicates
0.879 (Boeglin et al., 1997). Fourth, we estimated the input
from carbonate weathering by subtracting the rain, evapo-
rite, silicate contributions from the total dissolved Ca and
Mg in rivers.

4.4.2. The inverse model

4.4.2.1. Inverse model description. Our inverse model config-
uration was identical to that of Millot et al. (2003) and de-
tailed explanation about the model used in this paper was
presented in Wu et al. (2005). The inverse model was based
on a set of mass budget equations of elemental molar ratios
(X = Cl, Ca, Mg, HCO3, and Sr) and Sr isotopic ratios of
the four reservoirs (rain, carbonate, silicate, and evaporite)
(Négrel et al., 1993). They can be expressed as

X

Na

� �
river

¼
X

i

X

Na

� �
i

ai;Na

87Sr
86Sr

� �
river

Sr

Na

� �
river

¼
X

i

87Sr
86Sr

� �
i

Sr

Na

� �
i

ai;Na

where subscript i indicates the four reservoirs, the ai,Na are
the mixing proportions of Na from each reservoir, andP

ai;Na ¼ 1. We excluded SO4 and K because of non-con-
servative behavior associated with biological activity (Ber-
ner and Berner, 1987) and used Na-normalized ratios and
isotopic compositions to remove the effect of discharge
and evaporation. We weighted the equations by the analyt-
ical error (10% for elemental concentrations and 0.00002
for 87Sr/86Sr).

We chose a set of a priori end member constraints for the
reservoirs, (X/Na)i (Fig. 8): the rain end member was based
on seasonally matched local rain (EANET); the carbonate
and evaporite end members were from Millot et al.
(2003); and the silicate end member was from a compilation
of bedrock data in the Hong River basin (Leloup et al.,
1995; Zhang and Schärer, 1999; Lan et al., 2000; Roger
et al., 2000). Gypsum was included in the carbonate reser-
voir and pyrite was assumed to be a minor dispersed phase
in all rock types. In several sensitivity tests, we varied the
composition of the end-members (see Section 4.4.2.2).

Excluding two samples with missing Sr or 87Sr/86Sr data,
a total of 41 samples (22 summer and 19 winter) were used.
Thus, we solved for 179 model parameters
(4i · 41ai,Na + 15 (X/Na)i) using 287 equations (6 spe-
cies · 41 samples = 246 mass balance equations and 41 con-
straining equations on the sum of fractions) by successive
iterations. After we obtained the best arain,Na, aevap,Na,
asil,Na, and acarb,Na for each sample and the reservoir con-
straints (X/Na)i, these a posteriori values were used to cal-
culate other elemental fractions such as arain,Ca, aevap,Ca,
Please cite this article in press as: Moon S. et al., Chemical wea
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asil,Ca, and acarb,Ca. The asil,Cation is the sum of the four cat-
ions of silicate origin and is equivalent to (Nasil + Ksil +
Casil + Mgsil)/(Nariver + Kriver + Cariver + Mgriver) calculat-
ed in the forward model. The a posteriori values for the res-
ervoirs are reported in Table 3. We note that starting from
the same a priori values for summer and winter, the a pos-

teriori values differed seasonally, with the silicate reservoir
in summer more radiogenic (87Sr/86Sr) and sodic and in
winter less radiogenic and calcic (Table 3).

4.4.2.2. Inverse model sensitivity. To assess the sensitivity of
the inverse model to the rain end member, we tested 6 sce-
narios—(1) marine aerosol; local rain compositions of (2)
the Qinghai Province (Huang He basin) (Wu et al., 2005)
and (3) the Ganges–Brahmaputra basin (Galy et al.,
1999); and the local rain of our study area (4) in summer,
(5) in winter, and (6) the annual average (EANET) (Table
4). We averaged local rain major element composition of
Hoa Binh and Hanoi stations (Fig. 1) for the months of
our sampling period and used Sr concentration and isotopic
ratios of Galy et al. (1999) and Wu et al. (2005). The inter-
scenario differences in the fraction of cations from silicate
weathering (asil,Cation) were �4% (0–10%) and �6% (1–
15%) for arain,Cation. We used seasonally matched local rain
compositions (EANET) in our optimized final run.

Another sensitivity test involved three scenarios of vary-
ing silicate end member compositions. Other reservoirs
(rain, carbonate, and evaporite) and major element compo-
sition of the silicate reservoir were held constant, and only
the 87Sr/86Sr ratio of the silicate reservoir was varied. Sce-
nario #7 had Sr isotopic ratio of 0.720–0.80 from Millot
et al. (2003); Scenario #8 had 0.708–0.80 to encompass
unradiogenic basalt and volcanic rocks; and in Scenario
#9 we explicitly added to Scenario #7 a separate basalt res-
ervoir whose composition was acquired from Das et al.
(2005) (0.703–0.709). We used cation fractions without K,
because it was difficult to assign specific K compositions
to the two reservoirs. Scenarios #7 and #8 produced similar
results (�1% difference in asil,Cation; asil,Cation 1–29%), while
the Scenario #9 was �6 (1–11)% different (asil,Cation is 1–40
%, 0–21% from radiogenic silicate and 1–19% from unrad-
iogenic silicate). Thus, explicit addition of the unradiogenic
silicate reservoir resulted in higher silicate weathering frac-
tions. We do not think Scenario #9 is realistic for the pres-
ent-day Hong, judging by the major element geochemistry
(Section 4.3), but it does provide an upper limit of asil,Cation.

As part of fine-tuning our silicate and rain end member
compositions, we ran 4 additional scenarios, this time treat-
ing summer and winter samples separately (Scenarios 10–13
of Table 4). In Scenario #10, we assigned a wide range for
the silicate reservoir (minimum to maximum in local bed-
rock) to reflect the diverse type of silicate rocks (Fig. 8).
A narrowly defined range based on mean local bedrock val-
ue ±1r was used in Scenario #11 (Fig. 8). For Scenario
#12, a similarly narrow range but outside of the original
wide range of Scenario #10 was used. Scenarios #10 and
#11 produced similar results (�1% difference in asil,Cation),
while Scenario #12 is �11 (0–24)% different (Table 4). We
conclude that for the Hong data set, the inverse model
can produce robust results even when the end member com-
thering in the Hong (Red) River basin: Rates ..., Geochim.



Table 4
Silicate fraction (asil,Cation) from inverse model sensitivity tests

Furthest downstream samples in each tributary system are shaded, and column in bold indicates our final choice.
a Sensitivity test for the rain end member (1) marine aerosol (2) Qinghai Province (3) Ganges–Brahmaputra basin (4) local summer (5) local

winter (6) annual mean (see text for data sources).
b Sensitivity test for the silicate end member by changing 87Sr/86Sr: (7) 0.72–0.80, (8) 0.708–0.80; (9a) felsic silicate 0.72–0.80 (9b) mafic

silicate 0.703–0.709 (molar fraction without K).
c Sensitivity test considering seasonality (10) local min–max (11) local mean ± 1r (12) within #10, outside #11 (13) 3 year-averaged winter

rain.
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positions are given large ranges. However, narrowly defined
end member compositions, if wrong, can produce spurious
results. Thus, we consider the wider range of Scenario #10 a
better choice.

Scenario #13 was a further test of our rain end member.
The local rain (EANET) in winter (Hoa Binh station in
Please cite this article in press as: Moon S. et al., Chemical wea
Cosmochim. Acta (2007), doi:10.1016/j.gca.2006.12.004
January 2003) had unusually high Cl/Na and Ca/Na, and
there was concern that this was spurious data. So for Sce-
nario #13 we used the 3-yr mean excluding the 2003 data,
such that Cl/Na = 3.74, Ca/Na = 4.00, and Mg/
Na = 0.53 (cf. Fig. 8). The difference between the Scenarios
#10 and #13 for asil,Cation was �2% (1–4%) and for arain,Cat-
thering in the Hong (Red) River basin: Rates ..., Geochim.
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ion was �1% (0–4%). Because we do not have a convincing
reason to reject the questionable 2003 winter data, we re-
tained Scenario #10 as our best estimate.

Our sensitivity tests indicated that blind use of the in-
verse model can be problematic (5 (0–11)% difference in
asil,Cation between the 9 scenarios) (Table 4). However, with
background information on the end-members this uncer-
tainty can be narrowed and one can arrive at relatively ro-
bust results.

4.4.3. Model results

According to the forward model assuming all sulfate
was from gypsum, rain contributed 2 (1–4)%, evaporite 8
(0–26)%, carbonate 71 (41–94)%, and silicate 19 (3–37)%
to the total dissolved cations on molar basis. Assuming
all sulfate from pyrite gave 2 (1–4)% from rain, 2 (0–11)%
from evaporite, 77 (56–95)% from carbonate, and 19
Table 5

Results from forward and inverse models for the Hong River

Furthest downstream samples in each tributary system are shaded, and column in bold indicates
a Discharge = runnoff X drainage area.
b Acquired from the inverse model.

Please cite this article in press as: Moon S. et al., Chemical wea
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(3–37)% from silicate. The differences between the two lim-
iting cases were in higher evaporite in the all-gypsum case
and higher carbonate contributions in the all-pyrite case;
silicate fraction was calculated independently of the limiting
assumptions. According to the inverse model, rain was 2
(0.0–8)%, evaporite 3 (0.2–13)%, carbonate 78 (55–97)%,
and silicate 17 (1–42)% of total dissolved cations on a molar
basis (Table 5 and Fig. 9). This was in broad agreement
with the all-pyrite case of the forward model. The propagat-
ed uncertainties for ai,Cation of the 4 reservoirs—rain, evap-
orite, carbonate, and silicate—were ±0.5%, 0.5%, 11%, and
1%, respectively. The high uncertainty for the carbonates
was due to its high values (>70%). For both models, the
highest evaporite contribution was in sample RD216, high-
est carbonate and lowest silicate contributions in RD102,
and the lowest carbonate and highest silicate contributions
in RD212 (also see Figs. 3, 5–7).
our final choice.

thering in the Hong (Red) River basin: Rates ..., Geochim.
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We examined the inter-tributary differences in the frac-
tion of cations from silicate (asil,Cation) by comparing only
the summer samples—14% for the Da, 18% for the Thao,
8% for the Lo. A summer–winter paired-samples t-test gave
higher silicate contribution in winter for all three model re-
sults at the 5% significance level, possibly because the
weathering yield of carbonates is about 4 times more sensi-
tive to runoff than that of silicates at high runoff (Tipper
et al., 2006).

Paired samples t-test indicated that the forward and in-
verse model results for asil,Cation have a significant correla-
tion (r2 = 0.756, p < 0.001), and the difference between the
two models is less than 9% (average �3%). We favor the in-
verse model results, because the forward model results are
highly dependent on the assumed ((Ca + Mg)/Na)sil value
(Fig. 8). Since the three rivers displayed different silicate
weathering patterns (Fig. 6), we back-calculated the
((Ca + Mg)/Na)sil values for the three tributary systems
such that the forward and inverse model results for asil,Cation

agreed. The values differed greatly—0.4 for the Da, 0.3 for
the Thao, and 1 for the Lo. While we use ((Ca + Mg)/Na)sil

value of 0.6 for all samples, the back calculation provided a
measure of potential variation and associated uncertainty
in the forward model.

4.5. Flux calculations

The total dissolved solid (TDS, defined in Table 2) yield
was on the order of 106 mol/km2/yr in most samples; 1
(0.2–2.2) · 106 mol/km2/yr in winter and 5.6 (2.3–
8.3) · 106 mol/km2/yr in summer (Table 5). To compare
to other global rivers, we recalculated the TDS yield using
summer samples and annual average discharge—1.5 (0.7–
3.1) · 106 mol/km2/yr. This value was comparable to other
Himalayas-Tibetan Plateau rivers (Upper Huang He: 0.56–
1.5, Ganges–Brahmaputra: 1.7–5.7, and Indus:
1.3 · 106 mol/km2/yr) (Galy et al., 1999; Karim and Veizer,
Fig. 9. Fraction of total dissolved cations (ai,Cation = ai,Na + ai,K + ai,Mg +
bar) and in winter (right bar). Generally, the silicate-derived fraction was
basin area covered by non-sedimentary (i.e., igneous and metamorphic)
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2000; Dalai et al., 2003; Wu et al., 2005) as well as other riv-
ers draining orogenic zones such as the Amazon (0.59–
4.1) · 106 mol/km2/yr and Mackenzie (0.5–4.9) · 106 mol/
km2/yr, but higher than the Orinoco (0.96–1.6) · 106 mol/
km2/yr draining the Andes, or rivers of the Russian Far
East draining the collision zone (0.04–0.38) · 106 mol/
km2/yr (Stallard and Edmond, 1983; Edmond et al., 1996;
Huh et al., 1998; Galy and France-Lanord, 1999). In com-
parison, rivers draining shield terrains have low TDS
yield—e.g., the Amazon draining the Brazilian Shield
0.3 · 106 mol/km2/yr, Orinoco draining the Guayana
Shield (0.01–0.6) · 106 mol/km2/yr, St. Lawrence draining
the Canadian Shield (0.04-0.07) · 106 mol/km2/yr, or the
rivers draining the Siberian Shield (0.09–1.5 · 106 mol/
km2/yr) (Edmond et al., 1995; Gaillardet et al., 1997;
Huh and Edmond, 1999; Millot et al., 2003).

Assuming that the density of rock is 2.7 g/cm3, we calcu-
lated the chemical denudation rate in the Red River basin
from the TDS yield of the furthest downstream samples
of the 3 tributary systems: �0.08 mm/yr in summer and
�0.02 mm/yr in winter. We estimated the physical denuda-
tion rate using suspended particulate sediment yield. The
SPM content of the Hong was 139 mg/L in summer and
69 mg/L in winter (Table 6), but these values are probably
underestimates, since this estimate was based on the fur-
thest downstream samples of the Da (RD101/201) and
the Lo (RD114/213) located below reservoirs. Using sam-
ples above reservoirs, the estimated SPM increased to
343 mg/L in summer and 111 mg/L in winter. Physical
denudation rates calculated from the SPM were
�0.18 mm/yr in summer and �0.01 mm/yr in winter. Total
denudation rates, sum of chemical and physical denudation
rates, were 0.25 mm/yr in summer and 0.03 mm/yr in win-
ter. We note that in summer physical denudation was
�70% of the total denudation, whereas in winter chemical
denudation was slightly higher (�40:60) (Table 6). The 9-
fold increase in total denudation rate from winter to sum-
ai,Ca) from rain, evaporite, carbonate, and silicate in summer (left
higher in winter. The shaded background is percentage of drainage
rocks.
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Table 6
Denudation rates of the Hong River

a SPM: suspended particulate material estimated by weighing
material collected on filters. Mean density for rock is 2.7 g/cm3.
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mer was primarily due to the 16-fold increase in the physi-
cal denudation rate.

The total denudation rate in the Hong basin is compara-
ble to the average Neogene exhumation rates calculated by
fission track (0.104–0.191 mm/yr) and to the estimate from
Pleistocene sediment volumes in the Hong River basin
(0.178 mm/yr) (Clift et al., 2006). Total denudation rate
in the Hong is much lower than maximum total denudation
rates in the eastern and western syntaxes of the Himala-
yas—10 mm/yr for the Namche Barwa determined by fis-
sion track (Burg et al., 1998) and 3–5 mm/yr for the
Nanga Parbat calculated from mineral cooling ages (Moore
and England, 2001). This is probably due to the exceptional
focused erosion in the syntaxes of the Himalayas.

The silicate weathering rate (SWR) was calculated as the
sum of cations from weathering of silicate by either carbon-
ic acid or sulfuric acid (Table 5 and Fig. 8):

SWRforward ¼ /ðNasil þKsil þMgsil þ CasilÞ
SWRinverse ¼ asil;Na/Nariver þ asil;K/Kriver

þ asil;Mg/Mgriver þ asil;Ca/Cariver

where / indicates yield (mol/km2/yr). Our best estimate of
the SWR for the Hong River is an area weighted average of
the furthest downstream samples of the three tributaries
calculated with the inverse model: 51 (22–213) · 103

mol/km2/yr in winter and 170 (31–378) · 103 mol/km2/yr
in summer. Thus, the SWR was �3 times higher in summer
due to higher water discharge. The propagated uncertainty
for SWR is �40% from the �30% uncertainty on both the
asil,Cation and the water discharge. Forward model results
gave similar SWR for winter, 55 (14–184) · 103 mol/km2/
yr, but higher for summer, 233 (79–377) · 103 mol/km2/
yr. The highest SWR was observed in the headwaters of
Please cite this article in press as: Moon S. et al., Chemical wea
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the Thao (RD130/228, 131/229) for both seasons and low-
est SWR in the small carbonate tributary of the Lo
(RD102, no winter sample). While the Con River
(RD212) of the Lo system had the highest silicate fraction,
owing to the low cation concentrations its SWR was not as
high.

A simplistic method of calculating SWR is by assuming
that the sole source of dissolved Si is weathering of sili-
cates. Potential involvement of Si with the biogeochemical
cycle within the water body is discounted, and a general
relationship between SWR and flux of Si is assumed
(SWR = 2/Si) (Edmond and Huh, 1997). For the Hong,
the area-weighted averages were 106 (20–180) · 103

mol/km2/yr in winter and 570 (190–710) · 103 mol/km2/
yr in summer. These values were on average 2.2 times
higher than the inverse model results. This discrepancy ar-
ose because the SWR = 2/Si relationship was originally
derived from rivers draining igneous or metamorphic
rocks whose Si=HCO3

� was 0.3–0.5 (Garrels, 1967),
whereas our samples had much lower ratios of
Si=HCO3

� (0.03–0.28). The inverse model results showed
better correlation with the forward model (r2 = 0.899)
than with the silica-based method (r2 = 0.365, p < 0.001).

The uptake of atmospheric CO2 by silicate weathering is
dependent on how the sulfate in rivers is accounted for—gyp-
sum dissolution versus pyrite oxidation—and in the latter
case, on how much of the sulfuric acid was used to weather
silicates versus carbonates (Fig. 8). In the limiting case of
all sulfate supplied from gypsum dissolution, /CO2 is equal
to the SWR. In the second limiting case of all sulfate supplied
from pyrite oxidation, sulfuric-acid mediated, non-CO2 con-
suming silicate weathering has to be subtracted. In charge-
equivalent form, it can be expressed as:

/CO2forward
¼/ðNasilþKsilþ2Mgsilþ2CasilÞ� c�2/SO4river

/CO2inverse
¼ðasil;Na/Nariverþasil;K/Kriverþ2asil;Mg/Mgriver

þ2asil;Ca/CariverÞ� c�2/SO4river

where c is an adjustment factor for sulfuric acid which can
vary from 0 to 1. If all sulfuric acid is consumed in
weathering carbonates (c = 0), /CO2 = SWR = 68
(30–286) · 103 mol/km2/yr in winter and 194
(31–445) · 103 mol/km2/yr for summer, equivalent to the
all-gypsum case above. If all sulfuric acid is consumed in
weathering silicates (c = 1), /CO2 values of some tributary
samples came out to be negative numbers, an obviously
unrealistic situation. To fine-tune the proportion of carbon-
ate versus silicate weathered by the sulfuric acid, we made
use of the carbonate: silicate contributions (in charge equiv-
alent units) to the total dissolved cations calculated in
Section 4.4.3 (Table 5), in which case the /CO2 was 59
(22–244) · 103 mol/km2/yr for winter and 170
(30–395) · 103 mol/km2/yr for summer. The /CO2 was
�3 times higher in summer. The assumed value of c made
on average only about 15% difference in /CO2 and indi-
cates that the major proton donor in the Hong River system
is carbonic acid and that sulfuric acid plays only a minor
role. The results for equivalent calculation using the for-
ward model were similar for the winter and 30–50% higher
for the summer, and the values are reported in Fig. 8.
thering in the Hong (Red) River basin: Rates ..., Geochim.
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The Hong has similar net /CO2 compared to the HTP
Rivers and other orogenic rivers, the Amazon and Orinoco,
�(100–570) · 103 mol/km2/yr (Wu et al., 2005), but higher
than rivers draining shields—e.g., the Amazon draining
the Brazilian Shield 58 · 103 mol/km2/yr, Orinoco draining
the Guayana Shield 102 · 103 mol/km2/yr, St. Lawrence
draining the Canadian Shield (5–11) · 103 mol/km2/yr, or
the rivers draining the Siberian Shield (21 · 106 mol/km2/
yr). The CO2 consumption rate of shield region is calculated
from the same forward model as ours (Edmond et al., 1995;
Gaillardet et al., 1997; Huh and Edmond, 1999; Millot
et al., 2003).

4.6. Factors controlling the CO2 consumption rate

Multiple co-dependent factors—geologic (elevation, re-
lief, slope, and lithology) and climatic (temperature, precip-
itation, potential evapotranspiration, and runoff)—
influence the chemical weathering processes (West et al.,
2005). We took advantage of the geographic information
systems (GIS) to quantify the above parameters for each
sample basin and tested for statistical correlations with /
CO2. We excluded 5 outlier samples—the headwaters of
the Thao (RD228/130, 229/131) with extremely high silicate
weathering rates and sulfate concentrations and a small
tributary of the Da (RD102) which has an exclusively car-
bonate composition—and treated the summer and winter
samples separately. Correlation coefficient (r2) greater than
0.25, significant at 5% level, was only obtained for /CO2

with runoff (r2 = 0.624) and with relief (r2 = 0.252) in win-
ter samples and with precipitation (r2 = 0.252) for summer
samples. Better correlations with climatic parameters can
be obtained if summer and winter samples are treated
together. However, that is a spurious result in that the ‘‘cli-
mate’’ is not the climatic regime sustained for extended
periods of time nor the large range covered by tropical
and polar drainage basins. One reason for the lack of clear
correlations with climatic/geologic parameters is that the
relative magnitude of physical and chemical weathering dif-
fers seasonally. In winter, chemical weathering is a signifi-
cant factor and the dependence of silicate weathering
rates and hence /CO2 on parameters like runoff and relief
are expected to be more conspicuous. On the other hand,
in summer episodic flood events are responsible for the high
physical weathering. In the latter case, the amount of pre-
cipitation and mobilization of SPM can be an important ef-
fect. At a more fundamental level, we cannot rigorously
correlate factors involving different inherent time scales—
i.e., climatic data (runoff, precipitation, potential evapo-
transpiration, and temperature) are averaged over several
years, geologic data (relief, slope, and exposed rock type)
respond to much longer time scales, but the silicate weath-
ering rates calculated from dissolved river load are
‘‘instantaneous’’.

5. CONCLUSIONS

This paper focuses on the aqueous geochemistry of the
Hong (Red) River and chemical weathering rate calcula-
tions. We have extensively tested both the forward and
Please cite this article in press as: Moon S. et al., Chemical wea
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inverse models and find that for rivers in a geologically
complex setting, correct identification of the reservoirs in-
volved and their chemical compositions is a critical and
most difficult step. The Hong dissolved load originated pre-
dominantly from carbonate (55–97%) rather than silicate
(1–40%) weathering. Although the 3 main tributary systems
of the Hong are geographically juxtaposed, their dissolved
chemical compositions differed: carbonate and silicate
weathering with minor rain and halite input adequately ex-
plained the Lo data, but additional pyrite oxidation accom-
panied by Na-silicates weathering occurred in the Thao and
the Da. Our best estimate of the silicate weathering rates in
the Hong basin was 51 (winter) to 170 (summer) · 103 mol/
km2/yr, and ascertaining the source of the sulfate in the riv-
ers did not prove critical, because carbonic acid was the ma-
jor agent of weathering. GIS treatment yielded poor
correlation between rates of CO2 uptake and climatic/geo-
logic factors, suggesting that chemical weathering of sili-
cates is a complex function involving multiple parameters.
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Gaillardet J., Dupré B., Allègre C. J., and Négrel P. (1997)
Chemical and physical denudation in the Amazon River Basin.
Chem. Geol. 142(3-4), 141–173.
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