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Chemical characteristics and S-S0 >~ of acid rain:
Anthropogenic sulfate deposition and its impacts on CO, consumption
in the rural karst area of southwest China
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We analyzed rainwater collected from Huanjiang, China, between June, 2007 and May, 2008, with the aim of under-
standing the origin of the acid rain and its potential impacts on CO, uptake by carbonate weathering in the rural areas of
southwest China. The pH of the samples varied between 4.2 and 6.2, with a volume-weighted mean (VWM) of 5.1. The
rainwater was characterized by high concentrations of SO,>~, Ca?*, NH,*, and Mg?*. The Na* and CI~, Ca®* and Mg?*, and
S0,%* and NO;~ were mainly derived from sea salt, the Earth’s crust, and anthropogenic sources respectively. The §*S—
SO, of the rain ranged from —5.6 to —11.0%o, with a mean value of —8.4%o, suggesting that local combustion of coal was
the main source of acid rain in the region and that the effect of vehicle emissions could be disregarded. Grouping precipi-
tation events by their air mass back-trajectories showed that anthropogenic sources of SO,%>~ and NO;™ might vary depend-
ing on air mass origin and passes. The involvement of sulfuric acid in carbonate weathering at the study site resulted in an
increase in weathering rates of about 6.5% and a decrease in CO, consumption rates by 13.8%. Further, we estimated that
anthropogenic sulfate in the atmosphere, mainly from coal combustion, can cause a decrease in CO, consumption rates of
up to 9.6% in the study area. The data available at present indicate that even in rural karst regions of southwest China,
involvement of anthropogenically derived sulfate can significantly decrease the carbon uptake rate of carbonate weather-
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ing.
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INTRODUCTION

Acid deposition, primarily caused by the precursors
of strong acids such as H,SO, and HNO;, derived from
the combustion of fossil fuels, has been a major environ-
mental problem in many urban and rural areas worldwide
(Bricker and Rice, 1993). Trends of increasing SO, and
NO, emission, associated with increasing energy use, coal
combustion, and economic growth in China, have inten-
sified the acid rain problem (Larssen et al., 2006). South-
western China is a region seriously affected by the prob-
lems of acid deposition; therefore, the rainwater chemis-
try of this area has been intensely studied (Han and Liu,
2006; Han et al., 2010; Lei et al., 1997; Wu et al., 2012;
Zhang et al.,2011). However, as with other studies across
China (Huang et al., 2009; Xu and Han, 2009), these rain-
water chemistry analyses have mainly focused on densely
populated urban areas (Aas et al., 2007; Han and Liu,
2006; Lei et al., 1997; Xiao and Liu, 2002; Zhao and Liu,
2010), with few in remote (Han et al., 2010) or rural ar-
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eas (Wu et al., 2012) with little human activity. It has
been reported that the rainwater chemistry of remote and
rural areas had been seriously influenced by anthropo-
genic sources in nearby large cities (Wu et al., 2012), as
most air pollutants have the potential to be transported
far from their emission source (Toyama et al., 2007;
Zhang and Liu, 2004). As the karst region of southwest
China, which is currently one of the most deprived dis-
tricts in the country, undergoes fast-paced urbanization,
the negative effects of air pollution would be increasingly
seen in suburban and rural areas. Consequently, the im-
pacts of acid deposition on natural geo-ecosystems will
increase. A more integrated analytical approach that in-
cludes karstic rural sites is therefore required to address
the acid deposition occurs because of urbanization (Han
et al., 2010; Wu et al., 2012). Moreover, a study of at-
mospheric deposition in rural locations can contribute to
an understanding of the influences of anthropogenic acid
deposition (such as sulfuric acid) on natural geological
and ecological processes including carbonate weathering.
Sulfuric acid as a weathering agent has been recently rec-
ognized as not only enhancing the rate of weathering, but
also lowering CO, consumption rates (Han and Liu, 2004;
Li et al., 2008; Liu, 2007). However, the impact of acid
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Fig. 1. Sketch map showing Huanjiang and the sampling site as well as the acid rain distribution in China in 2007 (State
Environmental Protection Administration of China, 2008). Marker 1 represents the atmosphere background station of China:
WLG, LFS, LA and SDZ stand for Waliguan of Qinghai, Longfengshan, Linan and Shangdianzi, which were designed to measure
the background values for Northwest, Northeast, North and economically developed Yangtze River Delta of China, respectively
(Aas et al., 2007; Li et al., 2010). LGS (IMPACTS, 2004). ML (Han et al., 2010) represents Leigongshan and Maolan of Guizhou
Province, which are taken as the background value of southwestern China. Marker 2 shows the capital cities nearby the study
site. Marker 3 is the study site. Marker 4 shows the control locations near the study site.

deposition on carbonate weathering is still poorly under-
stood, with most studies mainly focusing on large rivers
that generally involve a number of processes and often
provide an average of the processes and concentrations
from various contributing factors, including rock type,
vegetation, meteorology, and land use. No previous stud-
ies have yet focused on the influence of acid deposition
on carbonate weathering in rural areas. According to Tang
(2011), the flux of dust deposition is insignificant in this
region of southwest China, because of the abundant rain-
fall and great distance from the desert; the atmospheric
deposition mainly occurs in the form of precipitation.
Therefore, we sampled and analyzed the chemical and
5**S-S0,* composition of rainwater at a rural site at
Huanjiang County, Guangxi Province, a county located
in the central karst region of southwest China, in order to
(1) gain an initial understanding of the chemical charac-
teristics and variations of atmospheric deposition; (2)
identify the possible sources of the various components
of wet deposition; and (3) to evaluate the impact of acid
deposition on carbonate weathering processes in the
karstic rural areas of southwest China.

SAMPLING AND ANALYSIS

Study area

The study site is situated in Huanjiang County,
Guangxi, China, and is located in the central part of the
Chongqinge—Guiyange—Liuzhou acid rain control zone

626 H. Ding et al.

(Hao et al., 2001) (Fig. 1). Huanjiang County is adjacent
to Maolan National Reserve, and is approximately 230
km away from the provincial capital Nanning; it has a
forest coverage of 69.9%. Huanjiang is one of the most
productive agricultural regions in Guangxi, with an agri-
cultural working population of about 320,000, which ac-
counts for around 86% of the total population (Hechi City
Government, 2010). There is almost no industrial activ-
ity around the study site. Human activities are largely
agricultural and include plowing, fertilizing, crop-
dusting, amongst others. There is only one city, Hechi,
located within 50 km of Huanjiang County. The study area
is covered with a typical peak cluster karst landscape. A
subtropical mountainous monsoon climate predominates,
with a mean annual air temperature of 18.5°C and a mean
annual precipitation of 1389 mm, 70% of which falls dur-
ing the wet season, which lasts from April to the end of
August.

Sampling and analysis

The rainwater-sampling site is located in a flat depres-
sion of a typical peak-cluster depression area (24.73N,
108.32E) (Fig. 1). This area experienced severe defor-
estation over nearly 30 years from 1958 to the mid-1980s
and has been under natural restoration for almost 25 years.
Currently, the vegetation can be classified into three sec-
ondary communities: tussock, shrub, and secondary for-
est. Almost 70% of the hillslopes are dominated by tus-
socks and shrubs. Most of the trees are found on dolo-



mite outcrops and nearby soils, or in the deep soils (>100
cm) at the foot of hillslopes. The calcareous soils are de-
veloped from dolomite and contain significant amounts
of rock fragments, with a natural pH value between 7.1
and 8.0. Rainwater samples were collected using an au-
tomatic precipitation sampler (APS-2B, Changsha
Xianglan Scientific Instruments Co., China), which au-
tomatically collects a rainwater sample for every rainfall
event. The sampler consists of a rain collector, rain sen-
sor, rain container and a dust-prevention hood. When a
rain event occurs, the dust-prevention hood opens within
60 s, and closes 5 min after the rainfall stops. The sam-
pler was placed approximately 120 cm above the ground.
In addition, individual sampling was performed at 9:00
am on a daily basis, following a precipitation event. Rain-
water samples were immediately transferred to the labo-
ratory for analysis of electrical conductivity (EC) and pH.
They were then filtered through 0.45 um pore size mem-
brane filters to remove insoluble particles, and stored in
arefrigerator at around 3—-5°C prior to chemical analysis.
Concentrations of CI~, NO;5, S0O,>, K*, Na*, Ca**, Mg**,
and NH,* in 42 samples were sampled and analyzed dur-
ing the monitoring period (June, 2007 to March, 2008).
In addition, seven extra samples were collected with a
large polyethylene sheet in order to determine the S iso-
tope composition of sulfate (8**S—S0,%*"). The amount of
rainfall was determined by automatic equipment in the
meteorological zone of the study site. A pH meter with a
combination glass electrode was used for pH measure-
ment. The pH meter was calibrated before each measure-
ment by using standard buffer solutions at pH 4.00 and
6.86. The EC measurement was made by using a digital
conductivity meter with temperature compensation, which
was periodically calibrated against KCl standard solu-
tions. The anions of CI-, NO;~, and SO42‘ were measured
by ion chromatography (Dionex DX-120) with a preci-
sion of 5%. The cations of K*, Na*, Ca?*, Mg?* were
measured with an Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES Varian Vista MPX)
with a precision better than 5%. NH,* was determined
spectrophotometrically using the Nessler’s reagent
colorimetric method. Reagent and procedural blanks were
determined in parallel with the sample treatments, using
identical procedures. Each calibration curve was evalu-
ated against analyses of these quality control (QC) stand-
ards before, during, and after the analyses of a set of sam-
ples. Sulfate was recovered from precipitates of BaSO,
with enough 2 mol/L BaCl, solution to determine the
5**S-S0,>". After precipitating for 15 min, the mixture
was filtered through 0.22 um acetate membrane filters.
The precipitates (BaSO,) on the filters were carefully
rinsed with sufficient Milli-Q water to remove CI~. The
precipitates were then immediately transferred into cru-
cibles with the filters and combusted at 800°C for 40 min

Table 1. Mean concentration (in Heq/L) of major ionic compo-
nents, pH (in unit) and EC (in uS/cm) in rainwaters, along with
statistical results parameters

VWV Mean  Median SD Min Max
pH 5.1 5.2 5.3 0.5 4.2 6.2
EC 24.5 35.2 29.5 20.3 8.0 97.0
NH,* 56.6 86.3 59.4 81.5 3.0 396.2
Na* 15.4 15.3 14.9 9.2 1.7 4222
K* 7.2 7.4 6.0 4.2 0.7 16.8
Ca?* 70.7 102.5 102.6 53.7 21.9 219.6
Mg?* 344 56.1 51.3 42.1 0.2 190.2
ClI 18.1 18.6 16.8 10.3 5.5 44.1
S0,* 118.4 181.0 132.8 127.7 36.4 585.6
NO,~ 8.5 12.8 8.4 9.8 1.3 35.0
TZ -TZ* -394 -55.3 -76.2

VWM, volume-weighted mean; SD, standard deviation; Min, minimum;
Max, maximum.
TZ - TZ*, sum of anions — sum of cations.

in air. Then, the BaSO, in the crucible was crushed to a
fine powder. Finally, 0.5 mg of the BaSO, powder of each
sample was weighed and wrapped in a tin cup, and
analyzed using an IsoPrime continuous flow mass
spectrometer. The analytical results are expressed in the
usual 6, in per mil, relative to Canyon Diablo Troilite
(CDT) standard. The standard deviation of the isotopic
measurements is 0.2%o (n = 10).

RESULTS AND DISCUSSION

The calculated volume-weighted means (VWM) and
standard deviations for the concentrations of the main
chemical components are summarized in Table 1. The ion
concentration data generally exhibited a high relative
standard deviation, indicating a large variability in the
cation and anion concentrations between the rain events.

pH and EC

The pH values of individual precipitation collections
ranged from 4.2 to 6.2, with a VWM of 5.1 (Table 1).
Around 12% of the rainwater samples had pH < 4.5, and
76.2% of the total precipitation had pH < 5.6. Typically,
the dissolution of naturally occurring CO,, NO_, and SO,
into clouds and droplets results in rain in the clean at-
mosphere with pH values of between 5.0 and 5.6
(Charlson and Rodhe, 1982). Rainwater with a pH value
below five is caused by the presence of natural H,SO,,
weak organic acids, or anthropogenic emission of H,SO,
and/or HNO;. Samples with pH values above 6.0 may be
the result of dissolution of windblown dust with a high
CaCOj; content, derived from the weathering of carbon-
ate. Under such conditions, the high pH value does not
correspond to a high HCO;™ concentration. Even at pH >
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Table 2. Comparison of the major ion concentrations (lleq/L) and pH values in Huanjiang with other sites worldwide

Site pH Cr NO,” SO,~ NH,/ K* Na* Ca®™  Mg® SO,”/NO; TZ Rainwater type ~References
Huanjiang 5.1 18.1 85 1184 56.6 72 154 70.7 34.4 12.6 282.3 Rural This study
Chengdu 4.4 423 304 331.6 2507 20.8 226 1920 132 10.9 903.6 City Lei et al. (1997)
Chongging 4.6 40.3 432 2218 386.6 15.2 69.8 2072 13.2 5.1 997.3 City Lei et al. (1997)
Guiyang 4.5 212 482 188.0 — 11.0 40 1132 255 39 411.1 City Han et al. (2010)
Lanzhou 7.7 27.9 744 208.0 572 7.3 123 88.6 46.5 2.8 5222 City Xu et al. (2009)
Massif (France) 52 19.6 36.2 223 — 5.7 14.4 14.6 34 0.6 116.2 Marine Négrel and Roy (1998)
Adirondack (USA) 4.5 2.1 22.6 36.9 10.5 0.3 1.6 3.59 1.0 1.6 78.7 Megacity Ito et al. (2002)
Tokyo (Japan) 45 552 30.5 50.2 40.4 29 37.0 249 11.5 1.6 252.6 Megacity Okuda e al. (2005)
Beijing 51 1040 109.0 3158 185.6 17.7 250  607.2 40.4 2.9 1404.7 Megacity Xu and Han (2009)
Leigongshan 44 1.1 26.0 75.0 33.0 4.1 2.9 25.0 5.1 29 172.2 Remote IMPACTS (2004)
Maolan 5.1 9.5 2.9 39.2 56.8 6.9 6 14.8 2.6 135 138.7 Remote Han er al. (2010)
Caijiatang 43 5.4 55.0 155.0 108.0 8.1 5.9 35.0 8.9 2.8 381.3 Rural IMPACTS (2004)
Linan 4.4 8.1 38.7 86.7 6.8 8.5 524 57.2 292 22 287.6 Rural Li et al. (2010)
Liuxihe 4.6 5.6 26.0 88.0 26.0 9.0 33.0 59.0 16.0 34 262.6 Rural IMPACTS (2004)
Longfengshan 4.6 5.5 40.3 99.9 6.7 5.6 130.8 14.7 4.1 2.5 307.4 Rural Li et al. (2010)
Puding 5.7 13.9 170 1524 33.1 9.1 10.8 1558 3.9 9.0 396.0 Rural Wu et al. (2012)
Shangdianzi 43 237 1029 257.6 17.0 125 393.0 1202 37.1 2.5 964.0 Rural Li et al. (2010)
Tieshanping 4.1 4.5 350 184.0 76.0 84 29 58.0 8.9 53 3717 Rural IMPACTS (2004)
Liuconguan 4.9 8.3 180  255.0 51.0 18.0 7.7 155.0 38.0 14.2 551.0 Sub-urban IMPACTS (2004)

TZ, Sum of all ions.

5.6, the concentration of HCO;™ in our samples was be-
low detection. Although the study site is located in the
central part of the Chongqing—Guiyang—Liuzhou acid rain
control zone (Hao et al., 2001), the pH values observed
here were higher than those observed at other sites in this
same zone, including Guiyang (Han and Liu, 2006) and
Chongqing (Lei et al., 1997), and were the same as was
seen in neighboring Maolan (Han et al., 2010, but lower
than that of Puding (Wu et al., 2012), which is a rural site
mainly covered by farmland.

The EC values of rainwater samples range from 8.0 to
97.0 uS/cm, with a volume-weighted mean of 24.5 uS/
cm (Table 1). This is around 10.0 S/cm higher than that
measured at Waliguan (Tang et al., 2000), which repre-
sents the background value of the northern Tibetan Pla-
teau, but lower than that of Shangdianzi, Linan, and
Longfengshan (Li et al., 2010), which are the regional
background stations of north China, southeast China and
northeast China, respectively. It is much lower than that
of Beijing (Xu and Han, 2009), which is a metropolis.
The EC of rainwater is mainly controlled by the total solu-
ble ionic components, and the low EC values here reflect
good environmental quality of the atmosphere in the study
area. They may also indicate a preferable dilution effect
to the atmospheric pollution, because of the abundant rain-
fall prevalent in the south, relative to the north of China.

Soluble ionic compositions of wet precipitation

Most of the rainwater samples had total cation con-
centrations (TZ* = K* + Na* + Ca?* + Mg?* + NH,*) larger
than the total anion concentrations (TZ™ = SO,> + NO;~
+ CI"), and the anion deficit (TZ~ — TZ") ranged from
41.0 to —181.5 ueq/L, with a mean of —55.3 ueq/L (Table
2). This imbalance is usually attributed to unmeasured
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organic anionic species, such as acetate, formate,
HCOO™, and CH;COO™, amongst others. For example,
studies showed that organic acids were estimated to ac-
count for 8.1% in Anshun (Zhang et al., 2011), which
means that organic ionic species may account for a cer-
tain proportion of the total anionic deficit in the precipi-
tation in southwest China.

It is clear that the Huanjiang rainwater has more Ca’",
NH,*, Mg?*, and SO,%", compared with K*, Na*, CI-, and
NO;™ (Table 1). The mean concentration of ionic species
in precipitation decreased in the following order: SO,>"
> Ca’** > NH," > Mg?* > CI" > Na* > NO;” > K*. Among
these ions, SO,%~, Ca%*, NH,*, and Mg?* were the domi-
nant ions, generally accounting for more than 80% of the
total ionic concentration. These results are similar to the
results from previous studies in southwest China (Aas et
al.,2007; Han and Liu, 2006; Han et al., 2010; Lei et al.,
1997, Wuetal.,2012). Ca”* was the most abundant cation,
with a concentration ranging from 21.9 to 219.6 ueq/L,
with a mean of 102.5 peq/L. NH,* was the second most
abundant cation in the rainwater samples, with concen-
trations varying from 3.0 to 396.2 ueq/L, with a mean of
86.3 peq/L. Ca** and NH,* together accounted for 44—
84% of the total cations measured, with a mean of 70%.
SO,* was the dominant anion; its concentration ranged
from 36.4 to 585.6 ueq/L, with a mean of 181.0 ueq/L,
accounting for 61-94% of the total anions measured, with
a mean of 82.5%. CI” and NO;~ both had concentrations
ranging from 5.5 to 44.1 peq/L and 1.3-35.0 peq/L, with
means of 18.6 and 12.8 ueq/L, respectively.

A comparison of the major ion concentrations and pH
values in Huanjiang with other sites worldwide is given
in Table 2. Generally, the total ion concentrations (TZ)
increased in the order of remote site < rural site < city
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site < megacity site (Table 2). However, Shangdianzi had
higher TZ than that of Lanzhou (Xu et al., 2009) and
Chengdu (Lei et al., 1997). This may be because
Shangdianzi is situated in Miyun County within the
Beijing Municipality, and surrounds the core of Beijing—
Tianjin—Hebei, where huge populations and industries are
concentrated (Aas et al., 2007; Li et al., 2010). The TZ
of our study area was significantly higher than TZs ob-
served in Leigongshan (IMPACTS, 2004) and Maolan
(Han et al., 2010), which are both covered with thick for-
est, and represent the background value for southwest
China, but are much lower than those in cities and
megacities such as Beijing (Xu and Han, 2009), Shang-
hai (Huang et al., 2008), Chengdu and Chongqing (Lei et
al., 1997). Huanjiang had a lower TZ compared to
Shandianzi, Longfengshan, and Linan, which are the re-
gional background stations for the north, southeast, and
economically developed Yangtze River Delta of China,
respectively (Li et al., 2010). The SO,>~ concentration
was higher than that observed in Maolan and Leigongshan,
but lower than that of other rural sites and cities. How-
ever, NO;™ in this study was very low, only slightly higher
than that of the Maolan remote site, and much lower than
other rural and city sites. The NH,* concentration was

the same as that of Maolan, but much lower than that
observed in large cities. The concentration of Ca’* was
higher than that observed in the regional background sites
Maolan, Leigongshan, and Longfengshan, but lower than
that of cities. Further, we compared our results with world-
wide monitored data, revealing that the ionic concentra-
tions (such as SO,%") of the precipitation in our study area
were higher than that of reference cities in Europe (Négrel
and Roy, 1998), North America (Ito et al., 2002), and
Southeast Asia (Okuda et al., 2005). However, the NO5~
concentration was much lower, compared to these cities.
In addition, the SO,*/NO; ratio was much higher than
that seen in all cities listed in Table 2.

lonic wet deposition fluxes

The changes in the daily ionic deposition fluxes were
calculated by multiplying the ionic concentrations from
individual precipitation events by the rainfall amount;
values are illustrated in Fig. 2. The daily ionic deposition
fluxes showed large variations, with the highest flux oc-
curring in spring. The amount of rainfall from June 2007
to May 2008 was 1333.6 mm, of which 455.2 mm fell in
spring (March—May), 669.0 mm in summer (June-—
August), 101.8 mm in autumn (September—November),
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Table 3. Correlation coefficients (R) of ionic concentrations in
rainwater samples of Huanjiang. Bold values indicate a sig-
nificant correlation

NH, K* Na*  Ca* Mg* C SO~ NO,
NH, 1
K* 0.661 1
Na* 0180 0279 1
Ca® 0303 0113 0362 1
Mg* 0379 0313 0226 0711 1
cr 0228 0370 0950 0436 0256 1
SO, 0869 0572 0277 0587 0.605 0323 |
NO,” 0557 0348 0236 0784 0721 0302 0.706 1

and 107.6 mm in winter (December—February). Annual
and seasonal variations in the deposition fluxes were cal-
culated. The results showed that, among the ions, SO42‘
had the maximum deposition flux, with a mean of 157.9
meq/m?, followed by Ca’* with a mean of 94.2 meq/m?,
NH,* with a mean of 75.5 meq/m?, Mg?* with a mean of
45.9 meq/m?, and Na* with a mean of 20.5 meq/m?. The
deposition loading of the above-mentioned major ions ac-
counts for almost 88.4% of the total wet deposition.

Seasonal differences in wet deposition fluxes are ap-
parent in all of the ionic components. Although the VWMs
of TZ were ordered by autumn > winter > spring > sum-
mer, the highest wet deposition of most of the ions was
observed in the summer, due to the higher rainfall and
higher frequency of rain events, with the exception that
SO,%" and NH," had their highest fluxes in spring. Wet
deposition fluxes of major ionic species in winter were
lowest because of the relatively lower rainfall at this time.
In general, precipitation in southwestern China is high in
the spring and summer, and low in the autumn and win-
ter. Thus, a significant correlation between the amount of
rainfall and the seasonal variation in wet deposition fluxes
is revealed.

Origins of major ionic species

Statistical analysis In order to find the associations be-
tween ions in the precipitation, as well as the possible
sources of pollutants, we determined the correlations be-
tween ions in the precipitation and we have depicted these
in Table 3. Good correlations were observed between
sulfate and nitrate, which may be attributable to the
similarities in their chemical behaviors in precipitation,
and the co-emission of their precursors SO, and NO,.
There was a good correlation between Ca>* and Mg?* (R
=0.711), which is to be expected because of their chemi-
cal similarity. This is consistent with the wide distribu-
tion of carbonate in the sampling site; the result is the
same as those in other karst dominated areas (Han and
Liu, 2006; Han et al., 2010; Wu et al., 2012). Similarly,
significant correlations were also observed between the
sea-salt species Na* and CI-, indicating a common ma-
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seawater.

rine source. SO,*~ shows good corrections with NH,*, K*
Ca?*, and Mg?*, with correlation coefficients of 0.869,
0.572, 0.587, and 0.605, respectively. Moreover, NO;~
also showed good corrections with NH,*, Mg?*, and Ca**,
with coefficients of 0.557,0.721, and 0.784, respectively.
These observed correlations in the local precipitation are
thought to be caused by atmospheric chemical reactions
of the acids H,SO,, HNO;, and HCI with alkaline com-
pounds abundant in carbonate materials, which have been
carried into the atmosphere as wind-blown particulate
matter. Ca>* and Mg?* are major components of the earth’s
crust, while NH,* mainly originates from anthropogenic
activities such as agricultural activity and biomass burn-
ing. The association of SO,>~ with Ca%*, Mg?* and NH,*,
as well as NO;~ with NH,*, Ca?*, and Mg?*, may be at-
tributable to atmospheric chemical reactions with one
another, indicating that NH,*, Ca>* and Mg>* play a ma-
jorrole in neutralizing acidic sulfur and nitrogen gas. The
predominant species combinations were NaCl, CaSO,,
MgSO,, (NH,),S0,, K,SO,, NH,NO;, Ca(NO;),, and
Mg(NO;),, which may accumulate within atmospheric
water droplets by aerosol scavenging and also by subse-
quent reaction of gaseous species on the aerosol. The cor-
relation of NH,* to SO,>~ (R = 0.869) was higher than
that of NH,* to NO;~ (R = 0.557), showing that sulfur
compounds are likely dominant in the atmosphere; this is
same as was found in previous studies (Wu et al., 2012).
Enrichment factors and source contributions Element



Table 4. Enrichment factors for rainwater components relative to soil and seawater

Na* K* Ca?* Mg?* cr S0, NO,"
[X/Na*],, — 00218 00439 0227 116 0.125 —
[XNa*],,  — 0472 4600 2242 1176 7.700 —
EF,, — 2164 104.79 9.88 1.01 61.60 —
[X/Ca®],, 0569  0.504 — 0561 00031 00188  0.0021
[X/Ca*],, 0217  0.103 — 0487 0256 1.676 0.120
EF 038 0.20 — 087 8245 89.15 57.14

soil

Crustal S and N are regarded as entire SO >~ and NO;™ compounds, respectively (from Taylor, 1964).

enrichment factors (EFs) are widely used in environmen-
tal sciences to speculate on the origin of elements in air,
atmospheric dust or precipitation (Reimann and Caritat,
2000). Their calculation is based on the elemental ratio
found between ions collected in the atmosphere and in
precipitation, compared to a similar ratio in a reference
material. EF values may impart information about the
source of the element. Commonly, Na is taken as the best
reference element for seawater since it is assumed to be
of purely marine origin. Al and Ca are two typical
lithospheric elements and are normally used as reference
elements for continental crust, since their compositions
in soil, the only natural source for lithospheric elements,
rarely change. Compared with seawater, the rainwaters
collected in this study mostly had CI7/Na* equivalent ra-
tios greater than that (Cl/Na = 1.17) of seawater (Fig. 3).
In order to estimate the marine and terrestrial contribu-
tions to rainwater, the EF values for rainwater composi-
tions were calculated, using Na as a reference element
for marine origin and Ca as a reference element for con-
tinental origin, as follows:

EF

seawater

[X/Na*] /[X/Na*]

rainwater’ seawater

EFsoil = [X/Ca2+]rainwater/[X/Ca2+]soil

where X is the concentration of the ion of interest, X/
Na* ., water 18 the ratio within seawater (Keene ez al., 1986)
and X/Ca®* , is the ratio within the crust (Taylor, 1964).
All concentrations used in the calculation of EF for sea
salt components and soil components are expressed in the
same units, teq/L and ppm, respectively. The contribu-
tion of NO; and NH, from marine sources is negligible,
therefore EFs for a marine source were computed for Cl,
Mg, K, and SO,, and EFs for a soil source were com-
puted for K, Mg, Cl, SO,, and NO;. Table 4 gives the EF
values for soil and sea salt components. An EF value much
higher than 1 is considered to be other source rather than
reference source. ClI”has EF .., value of 1.01, but has
an EF_; value of 82.45. This clearly points toward a
marine origin for CI". Mg?" and K* seemed to be diluted
by seawater and concentrated by soils. Mg?* was partly

derived from a marine source, but the contribution from
soil is also considerable. Average EF ., Values of K*
and Ca®* were 21.64 and 104.79, respectively, suggest-
ing that most of the K* and Ca?* originate from terres-
trial sources. SO,> was largely enriched relative to the
soil (EF =89.15) and a marine source (EF = 61.6). These
high EF values indicate that the contribution of SO,*~ from
both soil and marine sources was almost negligible, so
SO,* is mainly derived from anthropogenic sources.
Generally, the marine source of NO;~ was quite small.
Therefore, anthropogenic activities were also considered
to be the major source of nitrate.

In order to estimate the marine and crustal contribu-
tions to different ionic species in rainwater, their respec-
tive sea salt fraction (SSF) and crust fraction (CF) were
calculated, using the following equations:

%SSF = 100(X/*Na) (X/*Na)

seawater/ rainwater

%CF = 100(X/Ca2+)soil/(X/Ca2+)rainwater'

Figure 4 and Table 5 show the fractions of these sources
for an individual precipitation event and their VWM val-
ues, respectively. Although the fractions were different
in each precipitation event, the calculations revealed that
nearly all the C1™ (98.6%) was of marine origin. In addi-
tion, only small amounts of rainwater seemed to have a
significant anthropogenic fraction (AF) of CI~ (Fig. 4),
which could be derived from agricultural activities in the
rural background (Han et al., 2010). In contrast, SO42‘,
Ca?*, K*, and Mg?* appear to be of non-marine origin. As
mentioned previously, the bedrock of the study site is
dolomite, which weathers to produce a soil that is rich in
Ca and Mg. The study site was located in the flat depres-
sion of a typical karst peak-cluster depression; soil and
sand can be produced from the peak cluster surrounding
it, which facilitates the generation of alkaline dust parti-
cles by the wind. We therefore conclude that the Ca** and
Mg?* most likely originates from crustal sources, either
from dolomite weathering or from long-range transport
from large cities in the surrounding area. The origin of
K* must be different to that of Ca** and Mg?*, due to the
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Fig. 4. Sea salt fraction (%SSF), crust fraction (%CF), and anthropogenic fraction (%AF) of ionic species in an individual

precipitation event. The x-axis represents the sample sequence.

poor correlation of K* with them. K* in the atmosphere is
generally considered as a chemical signature of biomass
burning (Dibb et al., 1996). It occurs usually in coarse
particles in soil, but fine particles can be created by wood
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combustion. In fact, wood combustion is common in resi-
dential cooking and other agricultural activities. In this
data, the primary source of K* is considered to be terres-
trial, because it is difficult to quantitatively distinguish



Table 5. Source contributions for different ionic constituents
in rainwater

Tons Sea salt fraction (%) Terrestrial fraction (%)
Crust fraction ~ Anthropogenic source fraction

SO,* 4.6 1.12 94.3

NO;~ — 1.75 98.3

Cr 98.6 1.2 0.2

K* 4.6 95.4

Ca* 1.0 99.0

Mg** 10.1 89.9

the soil source from wood combustion in the precipita-
tion samples.

Unlike Ca®* and Mg*, SO,>" had a tiny contribution
from the crustal source; about 94.3% of the total SO42’
was derived from anthropogenic sources (Table 5). Coal
combustion accounts for approximately 70% of commer-
cial energy production in China, leading to substantial
SO, emissions, which to date have been the most impor-
tant precursor for acid rain in China (Aas et al., 2007).
This is further corroborated by §*S—S0,>" results (see
Subsubsection “§*S—-S0,>" constrains on anthropogenic
S0,>™ for details).

Assuming no nitrate is derived from the marine source,
the contributions from anthropogenic sources were ob-
tained by subtracting the soil contribution from the total
nitrate in rainwater. From this, around 98.3% of NO;~ was
attributed to anthropogenic sources (Table 5). NO;™ in
rainwater results from both human activities such as fuel
combustion, and chemical reactions in the atmosphere.
NO;™ concentrations at this site were lower than in other
rural and urban areas (Table 3), because the study site is
far away from intense human activities and urban emis-
sions, such as those from traffic and cement works, as
they are largely absent in this rural study area.

As discussed previously, NH,* was the second most
dominant cause of acid neutralization in the sampled rain-
water, with a VWM of 56.6 ueq/L, which is similar to
that found at Maolan (Han ez al., 2010), and was consist-
ent with a previous study that found ammonia emissions
in the Asian region to be typically several times higher
than those in North America and Europe (Galloway,
1995). Livestock feeding, nitrogen-rich fertilizer and soil
are regarded as the main emission sources of NH,*. Al-
though the study site has been under natural restoration
for almost 25 years, livestock feeding is common in local
areas, and there are large areas of farmland surrounding
the study site. The good correlation of NH,* with K* (Ta-
ble 3) may indicate their co-emission. Therefore, live-
stock feeding, agricultural activities and biomass burn-
ing are inferred to be the source of the NH,* detected in
the rainwater. Forest soils may also make a large contri-

bution, because NH; volatilization from soil increases as
the soil pH increases; pH values of soil in the study site
are around 7.1-8.1, which suggests the potential emis-
sion of NH;.

Anthropogenic sources Results of EFs analysis showed
that SO,*~ and NO;~ mainly had an anthropogenic origin.
We further analyzed the relationship between anthropo-
genic SO,> (SO,*> ,p) and NO;~ (NO; sp) using the EF-
based results, they are shown in Fig. 5.

As discussed above, good correlations between sulfate
and nitrate (Table 3) may be attributable to the similari-
ties in their chemical behaviors and the co-emission of
their precursors SO, and NO,. If the precursors were the
same for all of the precipitation events, there should be a
better relationship between SO,* sy and NO; 4. How-
ever, the observations were different to this (Fig. 5), which
may be due to the influences of air masses, including their
origin and passes. Therefore, precipitation events were
categorized based on air-mass back-trajectories generated
using Hybrid-Single Particle Integrated Trajectories
(HYSPLIT 4), provided by the National Oceanic and At-
mospheric Administration (NOAA) Air Resource Labo-
ratory (Rolph, 2011). For each precipitation event, a 24 h
backward trajectory was initiated at the recorded onset
of precipitation, from 1000 m above ground level over
the sampling site. On the basis of these trajectories, the
precipitation events were divided into four types (Fig. 6):
Southwest Asia and China (Type SW), South China and
Asia (Type S), Northeast China (Type NE), and South-
east China (Type SE). The relationships between
SO,* sr and NO; ™, of these four event types are shown
in Fig. 7.

SO,* sr and NO; ,f in samples from precipitation
events of each type show good linear relationships, with
a few exceptions of samples with low rainfall amounts
(Fig. 7). This indicates the co-emission of the ions’ pre-
cursors SO, and NO,. However, precipitation events of
type SW (Fig. 7a), type S (Fig. 7b), and type NE (Fig. 7c)
show better linear relationships than that of type SE (Fig.
7d). Abnormal precipitations of type SW (Fig. 7a) and
NE (Fig. 7c), which generally occurred during the dry
season, all show higher (SO,?>/NO;7)r ratios than the
mean. In contrast, those of type SE, which mainly oc-
curred during the growing/wet season, had lower ratios
than the mean (Fig. 7d). The abnormal (SO42‘/NO3‘)AF
ratios in precipitation events of type SW and type NE
may be due to the negative correlation of atmospheric
SO, concentration with rainfall amount (Pena et al., 1982),
meaning that small amounts of precipitation can dissolve
more SO, from the atmosphere. However, this cannot be
the reason for abnormal (SO,*7/NO;") sr ratios in type SE
precipitation. The rainwater that was collected in time-
sequence in the continuous precipitation of June, 12, 2008,
which was of type SE, showed large variations in SO,*7/
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Fig. 5. Relationship between anthropogenic SO/~ (SO 4r)
and NO;~ (NO; 4p) in rainwaters.

NOj;™ ratios, ranging from 7.5 to 47.3 (n = 12), and were
not associated with the quantity of precipitation (unlisted
in table), which perhaps implies the involvement of vari-
able sources or processes in altering the SO,>~ and/or NO;~
concentrations of the precipitation. High concentrations
may be attributable to the industrial plume from the up-
wind urban area (Fig. 6). In addition, significant urban
and industrial emissions are noted for Liuzhou city, which
is one of the most important heavy industrial cities of
China, renowned for its automotive, metallurgical, and
mechanical industry.

The VWMs of pH and ion concentrations based on air
mass back-trajectories are shown in Table 6. The concen-
trations of TZ from the marine storms (S and SW) were
lower than those from the continental storms (NE and SE).
For the majority of these ions, the highest concentrations
were observed in rain events of type SE, which are mostly
predominant in the winter/dry season. The lowest con-
centrations of TZ were found in type SW and S events,
when air masses travel from marine storms during the
Southern Asian Monsoon period with very high rainfall
volumes.

As described above, the VWM of the SO,>7/NO;" ra-
tio (Table 2) in the study area was lower than that of the
cities listed in Table 2, and was almost equal to that of
rural/remote sites like Puding (Wu et al., 2012) and
Maolan (Han et al., 2010), suggesting that the contribu-
tions of traffic emissions to atmospheric pollution in the
study area were insignificant. Precipitation from the SW
had the lowest SO,*>/NO;™ ratio (8.9) among the four
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Fig. 6. Four air mass backward trajectory types generated at
the 1000 m level. SW, S, SE, and NE represent clusters of South-
west Asia and China, Southeast China, Northeast China, and
South China and Asia, respectively.

types of precipitation; this could be due to the traffic
emissions of Hechi City situated 25 km away from the
study site (Fig. 6). This is further supported by the range
of lower SO,?7/NO; ™ ratios (3.2-5.4) in the rain of Hechi
City in 2007-2008 (Qin et al., 2011).

&*S-8S0.7~ constrains on anthropogenic SO/~ As dis-
cussed above, nearly 94.3% of SO,* in the studied
rainwaters was derived from anthropogenic sources. Here
we use 6°*S-SO,* to further constrain these anthropo-
genic sources. The sulfate ion concentration of the non-
sea salt (NSS) and its §*S-S0,* \ss was computed from
the sodium ion concentration in the sample using meth-
ods described by Mizoguchi et al. (2012). The §**S—
SO,* umple and §*S-S0,* "y ranged from —5.6 to
—11.0%o, and 11.4~-6.6%o, with average values of —8.4%o
and -9.1%o (n = 7), respectively. The ratios were in the
) range of local coal (-12.5~-2.1%0) (Xiao et al.,
2010). Thus, we concluded that the SO, produced by the
combustion of local coal was the main source of anthro-
pogenic sulfate in the rainwaters. This is same as was
found in other studies of rain in China (Aas et al., 2007,
Larssen et al., 2006; Mukai et al., 2001; Xiao and Liu,
2002). The §**S-S0O,*yss of precipitation of type SE, type
SW, and type S were —10.7%o0, —9.2%o0, and —8.0%o, re-
spectively, and we link these differences to different
sulfate sources, as these samples were collected in the
same season, between the end of May and the beginning
of June, 2007. The differences in §*S caused by local
biomass activities and other factors were negligible. In a
study of 5**S in atmospheric SO, in the south of China,
negative values ranging —17.3~—13.6%o0 were reported in
Liuzhou city, which is located upwind of the SE direc-
tion precipitation events, around 190 km away from the
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current study site (Zhang et al., 2002). Therefore, the
lower 8*S-S0,* g5 of type SE precipitation perhaps
indicates that this negative SO, sulfate may contribute to
the NSS sulfate of precipitation in this study. However,
elucidating the precise fraction requires further study.

Impact of sulfate on carbon uptake by karst

Sulfuric acid contributes significantly to the chemi-
cal weathering of carbonate rocks in southwest China
(Han and Liu, 2004; Li et al., 2008; Liu, 2007). How-
ever, studies that are mainly carried out in large rivers
generally average the situation from various different
backgrounds. Here we focused our study on the influence
of sulfuric acid on carbonate weathering in a rural area.
Weathering and CO, consumption rate impacted by
sulfuric acid The composition of the stream water drain-
ing through the studied site is mainly controlled by car-
bonate dissolution, however the sum of the concentra-
tions of Ca** and Mg?* ([Ca?*+Mg?*]) were in excess with
respect to HCO;™ ([HCO;]), with a mean [Ca?*+Mg?*]/

[HCO; ] ratio of 1.1 (Ding, 2010). Sulfuric acid is thought
to account for the excess of Mg?* and Ca®* relative to
HCOj7, as NO;~ and CI™ together account for less than
5% of the total anions. Assuming that sulfuric and car-
bonic acid simultaneously attack carbonate minerals, the
dissolution of carbonate can be described as follows:

Ca(zix)ng(CO:;)z + 2H2CO3
= (2—x)Ca’* + xMg** + 4HCO;~

Ca,_yMg(CO3), + H,SO,
= (2—x)Ca’* + xMg?>*2HCO;™ + SO,*.

The average Mg>*/Ca?* ratio was 0.82 in the water, with
a [Ca?*+Mg>']* (=[Ca**+Mg**-S0,>]) value of 5.5.
Given the assumption that calcite dissolution and the
SO, in the river water is balanced by Ca®* and Mg?",
we obtain an average molecular formula of
Ca, Mg, (CO3),, for the carbonate dissolved by the
stream water. We can further obtain the dissolution reac-
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Table 6. Volume-weight mean (Ueq/L) of major ionic rain components and TZs based on air mass back-

trajectories
Types (percent of rainfall, %) pH NH,* K* Na* Ca>* Mg>* Cr SO,” NO,~ SN TZ
NE (11.1%) 5.0 83.6 87 11.1 83.0 59.3 16.3 150.0 11.1 13.5 423.0
SE (22.2) 4.9 80.9 64 15.0 91.6 474 165 181.9 10.4 17.4 450.0
S (30.9) 53 44.1 50 14.0 47.2 21.6 164 91.6 4.7 19.4 244.6
SW (35.7) 53 40.3 7.8 141 57.1 21.1 16.1 70.1 8.5 8.2 235.1

tions of carbonate by only carbonic acid and by both
sulfuric and carbonic acid, based on stoichiometry analy-
sis, as follows, respectively:

Ca, Mg, o(CO3), + 2H,CO;
= 1.1Ca%* + 0.9Mg** + 4HCO4~

Ca, Mg, 4(CO,), + 1.5H,CO; + 0.2H,S0,
= 1.1Ca?" + 0.9Mg?* + 3.5HCO;™ + 0.2S0,>".

Thus, the rate of carbonate weathering (TDS_,;,) by only
carbonic acid and by both sulfuric and carbonic acid can
be calculated using the following equations, respectively:

TDS cr6_t12c03 = [Ca2*1/1.1 + [Mg2*]/0.9 + [HCO,]/4

TDScarb—H2C03+HZSO4
= [Ca%*]/1.1 + [Mg?*]/0.9 + [HCO;71/3.5.

Similarly, the CO, consumption rate of carbonate disso-
lution by only carbonic acid and by both sulfuric and car-
bonic acid can be calculated using the following equa-
tions, respectively:

COy_maco3 = [HCO;7]/2
CO,_noco3+masos = [HCO;7]#3.5/1.5.

The calculated results show that the involvement of
sulfuric acid in carbonate weathering resulted in an in-
crease of around 6.5% in weathering rates, and a 13.8%
decrease in CO, consumption rates. These results are com-
parable to those found in the studies of Wujiang River
(Han and Liu, 2004), and Nanpanjiang and Beibanjiang
River (Xu and Liu, 2007), in which the sulfuric acid re-
sulted in a decrease of 10%, 9.2%, 17.5% in the CO, con-
sumption by carbonate weathering by H,CO;, respec-
tively. However, the result found here is lower than that
of the Baishuijiang River, in which 60% of sulfate in the
river is derived from oxidative weathering of sulfide min-
erals in sedimentary rocks (Li et al., 2008).

Atmospheric inputs of sulfate to stream water and their
impaction The stream water collected had CI~ concen-
trations ranging from 15.4 to 117.3 peq/L, with a mean
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of 36.9 ueq/L. Chloride typically has two main origins:
atmospheric input and the dissolution of rock salt. How-
ever, there is no geological evidence for the presence of
evaporates in the present catchment. As described ear-
lier, the rainwater of the study area has an average C1~ of
18.1 ueq/L, which is close to the minimum CI™ in the
stream. According to Han and Jin (1996), the
evapotranspiration factor near the study region varies from
2 to 5. Therefore, the highest CI~ concentration expected
to originate from atmospheric inputs, delivered by rain-
water can be estimated to have a critical value of around
36.2-90.5 peq/L, of which the lower value is much closer
to the mean observed Cl™ in the stream. Thus, we assume
that the concentration of atmospheric-derived CI™ in the
stream water was close to 36.2 ueq/l. Given the discus-
sion above, we estimate the atmospheric contribution to
sulfate in the stream water to be around 236.8 ueq/L, ac-
counting for around 73.9% of the total SO,*~ in the stream
water. As estimated earlier, around 94.3% of the sulfates
in the deposition were derived from anthropogenic
sources, in particular coal combustion. Thus, 69.7% of
stream sulfate can be supposed to originate from sulfuric
acid generated by coal combustion. We further estimate
that these atmospheric anthropogenic sources of sulfate
can cause a decrease of around 9.6% in the CO, consump-
tion rates in the study area. Although the precise extent
to which the atmospheric sulfuric acid derived mainly
from anthropogenic sources contributes to the rock weath-
ering should be further clarified, in view of the regional
and global budget of CO,, the data available at present
indicate that even in the rural karst region of southwest
China, the involvement of anthropogenic sulfate can sig-
nificantly decrease the carbon uptake rate by carbonate
weathering.

SUMMARY AND CONCLUSIONS

(1) The Huanjiang rainwater exhibited a VWM pH of
5.1, and sulfate was the major acidifying ion, ranging from
36.4 to 585.6 ueq/L, with a mean of 181.0 peq/L. Ca®* is
the most abundant cation, ranging from 21.9 to 219.6 pieq/
L with a mean value of 102.5 peq/L. NH,* is the second
most abundant cation in the rainwater samples, with con-
centrations varying from 3.0 to 396.2 ueq/L, with a mean



value of 86.3 ueq/L.

(2) The seasonal variations in ionic deposition fluxes
were not consistent with the ionic concentrations. Al-
though the VWM concentrations of TZ followed a se-
quence of autumn > winter > spring > summer, the high-
est wet deposition of ions is observed in the summer, as a
result of the higher rainfall quantities and higher fre-
quency of rain events, with the exception of SO,> and
NH,*, which have their highest fluxes in spring.

(3) Statistical analysis indicated that the predominant
species combinations of rainwater were NaCl, CaSO,,
MgSO,, (NH,),S0,, K,SO,, NH,NO;, Ca(NO,),, and
Mg(NO3),, which may form within atmospheric water
droplets by aerosol scavenging and by subsequent reac-
tion of gaseous species on the aerosol.

(4) The statistical analysis and enrichment factor study
showed that the main sources of Na* and Cl~ were sea
salt, and of Ca®* and Mg2+ were the Earth’s crust, account-
ing for 99.0% and 89.9% of their total content in the rain,
respectively. Meanwhile, SO,*>~ and NO;~ were derived
from anthropogenic sources, accounting for 94.3% and
98.3% of their total amount, respectively. The §*S—-S0,*"
of the rain ranged from —5.6~—11.0%o, with a mean value
of —8.4%o, which points towards the combustion of local
coal as the main source of sulfate in the rainwater.

(5) The precipitation events classified by their air-mass
back-trajectories showed that the anthropogenic sources
of SO,>~ and NO;™ might be affected by air mass origin
and passes. It is notable that the only city within 50 km
from study site contributed atmosphere pollutants with
different SO42‘/NO3‘ ratios, and Liuzhou city, one of the
most important heavy industry cities in China, which is
located around 190 km away from the study site may be
an important factor controlling the SO,*~ and NO;~ con-
tent of the rainwater. This was further supported by the
5**S-S0,*" of non-sea salt sources of ions in the rain.

(6) The involvement of sulfuric acid in carbonate
weathering at the study site resulted in around a 6.5%
increase in weathering rates, but a 13.8% decrease of the
CO, consumption rates. We further estimated that atmos-
pheric sulfate, mainly from coal combustion, can cause a
decrease of up to 9.6% in the CO, consumption rates in
the study area. The data available at present indicate that
even in the rural karst regions of southwest China, the
involvement of anthropogenically derived sulfate can sig-
nificantly decrease the carbon uptake rate of carbonate
weathering.
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