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Major ion concentrations and strontium isotopic ratios (87Sr/86Sr) were measured in rainwater
samples collectedat theurban siteof Lanzhou, a city locatedon theLoessPlateau in thearid andsemi-
arid areasofnorthwestChina. The rainwater samplespossessedalkalinepH, at a reference levelof 5.6,
with a range of 6.82 to 8.28 and a volume-weighted mean (VWM) pH value of 7.70. The alkaline
character of rainwater in Lanzhou is due to the result of neutralization caused by the alkaline soil
dustswhich contain large amount of CaCO3. Itwas observed that Ca2+was themost abundant cation
with a VWM value of 886 µeq l−1 (115–2184 µeq l−1), accounting for 87.8% of the total cations.
Without considering HCO3

−, SO4
2− and NO3

−were dominant among the anions, accounting for 64.2%
and23.0%, respectively, of the totalmeasured anions. UsingNa as an indicator ofmarine origin andAl
for terrestrial inputs, the proportions of sea salt and non-sea-salt elements were estimated from
elemental ratios. The precipitation in this region has typical continental characteristics. The Sr
concentrations varied from 0.004 to 0.885 µmol l−1, and strontium isotopic ratios (87Sr/86Sr) lay in
the range of 0.71025–0.71302, with an average of 0.71143. The 87Sr/86Sr ratios of Lanzhou rainwater
are higher than that of seawater, which reflects contributions from the radiogenic Sr sources of the
aerosols. Themost suitable candidate for the sourcewould be the soil dust originating from local and
distant loess and desert areas. The 87Sr/86Sr ratioswere used to characterize different sources of base
cations in rainwater, suggesting that the samples could be interpreted in terms of combinations of at
least three components: soil dust derived from the Loess Plateau anddesert areas in northwest China
(with 87Sr/86Sr~0.7130), seawater (with 87Sr/86Sr~0.70917), and anthropogenic inputs (with 87Sr/
86Sr~0.7103). The high 87Sr/86Sr ratio and Ca and Sr content in the rainwater from Lanzhou can be
attributed to the dissolution of calcium carbonate in soil dust.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Emissions of SO2 in China are increasing in tandem with
the nation's rapid economic growth and its related systems of
energy consumption and production, leading to significant
deposition of acid rain in the south of China (Larssen et al.,
2006). The chemistry of precipitation has been widely
investigated in many areas in China, which have been
.

All rights reserved.
significantly affected by acid rain during the last three
decades. Most studies have focused on the distribution of
precipitation pH and sulfur deposition (Zhao et al., 1988;
Wang and Wang, 1995; Yu et al., 1998; Feng et al., 2001;
Larssen et al., 2006; Aas et al., 2007; Huang et al., 2008). In
China, the estimated emissions of SO2 into the atmosphere
were about 22 million tons in 2003 (Larssen et al., 2006).
However, the environmental impacts in Europe and North
America associated with such high levels of strong acids in
precipitation have not been widely detected in China. This is
partly due to the fact that acid deposition is heavily
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influenced and modified by natural soil dust from the desert
and semi-arid areas in northwest China (Fig. 1). As a result of
the dissolution of carbonate minerals in soil dust, acid rain
has not been recorded in northern China despite large
emissions of acidic pollutants (Zhao et al., 1988). Larssen
and Carmichael (2000) reported the high pH level problem in
arid areas of China and noted that “data on base cations
deposition are still scarce, and there remain large uncertain-
ties regarding the sources of base cations.”

Furthermore, various sources of the dissolved components
in rainwater can generally be divided into three groups: (a) sea
salt aerosols; (b) terrestrial aerosols (soil dust, biological
emissions); and (c) anthropogenic inputs (industry, agriculture
and fertilizers, combustion of fossil fuels) (Negrel and Roy,
1998). It is usually difficult to unravel the different sources,
unless isotopes are used (Andersson et al., 1990). Strontium
isotopes (87Sr/86Sr) are expected to provide insights into the
source of base cations in rainwater; however, only a few data
are available on the 87Sr/86Sr ratio in rainwater, which may
result in a limitation in the use of Sr isotopes in atmospheric
geochemistry (Nakano and Tanaka, 1997).

This paper presents for the first time the characteristics of
the strontium isotope of rainwater collected during the rainy
season in Lanzhou, a city located in the arid and semi-arid
areas of northwest China. The purpose of this paper is to
present and discuss the chemical and Sr isotopic character-
istics of rainwater, to identify possible sources of the various
components in precipitation, and to propose the cause or
causes of alkaline rain in the region.
Fig. 1. Sketch map showing the sampling location, the Loess Plateau, and desert a
Badain Jaran Desert; 4. Tungeli Desert; 5. Muus Desert; 6. Hunshandake Desert; 7. L
routes of its transportation.
2. Methods

2.1. Study area

Loess soils and deserts cover a vast area in the arid and semi-
arid regions of northwest China. Lanzhou is located on the Loess
Plateau (Fig. 1) with an average elevation of 1520m and an area
of 14,000 km2. It is the capital of Gansu Province, with a
population of 2.6 million. The topography is characterized by
valleys, basins, hilly land, and Huangtumao ditches and gully
areas. TheYellowRiverflows through theentire city. The areahas
a semi-dry climate in the temperate zone with a mean annual
temperature about 10 °C, and average annual precipitation of
331 mm. The majority of rain events occur between June and
October. Lanzhou is one of themost important industrial cities in
China andextremely polluted in termsof SO2. It is rich in coal and
mineral resources, and has been dubbed as Gold City. The area
also possesses various other metal resources, including silver,
zinc, nickel, and manganese. Its oil refineries and chemical and
metallurgical industries rank highest in China.

2.2. Sample collection and analysis

The rainwater samples were collected in the central part
(36°03′N; 103°51′E) of Lanzhou City. The sampling collector
was placed on the roof of a building about 15 m high from
ground level in the Lanzhou Institute of Geology, Chinese
Academy of Sciences. The rainwater samples were collected
manually from the beginning of each rain event with a funnel
reas in northwest China. 1. Taklamakan Desert; 2. Gurbantonggut Desert; 3
oess Region. The forward trajectories indicate the sources of soil dust and the
.
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collector thatwas located approximately 120 cmabove the roof
of the building. Prior to use, the collector was cleaned with
hydrochloric acid (2–3M), then thoroughly rinsedwithMilli-Q
water (18.2 MΩ cm) and dried. To prevent any contamination
fromdrydeposition, the collectorwas coveredwith a plastic lid,
which was removed just before the onset of rainfall. A total of
23 rainwater samples were collected in the rainy season from
June to October in 2007. The total precipitation of the events
measured for this study was 285 mm, accounting for
approximately 73% of the annual precipitation of the same year.

The pH and conductivity were instantaneously measured at
theendof a rainevent at the sampling sitewith aportablepHand
salt conductivity meter. The samples were then filtered through
0.22 µmMilliporemembrane filters using a pre-cleaned Nalgene
filter apparatus, and the filtrate was separated into two aliquots.
One was stored directly in a 50 ml polyethylene bottle for
measuring anions and the otherwas acidifiedwith ultra-purified
nitric acid to a pH less than 2 and stored in a pre-cleaned 200ml
polyethylene bottle for measuring cations, Al and Sr concentra-
tions, and Sr isotopic ratios. Major anions (F−, Cl−, SO4

2−, and
NO3

−) were measured by using ionic chromatography (Dionex
DX-120). NH4

+ concentration was determined by spectropho-
tometry using theNesslermethod.Major cations (K+,Na+, Ca2+,
andMg2+) were determined by ICP-AES (Thermo's IRIS Intrepid
II). The concentrations of Al3+ and Sr2+ were measured by ICP-
MS (VG POEMS III) in the State Key Laboratory of Geological
Processes and Mineral Resources, China University of Geos-
ciences, Wuhan. Reagent and procedural blanks were deter-
mined in parallel to the sample treatment using identical
procedures; analytical precision was better than ±5%.

The 87Sr/86Sr isotopic ratio was determined by a VG-354
mass spectrometer with five Faraday collectors in the State
Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences, Guiyang. Stron-
tium in rainwater was pre-concentrated by partial evapora-
tion and then purified by standard cation-exchange
procedure in an ultra-clean laboratory. Rb and Sr were first
separated from the samples on a cation-exchange column
loaded with Dowex 50W-X8 200–400 mesh resins by elution
of 2.0 M HCl. In most cases, this technique resulted in Sr
fractions with only small Rb interference. Full procedural
blank for this technique amounted to less than 100 pg of Sr.
The reproducibility was verified by periodic determinations
of the NBS987 strontium standard. The average 87Sr/86Sr ratio
of this standard for 25 determinations was 0.710238±
0.000020 (2σ, n=25) during the course of the study.

3. Results and discussion

3.1. Ionic composition

Concentrations of the major ions and trace elements, and Sr
isotopic ratios of rainwater samples are listed in Table 1. The
equivalent ratio of the sum of anions to that of cations (Σanions/
Σcations) is usually regarded as an indicator of the completeness of
the measured major constituents (Al-Khashman, 2005; Li et al.,
2007). The average Σanions/Σcations ratio was 0.40 in this study,
suggesting that at least one major anion was missing. Since the
soil and sands in the arid and semi-arid regions of northernChina
are calcareous and alkaline (Zhang et al., 1995; Zhang et al.,
2003b; Yokoo et al., 2004), the observed anion deficiency ismost
likely due to the exclusion of HCO3
− and CO3

2− from the
measurements (Al-Khashman, 2005). Li et al. (2007) also
reported a similar Σanions/Σcations ratio (0.37, without measuring
HCO3

− content) in the case of studying the precipitation in Nam
Co region in northwest China. By computing the concentration of
HCO3

− (Avila, 1996), theaverageΣanions/Σcations ratiowas raised to
about 0.77. Lanzhou is an important industrial city, so the
deficiencymay also be attributed to unmeasured organic anions,
such as HCOO− and CH3COO−.

The volume-weighted mean (VWM) concentration of the
ionic compositions and the statistical analyses are given in
Table 2. Among the cations, Ca2+ is the most abundant with a
VWM concentration of 886 µeq l−1, accounting for 87.8% of
the total cations. Without considering HCO3

−, SO4
2− and NO3

−

are dominant among the anions, accounting for 64.2% and
23.0%, respectively, of the total measured anions. The
volume-weighted means are commonly less than arithmetic
means, indicating a higher concentration of ions usually
associated with lower precipitation. Standard deviation (S.D.)
calculations on the data show a larger dispersion of the values
around the mean, which reveal greater variation in levels of
ionic compositions of rainwater.

3.2. Variation of pH

Natural precipitation in a clean atmosphere is generally
considered to be weakly acidic (Charlson and Rodhe, 1982;
Galloway et al., 1993). However, a number of studies revealed
that alkaline rain was common in arid and semi-arid regions
(Berner and Berner, 1987; Sequeira, 1993; Kumar et al., 2002;
Zhang et al., 2003b; Mouli et al., 2005; Al-Khashman, 2005; Li
et al., 2007). All rainwater samples in this study were alkaline
with a VWM pH of 7.70, ranging from 6.82 to 8.28. The cause of
alkaline rain might be explained by the local and remote
transport of soil dust, which contains a large fraction of calcite.
Zhang et al. (2003b) reported the results of leaching experiments
on the dusts collected in northwest Chinawith de-ionizedwater.
Their results showed that the dusts were all alkaline and the pH
values (7.5–8.7) of the water collected were similar to those of
the rainwater in Lanzhou. The observed major ions concentra-
tions and pH values in rainwater from Lanzhou have been
comparedwith theavailabledata fromother regions inChinaand
the world (Table 3). Compared with other sites, the data from
Lanzhou show the highest pH and Ca2+ concentration; SO4

2− and
NO3

− concentrations in the rainwater arealsohigher than thoseof
other sites, and only lower than those of Beijing. Of particular
note is the fact that the rainwater samples from Lanzhou are
moremineralized than those from remote areas (Lasha andNam
Co regions) in the Tibetan Plateau. Thus, it is obvious that the
relatively high pH values of rainwater in Lanzhou are not due to
the lack of acidic ions in precipitation, but rather due to the
neutralization of acidity by alkaline substances (mainly Ca2+).
This neutralization is further confirmedby the correlation among
the ions (Table 4). For example, no obvious correlations between
OH− and SO4

2− and NO3
− (r=0.02 and −0.12, respectively)

indicate that most SO4
2− and NO3

− are present as salts rather
than as H2SO4 and HNO3. However, positive correlations are
obtained between OH− and Ca2+ (r=0.60), between SO4

2− and
Ca2+ and Mg2+ (r=0.70 and 0.88, respectively) and between
NO3

− and Ca2+ andMg2+ (r=0.61 and 0.87, respectively). These
correlations, therefore, indicate that acidic anions are neutralized



Table 1
Concentrations of major ion (in µeq l−1) and trace element Al and Sr (in µmol l−1), and 87Sr/86Sr ratios in rainwaters from Lanzhou.

Sample
number

Date pH EC F− CI− NO3
− SO4

2− NH4
+ K+ Na+ Ca2+ Mg2+ Al Sr 87Sr/86Sr 2σ ∑anions/

∑cations
d-m-
yr

µS cm−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µeq l−1 µmol l−1 µmol l−1

LZR-1 15-06-
2007

8.11 214 32.5 53.1 216 554 25.6 14.8 29.1 2114 99.5 0.80 0.86 0.711617 13 0.37

LZR-2 16-06-
2007

8.22 119 4.32 6.52 4.95 48.1 67.3 6.91 1.74 1222 27.5 0.46 0.23 0.712860 11 0.05

LZR-3 17-06-
2007

8.23 120 7.79 12.4 11.5 104 65.5 1.02 9.13 1222 26.3 0.52 0.20 0.713024 13 0.10

LZR-4 20-06-
2007

8.19 146 21.5 40.1 39.3 309 114 0.51 5.22 1346 36.2 2.65 0.29 0.712454 12 0.27

LZR-5 28-06-
2007

8.28 179 17.5 41.1 49.4 281 102 7.93 1.30 1718 74.9 3.30 0.76 0.711882 11 0.20

LZR-6 04-07-
2007

8.10 217 39.9 49.1 278 846 210 13.6 14.3 1891 80.6 3.32 0.62 0.711686 9 0.55

LZR-7 10-07-
2007

8.20 207 36.9 54.6 230 502 13.1 9.97 34.8 2055 90.5 4.18 0.84 0.711570 10 0.37

LZR-8 11-07-
2007

8.18 123 8.32 14.4 21.6 143 77.6 0.77 9.57 1226 28.0 1.66 0.26 0.712358 11 0.14

LZR-9 18-07-
2007

8.14 222 35.0 79.2 105 626 46.8 19.9 42.2 2185 99.5 23.7 0.80 0.711678 9 0.35

LZR-10 31-07-
2007

7.41 161 41.2 81.8 316 801 14.0 20.7 67.4 1319 135 4.63 0.89 0.711003 12 0.80

LZR-11 06-08-
2007

7.76 130 17.2 31.1 192 254 14.0 49.4 6.96 1264 49.4 5.56 0.39 0.710413 12 0.36

LZR-12 08-08-
2007

7.44 29 5.11 9.84 80.4 74.2 15.0 3.01 12.2 268 72.4 2.50 0.08 0.710800 7 0.46

LZR-13 26-08-
2007

7.59 81 19.9 30.2 96.0 245 16.8 7.16 16.1 721 47.7 4.13 0.42 0.710988 9 0.48

LZR-14 29-08-
2007

7.72 105 22.7 29.4 50.6 325 153 8.18 0.87 867 23.0 0.46 0.03 0.710417 11 0.41

LZR-15 30-08-
2007

7.12 30 6.58 9.11 62.4 84.6 99.1 1.02 8.70 255 12.3 0.44 0.00 0.710325 11 0.43

LZR-16 12-09-
2007

7.76 257 76.8 437 346 1420 48.2 37.3 98.3 2132 170 7.35 0.87 0.710867 15 0.92

LZR-17 17-09-
2007

7.81 90 12.6 24.7 47.2 147 14.0 5.37 4.78 930 41.1 7.63 0.26 0.711946 11 0.23

LZR-18 27-09-
2007

7.37 52 4.89 16.1 56.6 67.4 48.6 2.05 2.17 159 20.6 8.45 0.05 0.710590 13 0.62

LZR-19 01-10-
2007

6.82 15 7.79 14.8 16.3 84.1 64.5 1.53 4.61 115 16.5 3.23 0.05 0.71075 12 0.61

LZR-20 03-10-
2007

7.12 67 18.5 22.8 35.2 280 153 4.35 3.91 463 16.5 2.76 0.14 0.710252 8 0.56

LZR-21 05-10-
2007

7.83 84 9.11 11.7 17.2 120 154 6.14 0.87 651 29.6 6.32 0.18 0.711780 13 0.19

LZR-22 08-10-
2007

8.23 107 19.2 23.9 42.6 284 146 4.86 2.17 894 28.0 13.0 0.24 0.711861 21 0.34

LZR-23 11-10-
2007

8.19 103 14.6 17.6 31.3 214 150 5.12 3.48 844 28.8 13.8 0.24 0.711840 10 0.27

Σanions/Σcations=ratios of sum of anions to that of cations.
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by the base cations. Furthermore, the temporal variation of pH
and the content of Ca2+ and Mg2+ in Table 1 show high pH and
ionic concentrations during the early period of the rainy season.
This reflects a strong impact of alkaline soil dust on rainwater
quality due to large inputs of soil dust in the atmosphere during
the winter and spring in this area (Han et al., 2004).

3.3. Sources of major ions

Atmosphere aerosols including sea salts, crustal dust,
biogenic material, and anthropogenic emissions are main
sources of chemical compositions in rainwater (Roy and
Negrel, 2001; Chetelat et al., 2005; Negrel et al., 2007). In
order to estimate the presence of sea salt (ss) and non-sea-
salt (nss) in rainwater, sodium has typically been used as a
reference element (Naref). However, the choice of this
element as a reference must be validated, particularly with
regard to possible terrestrial influence. We, therefore, use the
approach proposed by Negrel and Roy (1998). Assuming that
aluminum is almost exclusively derived from non-sea-salt
material input, the non-sea-salt Na (Nanss) can be calculated
as follows:

Nanss = Alrw × Na=Alð Þnss ð1Þ

Hofmann et al. (1977) and Church et al. (1984) have
shown that shale is more representative of average soil than
rocks of the upper continental crust. Therefore, the correction
of crustal Na with Al has been applied using shale as a
terrestrial dust reference, and the Na/Al ratio for shale is 0.11



Table 2
Volume weighted mean concentrations of major ion (in µeq l−1), Al and Sr
(in µmol l−1), and pH (in unit) along with statistical results in rainwaters.

Component VWM Median Mean S.D. Min Max

pH 7.70 7.83 7.82 0.43 6.82 8.28
EC 95.7 119 124 67.3 15.0 257
F− 13.6 17.5 20.9 16.9 4.32 76.8
Cl− 27.9 24.7 48.3 87.4 6.52 437
NO3

− 74.4 50.6 102 105 5.0 346
SO4

2− 208 254 340 328 48.1 1420
NH4

+ 57.2 65.5 78.8 59.1 13.1 210
K+ 7.26 6.14 10.1 12.1 0.51 49.4
Na+ 12.3 6.96 16.5 24.1 0.87 98.3
Ca2+ 886 1222 1124 659 115 2185
Mg2+ 46.5 36.2 54.5 41.7 12.3 170
Al 3.35 3.32 5.25 5.47 0.44 23.7
Sr 0.28 0.26 0.38 0.31 0.004 0.89

VWM=volume-weighted mean; S.D.=standard deviation; Min=minimum;
Max=maximum.
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(Negrel and Roy, 1998). We can thus correct themeasured Na
in rainwater (Narw) for a non-sea-salt contribution:

Naref = Narw − 0:11 × Alrw ð2Þ

where Alrw is the concentration measured in rainwater. The
contribution of non-sea-salt components for a given element
X (X=K+, Ca2+, Mg2+, Sr2+, and SO4

2−) is thus calculated:

Xnss = Xrw − Naref × X=Nað Þsw ð3Þ

where (X/Na)sw is the elemental ratios of seawater; elemental
ratios (X/Na)sw are determined according to the composition of
sea water given by Berner and Berner (1987). All equations
mentioned are expressed on a molar basis. The results, ex-
pressed in percentage, are shown in Table 5 and indicate that
the chemical composition of rainwater has a typical continental
Table 3
Comparison of the major ion concentrations (in µeq l−1) and pH values in Lanzhou

Site pH F− Cl− NO3
−

This study 7.70 13.6 27.9 74.4
Lhasa a 7.50 0.40 9.70 6.90
Nam Co b 6.59 19.2 10.4
Qinghai c 7.1 46.6 48.8 48.1
Beijing d 5.12 15.7 104 109
Shanghai e 4.49 11.0 58.3 49.8
Nanjing f 5.51 143 39.6
Ankara (Turkey) g 6.3 20.4 29.2
Lucknow (India) h 6.5 4.6 9.9 7.66
Petra (Jordan) i 6.85 80.6 35.7
Ahmedabad (India) j 6.7 50 13
Tirupati (India) k 6.78 4.72 33.9 40.8

a Zhang et al. (2003b).
b Li et al. (2007).
c Zhang et al. (2003a).
d Xu and Han (2002).
e Huang et al. (2008).
f Tu et al. (2005).
g Topcu et al. (2002).
h Khare et al. (2004).
i Al-Khashman (2005).
j Rastogi and Sarin (2005).
k Mouli et al. (2005).
characteristic in Lanzhou. Ca2+ is generally a dominant alkaline
cation in precipitation, and thus, of importance to neutralizing
acidity of rain (Nakano and Tanaka, 1997; Larssen and
Carmichael, 2000). The Ca2+ in rainwater from Lanzhou is
mainly of non-sea-salt origin; marine Ca2+ proportions are
very low for the whole data set (Table 5). Numerous sources,
both local and remote, of natural inputs (soil dust) and
anthropogenic pollution (municipal constructions, cement
factories, and/or coal combustion, etc.) must be considered.
One of the non-sea-salt components can possibly be related to
calcic particles from local and remote soil dust. As shown in
Fig. 1, Lanzhou is located on the Loess Plateau and surrounded
by several desert areas. Most importantly, calcification and
salinization are dominant soil formation processes in these arid
and semi-arid regions. The soil in the loess and desert areas, a
great source of region's soil dust in the atmosphere, is
commonly rich in carbonate and evaporite and sulfateminerals
(calcite, gypsum, halite, bloedite, etc.) (Okuda et al., 1992;
Zhang et al., 1995, 2003b). The apparent correlations among
ions (K+, Na+, Ca2+, Mg2+, SO4

2−, etc.) indicate that these
elements have a common source (Table 4). Therefore, we sug-
gest that these ions in rainwater, especially the high content of
Ca2+ and Mg2+, are mainly due to the contribution of natural
soil dust. Another source of these elements is probably anthro-
pogenic pollution (industrial and/or agricultural activities).
However, we cannot precisely characterize the different end-
members merely by means of major element composition.
Therefore, the Sr isotope is used to obtain additional informa-
tion of the different possible non-sea-salt sources in the next
section of this paper.

Besides the contribution of sulfate minerals (CaSO4 and
MgSO4) in soil dust, non-sea-salt SO4

2− may also originate
from anthropogenic emissions of SO2. Coal combustion
accounts for about 70% of the commercial energy production
in China, leading to large amounts of SO2 emissions, which to
date has been the most important precursor of acid rain in
with other sites in China and worldwide.

SO4
2− NH4

+ K+ Na+ Ca2+ Mg2+

208 57.2 7.26 12.3 886 46.5
5.20 14.3 5.14 11.2 197 10.9

15.5 18.1 14.5 15.4 65.6 7.43
84.0 161 69.2 96.6 314 37.9

316 186 17.7 25.0 607 40.4
200 80.7 14.9 50.1 204 29.6
242 193 12.1 23.0 295 31.7
48 86.4 9.8 15.6 71.4 9.3
9.27 3.57 2.42 8.45 14.9 4.44

53.2 26.3 18.4 75.6 163 62.3
37 30 3.4 41 78 15

128 20.4 33.9 33.1 151 55.5



Table 4
Correlation coefficients between major components for rainwaters from Lanzhou, significance of correlation: pb0.05.

F− Cl− NO3
− SO4

2− NH4
+ K+ Na+ Ca2+ Mg2+ OH−

F− 1
Cl− 0.86 1
NO3

− 0.85 0.65 1
SO4

2− 0.99 0.85 0.87 1
NH4

+ −0.07 −0.16 −0.27 −0.02 1
K+ 0.62 0.58 0.70 0.62 −0.31 1
Na+ 0.87 0.85 0.81 0.87 −0.39 0.58 1
Ca2+ 0.72 0.49 0.61 0.70 −0.12 0.50 0.56 1
Mg2+ 0.87 0.75 0.87 0.88 −0.38 0.62 0.91 0.70 1
OH− 0.04 −0.08 −0.12 0.02 0.20 −0.11 −0.12 0.60 0.04 1

Statistically significant coefficients are indicated in bold.
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China (Aas et al., 2007). Lanzhou is one of the most important
industrial cities in China, with its oil refineries and chemical
and metallurgical industries ranked highest in China. There-
fore, the emissions of SO2 from fossil fuel combustion would
be another important source of SO4

2− in rainwater. NO3
− in

rainwater emanates from both human activities (like fuel
combustion) and chemical reactions in the atmosphere. Coal
combustion certainly produces large amounts of NOx. A
highly positive correlation between SO4

2− and NO3
− (r=0.87)

indicates that they are from similar sources, and reflects the
input of pollutants from fossil fuel combustion in the Lanzhou
region.

In addition, the precipitationwe studied is significantly rich
in Cl− and high Cl/Na molar ratios, with an average value of
6.66. The Cl/Na ratio of the rainwater is several times higher
than that of seawater (Cl/Na=1.17, Berner and Berner, 1987),
indicating that significant non-sea-salt Cl sources exist. The
non-sea-salt Cl− may be derived from natural sources, for
example, the dissolution of evaporite minerals (halite, sylvite)
from soil dust. However, the Cl/(Na+K) ratio of most samples
is still higher than 1, suggesting the presence of anthropogenic
Table 5
Proportions (in %) of the non-sea-salt contribution in the rainwaters.

Sample
number

K+

(%)
Na+

(%)
Ca2+

(%)
Mg2+

(%)
Sr2+

(%)
SO4

2−

(%)

LZR-1 95.72 0.30 99.94 93.39 99.35 99.38
LZR-2 99.47 2.92 99.99 98.61 99.86 99.58
LZR-3 80.62 0.63 99.97 92.19 99.15 98.96
LZR-4 78.96 5.59 99.98 96.92 99.68 99.81
LZR-5 99.74 27.9 100 99.72 99.98 99.96
LZR-6 97.75 2.54 99.97 96.07 99.57 99.80
LZR-7 92.48 1.32 99.93 91.40 99.22 99.19
LZR-8 73.28 1.91 99.97 92.40 99.30 99.22
LZR-9 95.67 6.17 99.92 90.99 99.05 99.25
LZR-10 92.95 0.76 99.78 88.77 98.55 99.01
LZR-11 99.72 8.80 99.98 97.09 99.69 99.70
LZR-12 91.37 2.26 99.81 96.27 97.00 98.10
LZR-13 95.23 2.83 99.90 92.57 99.29 99.24
LZR-14 99.78 5.85 100 99.19 99.46 99.97
LZR-15 81.53 0.56 99.85 84.12 54.15 98.79
LZR-16 94.30 0.82 99.80 87.03 97.86 99.19
LZR-17 98.40 17.6 99.98 97.83 99.70 99.68
LZR-18 98.67 42.7 99.97 98.63 99.50 99.78
LZR-19 93.94 7.71 99.84 94.14 98.28 99.40
LZR-20 98.19 7.77 99.97 95.03 99.50 99.85
LZR-21 99.94 80.0 100 99.87 99.98 99.98
LZR-22 99.66 65.6 100 99.39 99.94 99.97
LZR-23 99.16 43.6 99.99 98.46 99.84 99.89
sources of Cl−. Given that Lanzhou is one of themost important
industrial cities in China and the sampling site is located in the
central part of the city, therefore, the Cl− could be derived from
anthropogenic inputs, such as coal combustion, the chemical
industry, and automobile exhaust fumes. Cl− input from the
pollutant sources can also be further proven by positive
correlations between SO4

2−, NO3
− and Cl − (Table 4).

From the data set in Table 3, it can be seen that the
concentration of F− in rainwater from Lanzhou and other
sites of China is higher than that from other sites worldwide.
Fluorine is one of the most toxic and volatilized elements
present in coal. During combustion, it is emitted as HF, SiF4,
and CF4 (Liu et al., 2006). Therefore, coal combustion has been
identified as an important source of F emissions. Luo et al.
(2002) measured the annual coal consumption in China for
power plants and domestic heating at about 8×109 t. If the
lower range of the F concentrations (100 g t−1) in coal is
used, the atmosphere contains about 66,000 t of F, more than
twice that of the U.S. (Liu et al., 2006). The highest correlation
between F− and SO4

2− (r=0.99) and relatively high correla-
tions with other ions (Cl−, NO3

−, Ca2+, Mg2+) in this work
(Table 4) indicate the common sources of these elements as
fly ash and flue gases of coal burning in power plants and
domestic heating (Brueggemann and Rolle, 1998).

3.4. Strontium isotope constraints

From our discussions above, acid rain has not been recorded
in Lanzhou despite large emissions of acidic pollutants, whose
neutralization is attributed to the presence of base cations
(mainly Ca2+). Identifying the provenance of Ca in precipitation
is of special importance because this element is a dominant
cation which neutralizes acidity of rainwater and indispensable
for plant growth (Hedin and Likens, 1996; Schmitt and Stille,
2005). Strontium acts as a proxy for Ca because both are alkaline
earth elements with similar ionic radii and the same valences
(Capo et al., 1998), and similar geochemical behaviors (Åberg,
1995; Nakano et al., 2006). For these reasons, the 87Sr/86Sr
isotopic ratio of natural materials can be used to identify and to
quantify the contribution of different Sr sources (and, by
inference, of Ca) in precipitation. Furthermore, strontium is a
high-mass element; therefore, isotopic fractionation from geo-
logic and biological processes is very small compared to that in
low-mass isotopic systems (e.g. δ18O, δ2H). Moreover, mass-
dependent fractionation of Sr isotopes (whether natural or
instrument-induced) is corrected for during mass spectrometric
measurementbynormalizationof thenon-radiogenic isotopes to
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known values. Therefore, the measured 87Sr/86Sr isotopic ratio
reflects only variations in the amount of radiogenic 87Sr present
in the sample, which is a function of its source. The net result is
that the strontium isotopic compositions of a sample yields
information about provenance or geologic interactions (Capo
et al., 1998).

Several researchers have reported Sr concentrations and 87Sr/
86Sr isotopic ratios in rainwater and their results havehighlighted
the role of aerosol sources in the isotopic signature of rain (Herut
et al., 1993; Nakano and Tanaka, 1997; Negrel and Roy, 1998;
Schmitt and Stille, 2005; Chabaux et al., 2005; Han and Liu, 2006;
Negrel et al., 2007). Soil dust originating from loess and desert
areas in China, generally termedKosa, is considered to be amajor
source of non-sea-salt Ca, which plays an important role in the
chemical compositionandacidityofprecipitation innortheastern
Asia (Nakano and Tanaka, 1997; Fujita et al., 2000; Yokoo et al.,
2001; Kanayama et al., 2002; Nakano et al., 2006). However, the
chemical and Sr isotopic characteristics of rainwater in the Loess
Plateau region, where loess soils and desert sands cover vast
areas in the arid and semi-arid regions of northwest China, has
not been reported in literature.

The Sr concentrations of rainwater in Lanzhou show a
range of 0.004 to 0.885 µmol l−1, whereas 87Sr/86Sr ratios
Fig. 2. The temporal variation of the pH, Ca and Sr conten
span a range of 0.71025 to 0.71302, with an average value of
0.71143. The 87Sr/86Sr ratios of all rainwater samples are
higher than that of seawater (0.70917, Dia et al., 1992), which
reflects a contribution from at least one radiogenic Sr source.
The most suitable candidate would be the input of soil dust
from local and distant continental bedrock and soil, which are
obviously more radiogenic. Furthermore, from the data in
Table 1 and Fig. 2, an obvious feature can be observed where
the rain events with higher pH, Ca and Sr content as well as
87Sr/86Sr ratio most frequently occur during the early period
of the rainy season and tend to decrease from the beginning
toward the end of the rainy season. The temporal variation of
the pH, Ca and Sr content and 87Sr/86Sr ratio reflects a
significant impact of the input of soil dust in the atmosphere
on the chemical and isotopic signature of rainwater at the
early period of the rainy season in this region.

The 87Sr/86Sr composition of soil dust can be estimated by
studying the 87Sr/86Sr ratio of river waters and leaching
experiment of soils in this region. Zhang et al. (1995)
reported 87Sr/86Sr ratios of 0.7111–0.7154 from rivers around
the Taklimakan Desert in northwest China. The Huanghe
(Yellow River) also has a similar 87Sr/86Sr ratio (0.7111;
Parmer and Edmond, 1989). Liu et al. (1999) determined the
t, and Sr isotopic ratio of the rainwater in Lanzhou.
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Sr isotopic composition of carbonate (87Sr/86Sr=0.7104–
0.7120) in the Heimugou loess–paleosol section in Luochuan
of Shannxi Province. Yokoo et al. (2004) further determined
the 87Sr/86Sr composition of minerals in loess and desert sand
from the central Loess Plateau: the loess exhibits a narrow
range of variation in 87Sr/86Sr=0.715±0.001. Leaching ex-
periments on the loess and sands reveal water- and HOAc-
soluble minerals, HCl-soluble minerals, and HCl-insoluble
minerals have 87Sr/86Sr ratios of approximately 0.7111±
0.0004, 0.7141±0.0004, and 0.7195±0.0010, respectively.
The 87Sr/86Sr ratios (0.71025~0.71302, an average of
0.71143) of Lanzhou rainwater in this study are consistent
with previous studies of water- and weak-acid-soluble
minerals in the surface soils in the arid region of northern
China (0.7095–0.7130, an average of 0.7115, Nakano et al.,
2004), and data of water- and HOAc-soluble minerals in loess
and desert sands from the central Loess Plateau (0.7107–
0.7128, an average of 0.7111±0.0004, Yokoo et al., 2004).
Accordingly, the high 87Sr/86Sr, Ca and Sr content in the
rainwater from Lanzhou can all be attributed to the dis-
solution of calcium carbonate in soil dust. We adopt the
maximum 87Sr/86Sr isotopic ratio of 0.7130 as the natural soil
dust end-member for the rainwater in Lanzhou.

The plots of 87Sr/86Sr vs. Ca/Sr and K/Sr molar ratio (Fig. 3a
and b) suggest that most of the samples from Lanzhou can be
interpreted in terms of mixing between two end-members:
soil dust from the Loess Plateau and deserts in northwest
China (with 87Sr/86Sr about 0.7130), and seawater (with 87Sr/
86Sr=0.70917). However, two samples (LZR-14 and LZR-15),
with 87Sr/86Sr ratio (~0.7103) and very high Ca/Sr and K/Sr
Fig. 3. Variation of Sr isotopic ratio against K/Sr (a) and Ca/Sr (b) molar ratio
of the rainwater in Lanzhou. The characteristic values of soil dust and
anthropogenic inputs are discussed in the test for detail.
ratios, cannot be attributed to the mixing of seawater and soil
dust end-members (Fig. 3a and b). These data indicate that,
except soil-dust, the Lanzhou rainwater contains another non-
sea-salt source, probably of a natural or anthropogenic input.
Nakano and co-workers concluded that plant-derived Sr is
contained in rainwater in several mountainous areas of Japan
extensively covered with vegetation (Nakano and Tanaka,
1997; Nakano et al., 2000, 2001, 2006). Lanzhou is located on
the Loess Plateau in the arid and semi-arid areas of northwest
China, where vegetation is lacking. Consequently, a plant
component is unlikely to be a source of the non-sea-salt Ca
and Sr in precipitation. The second non-sea-salt end-member
is probably of an anthropogenic input. Since the Sr isotope
ratios of typical contaminant sources for the rainwater
collected in Lanzhou have not been characterized, we can
only refer such values from literature. Fertilizers usually
possess high Sr concentrations of up to 1500 ppm and low
87Sr/86Sr ratios ranging between 0.7079 and 0.7087 (Negrel
and Deschamps, 1996; Negrel and Roy, 1998; Negrel et al.,
2007). Thus, agricultural activitieswouldnot be a source of the
non-sea-salt Ca and Sr in the precipitation in Lanzhou.

It is obvious that the second non-sea-salt end-members
have a low Sr content and relatively high Ca and K content;
the Ca/Sr ratio is higher than that of carbonate minerals from
desert sands and loess soils in China, ranging between 250
and 1000 (Yokoo et al., 2004; Nakano et al., 2006). This
indicates that the very high Ca/Sr ratio of Lanzhou rainwater
is not caused by Ca-rich soil dust from the arid and semi-arid
regions in northwest China. If anything, it is probable that
anthropogenic Ca-abundant aerosols are dissolved in the
rainwater in Lanzhou City. The anthropogenic Ca-abundant
particles in atmospheric aerosols, such as construction
materials, were previously reported in Beijing aerosols by
Zhang and Iwasaka (1999). Kanayama et al. (2002) suggested
that the Ca-abundant urban aerosols are more affected by
anthropogenic sources, such as road deposits or asphalts, and
have an 87Sr/86Sr ratio about 0.709. Recent data obtained in
the Parisian atmosphere (Negrel et al., 2007) indicate that an
87Sr/86Sr ratio ranges between 0.7083 and 0.73335 for urban
heating, and between 0.7097 and 0.7100 for incinerators.
Though it is difficult to identify the sources for the anthro-
pogenic inputs based on these data, it can at least be sug-
gested that the anthropogenic end-member for Lanzhou
rainwater would be characterized by 87Sr/86Sr with ratio
about 0.7103, low Sr content, and high K/Sr and Ca/Sr ratios.

Based on the observed isotopic characteristics of the rain-
water from Lanzhou, the 87Sr/86Sr ratios are higher than that
of seawater which indicates radiogenic Sr sources of aerosols.
Additionally, as illustrated in Fig. 3, the data points congre-
gate mainly toward the soil dust end-member. Therefore, the
most important origin of the aerosols would be the soil dust
transported from the local or remote desert and loess areas in
northwest China. Anthropogenic inputs certainly cannot be
entirely eliminated in Lanzhou.

4. Conclusion

The chemical and Sr isotopic compositions of rainwater
were determined in Lanzhou City in northwest China over the
rainy season in 2007. Lanzhou is one of the most polluted
cities in the north of China. The rainwater samples in Lanzhou
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possess relatively high concentrations of acidic ions (SO4
2−

and NO3
−) comparing with other sites in the world. However,

the rainwater observed in this study was alkaline, with
measured pH values ranging from 6.82 to 8.28 and a VWMpH
of 7.70. This is mainly attributed to the neutralization of the
acidity of rain by the high concentrations of alkaline ions
(mainly Ca2+) derived from the soil dust. The variations of
both chemical composition and the Sr isotopic signature
reflect a significant influence of the soil dust in the atmo-
sphere at the early and the late periods of the rainy season in
this region.

The Sr concentrations vary from 0.004 to 0.885 µmol l−1,
whereas 87Sr/86Sr ratios span a range of 0.71025 to 0.71302,
with an average value of 0.71143 in the rainwater samples; all
samples show 87Sr/86Sr ratios are higher than that of sea
water.We attempt to identify the origins of elements by using
a combination of statistical analyses methods and Sr isotope
systematics. The results suggest that the precipitation in this
region has a typical continental characteristic. Covariation of
the 87Sr/86Sr ratio with the related element ratios in the
rainwater would suggest the presence of at least three
sources of Sr in the rainwater, they are soil dust originating
from the desert and loess areas (with 87Sr/86Sr~0.7130), sea
salts or evaporites (with 87Sr/86Sr=0.70917), and anthropo-
genic inputs (with 87Sr/86Sr~0.7103 and high K/Sr and Ca/Sr
ratios). The use of strontium isotope analysis facilitates the
interpretation of the chemical characterization of rainwater,
and highlights the origins of the aerosols and the probable
influence of the anthropogenic sources in the studied area.
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