Atmospheric Environment 214 (2019) 116854

Contents lists available at ScienceDirect

ATMOSPHERIC
ENVIRONMENT

Atmospheric Environment

journal homepage: www.elsevier.com/locate/atmosenv

Ca and Sr isotope compositions of rainwater from Guiyang city, Southwest = M)

Check for

China: Implication for the sources of atmospheric aerosols and their seasonal | %
variations

a,*

Guilin Han™", Zhaoliang Song”, Yang Tang®, Qixin Wu", Zhengrong Wang®

2 Institute of Earth Sciences, China University of Geosciences (Beijing), Beijing, 100083, China

® Institute of the Surface-Earth System Science, Tianjin University, Tianjin, 300072, China

© The State Key Laboratory of Environmental Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, 550002, China
d Key Laboratory of Karst Environment and Geohazard Prevention, Ministry of Education, Guizhou University, Guiyang, 550003, China

¢ Department of Earth & Atmospheric Science, The City College of New York, CUNY, New York, 10031, USA

ARTICLE INFO ABSTRACT

Rainwater samples collected from Guiyang city in southwestern China between May 2009 and December 2010
were analyzed to measure their calcium and strontium isotope compositions. The results show that Ca™ is the
most abundant cation in these rainwater samples, while S042~ is the most abundant anion. Most rainwater
samples are alkaline, with a volume-weighted mean (VWM) pH value of ~6.2 (a 1.2-unit increase since 2008).
This can be explained by the neutralization of rainwater acidity by the dissolution of atmospheric aerosols in the
form of calcium-rich soil and other anthropogenic dust, which are increasing because of rapid urbanization. Both
stable (8**%°Ca and §%%/%6Sr) and radiogenic (47Sr/%°Sr) isotope compositions of rainwater show variations
correlating with each other and with the inverse of Sr or Ca concentrations. They also correlated with the
concentration ratio of (NH,* +K*)/(Ca®* +Mg>*) —an index reflecting the anthropogenic input relative to soil
dust. Based on our results, three major reservoirs can be inferred to have contributed to rainwater chemistry in
Guiyang city: (1) a carbonate aerosol source characterized by low 87Sr/%6Sr (< ~0.708), §%%/86Sr (< ~0.32%o)
and §*/*°Ca (~0.5%0), very low (NH;" + K*)/(Ca®>* +Mg?"), and low 1/Ca®* and 1/Sr**; (2) a silicate
aerosol source characterized by relatively high 37Sr/%6Sr (=0.717), 8%%/%6sr (=~0.34%0) and §**“°Ca
(~0.8%o), very low (NH4 " +K*)/(Ca%* +Mg?"), low 1/Ca®* and 1/Sr>*; and (3) an anthropogenic component
containing low %7Sr/%6Sr (~0.708), 8%%/8°Sr (~0.30%0) and high §*4/“°Ca (~0.8%o), and high (NH,* +K*)/
(Ca®* +Mg?*). The chemistry of solutes in Guiyang rainwater can be explained by (1) dissolution of carbonate
and silicate aerosols, as well as the anthropogenic inputs including seasonal farming activities; (2) tightened
environmental protection regulations; (3) higher precipitation volumes in 2010; and possibly (4) the increased
combustion of coal for heating and electricity in winter. This study demonstrated that a combination of ele-
mental compositions, stable Ca and Sr, and radiogenic Sr isotope compositions in rainwater can be used to trace
the sources of atmospheric aerosols.
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1. Introduction

Atmospheric aerosols play important roles in Earth's energy budget.
They act as nucleation centers, which facilitate the condensation of
water droplets and ice crystals (Haywood and Boucher, 2000). Once
they are dissolved in water droplets, the physical and chemical prop-
erties of these aerosols can be altered (Lohmann and Feichter, 2005).
Rainwater chemistry, therefore, reflects the interaction among various
types of aerosols and minor atmospheric gases averaged over a large
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region; as a result, it can be used to trace aerosol sources (Roy and
Negrel, 2001; Chetelat et al., 2005; Negrel et al., 2007).

A growing number of investigations are focusing on precipitation
chemistry in big cities of China. They have concluded that rainwater is
mostly acidic due to abundant sulfate and nitrate aerosols originating
from human activities related to rapid economic growth and increasing
fossil fuel consumption (Aas et al., 2007; Huang et al., 2008; Zhao et al.,
2008; Xu and Han, 2009; Han et al., 2010; Wu et al., 2012; Wu and
Han, 2015; Rao et al., 2015). A recent survey by the Ministry of
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Environmental Protection Administration of China (MEP) showed that
about 27% of Chinese cities are affected by acid precipitation (Ministry
of Ecology and Environment of the People's Republic of China, 2017).
However, previous studies have also suggested that acid precipitation
across southwestern China was significantly neutralized by alkaline
dust: a process manifested by the increase of rainwater pH values across
the region related to the release of alkaline earth metal ions (e.g., Ca**,
Mg?*, Sr?*, Han and Liu, 2006; Han et al., 2011).

Elemental concentrations and pH values could provide abundant
information about the chemical properties of the dissolved constituents
of rainwater. However, the isotopic compositions of metal ions (e.g.,
Ca®*, Mg?*, Sr**) are more effective tools for fingerprinting the source
of aerosols because metal concentrations and pH values are controlled
not only by the chemical signatures and concentrations of aerosols in
the atmosphere; but also by the solubility of aerosols in rainwater and
the concentration of minor atmospheric gases (e.g., CO5 and SO,). For
example, radiogenic Sr isotope composition (3”Sr/%°Sr) has often been
used to indirectly trace the sources of Ca ions. These ions are an es-
sential component in rainwater. Unfortunately, it can be hard to dis-
tinguish among various sources solely based on the concentration due
to the similar geochemical properties of Sr and Ca (Aberg et al., 1989;
Nakano and Tanaka, 1997; Probst et al., 2000; Chatterjee and Singh,
2012) and the ease of measuring 878r/%68r ratios (Krabbenhoft et al.,
2009; Neymark et al., 2014).

Recent analytical advances allow us to precisely determine stable
8887865y and 8**4°Ca values in rainwater (Schmitt and Stille, 2005;
Fantle and Tipper, 2014; Pearce et al., 2015a,b), greatly expanding our
capability to trace potential sources of aerosols and determine trans-
portation processes. For example, Schmitt and Stille (2005) noticed that
the Ca isotope compositions of rainwater were associated with a local
carbonate source, while Fantle et al. (2012) concluded that the §**°Ca
values of rainwater are mainly controlled by calcite dust derived in
semi-arid systems. Because of the limited number of published rain-
water Ca isotope compositions, the magnitude and mechanism of the
isotopic fractionation during atmospheric processes remain elusive
(e.g., Fantle and Tipper, 2014). Moreover, radiogenic %”Sr/%¢Sr, the
product of the radioactive decay of 8’Rb to %7Sr, has frequently been
used to trace the source of ions in rainwater (e.g., Herut et al., 1993;
Nakano and Tanaka, 1997). It has long been taken for granted that
compositions of stable Sr isotopes (e.g., 8%%/%6Sr) exhibit negligible
variations during chemical weathering because of the small relative
mass differences between 8Sr and ®°Sr. However, recent studies have
shown that Sr does experience mass fractionation during terrestrial
exogenic cycling (Stevenson et al., 2016). In particular, lighter Sr iso-
topes are preferentially incorporated into biogenic and inorganic Ca-
carbonates, whereas seawater concentrates heavy Sr isotopes (Fietzke
and Eisenhauer, 2006), as is the case for Ca isotopes (Skulan et al.,
1997). Pearce et al. (2015a, b) concluded that §%8/86Sr values of rain-
water from Paris reflected the extent of mixing between marine, ter-
restrial and anthropogenic aerosols.

This study aims to present and characterize the isotopic composi-
tions of Ca (8*“/%°Ca), radiogenic Sr (®7Sr/%Sr), and stable Sr (§%8/8°Sr)
for rainwater collected from Guiyang city, southwestern China. We
discuss the application of Ca and Sr isotopes combined with other
chemical attributes of rainwater, to effort to determine the origin of
water-soluble ions in rainwater, for water samples collected between
May 2009 and December 2010. Our results might be representative of
acid precipitation in other cities of developing countries that suffered
from serious pollution and contamination.

2. Sampling site

Samples for this study were collected within the city of Guiyang (N
26.34°, E 106.43°), southwestern China (Fig. 1). This city, one of the
most polluted in China, has large, dense population, as well as a rapidly
increasing level of traffic. The city of Guiyang has been seriously
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affected by acid precipitation since 1970 (Zhao et al., 1988; Han and
Liu, 2006; Han et al., 2011; Wu et al., 2012). According to the Guiyang
Economic and Social Development Statistics Bulletin (2011), the po-
pulation of Guiyang city exceeded 3.5 million by the end of 2011, while
the industrial output increased from 7.7 billion Chinese yuan in 1989 to
138.3 billion Chinese yuan in 2011. The number of cars in the city of
Guiyang exceeded 645,000 by the end of year 2011.

Surrounded by mountains, the Guiyang city sits in a wide karst
valley at an elevation of about 1000 m. The lithology in this region is
dominated by sedimentary strata, the bulk of which are comprised of
carbonate and clastic rocks (Han et al., 2011). Guiyang has a sub-tro-
pical climate, and the diurnal average temperature ranges from —1 °C
in winter to 30 °C in summer. The dry season lasts from November to
April, while the wet season lasts from May to October. The annual
average precipitation in the city of Guiyang ranges from 900 to
1500 mm, 80% of which occurs between May and August.

3. Sampling and analytical methods
3.1. Sampling and chemical analysis

The polypropylene sampler used for this study was positioned about
15m above the ground level on the roof of the office building at the
State Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences. The sampling processes
followed those described previously (Han et al., 2011). Rainwater
samples were collected manually using a funnel sampler located about
120 cm above the roof. This sampler was cleaned with HCl acid (2-3 N),
soaked in Milli-Q water (18.2 MQx cm) for 48 h, and then rinsed in Milli-
Q water again and dried down completely in a clean laboratory (class
1000) before each use. To prevent contamination from dry deposition,
the sampler was covered with a plastic lid, which was removed just
before the onset of a rainfall. A total of 47 rainwater samples were
collected between May 2009 and December 2010, mostly during the
rainy season. A few samples were collected after September during the
dry season. One rainwater sample from each month was chosen for
measuring isotopic compositions. In total, the isotopic compositions of
13 different rainwater samples were obtained.

At the end of rain events, pH values were measured immediately on
site using a pH meter (Mettler Toledo, German); all rainwater samples
were filtered through 0.22 pm Millipore membrane filters using a pre-
cleaned Nalgene apparatus. The filtrate was then divided into two ali-
quots, one of which was stored in a polyethylene bottle for the mea-
surement of anion concentrations. The other was acidified with ultra-
pure nitric acid to a pH of < 2 and stored in a polyethylene bottle for
the measurement of cation concentrations, and Ca and Sr isotope ratios.
The polyethylene bottle was pre-cleaned according to the following
procedure: (1) the bottles were washed by detergent and then rinsed in
Milli-Q water; (2) the bottles were soaked in HNO5; (6-8 N) and HCl
(~6N) for 48 h each, and rinsed with Milli-Q water; (3) the bottles were
soaked in HCl (2-3 N) diluted from distillated HCI for more than 48 h
and in Milli-Q water for 48 h, before being rinsed with Milli-Q water in
the clean laboratory.

The concentrations of major anions (including F~, C1~, NO3 ™, and
S0,4>7) were measured via ion chromatography using a Dionex DX-120
system, the detection limits of F~, Cl7, NO5; ™, and S04~ ions were
found to be 0.03, 0.04, 0.06 and 0.10 mg/L. The NH," concentration
was determined via spectrophotometry using the classical Nessler
method (Krug et al.,, 1979), the detection limit of NH,*t ions was
0.02mg/L. The concentrations of major cations (including K*, Na*,
Ca?", and Mg?*) were determined via inductively coupled plasma-
atomic emission spectroscopy (ICP-AES) using a Thermo Scientific IRIS
Intrepid-II system, the detection limits of K*, Na*, Ca®>*, and Mg>*
ions were 0.01, 0.03, 0.04, and 0.01 mg/L. In addition, the concentra-
tions of AI** and Sr** were measured via inductively coupled plasma
mass spectrometry (ICP-MS) using a VG POEMS III system in the State
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Fig. 1. A sketch map showing the location of Guiyang city, southwest China.

Key Laboratory of Geological Processes and Mineral Resources, China
University of Geosciences (Wuhan), China. All blanks of the measured
species were below the detection limits, and repeated analyses of
standards suggest that relative analytical errors in all cases were less
than + 5%.

For each ion species, the volume-weighted mean (VWM) con-
centrations (pH or ion concentration) were calculated using the fol-
lowing formula:

XVWM = L“Xipi
n
2o B (€D)]

where P; is the volume of the ith rainwater sample (in millimeters) and
X; is the concentration of the species (umol/L) in the water sample
(Sequeira and Lai, 1998; Rao et al., 2017).

3.2. Analytical technique for Ca isotope composition

The Ca isotope composition was measured using the double spike
method described by Heuser et al. (2002). The 43Ca-*%Ca double spikes
were added to each sample prior to chemical purification. In the mix-
tures, most **Ca and *8Ca are derived from the spikes, while the bulk of
“°Ca and **Ca comes from the samples. Thus, based on the measured
*°Ca/*8Ca and **Ca/*®Ca ratios and the **Ca/*®Ca ratio in the spike, we
can correct for Ca isotope fractionation during chemical purification
and instrumental mass-bias during analysis by a mass spectrometer
(Heuser et al., 2002). During chemical purification, water samples
containing Ca were first dried down, and then dissolved in ~1.5N HCl
before being passed through a cation exchange column filled with resin
(MCI-Gel, 75-150 pm). The purified mixture of ~300 ng Ca sample and
spike was dried and then dissolved in ~1ul 2.2N HCI before being
loaded, along with a TaCls-activator solution using the “sandwich-
technique” activator-sample-activator, onto a previously out-gassed
single filament (made of zone-refined rhenium). After the filament was
dried, the electric current was increased until the filament ribbon
glowed red. The calcium isotope ratios were then determined using a
Triton T1 thermal ionization mass spectrometer (TIMS, ThermoFisher,
Bremen, Germany) at GEOMAR (Helmholtz Centre for Ocean Research,
Germany) following the method described by Heuser et al. (2002). Data
acquisition was performed in two steps, as this mass spectrometer is
unable to cover the full mass range between 40 and 48 atomic mass
units (amu) at once. In the first step, *°Ca, “2Ca, **Ca, and **Ca were

measured. In the second step, “*Ca and “®Ca were measured simulta-
neously. During data acquisition, 'K was monitored continuously to
correct for isobaric interferences on mass 40, although the correction is
negligible. The signal intensity during acquisition typically ranged be-
tween 7V and 9V for *°Ca. For each sample, six blocks of 20 cycles
(corresponding to 120 single scans) were measured.

The isotopic composition of Ca is expressed using §**/4°Ca notation
as follows:

44 40
SHI400y = M — 1| x 1,000
(FCa/*Ca)sparorsa 2

where SRM915a is the international Ca isotope standard (Eisenhauer
et al., 2004). The precision of our measurements was expressed as two
standard deviations (2SD) of the mean values determined by repeated
sample measurements. In a session, the typical 2 SD for the repeated
measurement of standard SRM915a was *+ 0.09%o (n = 4). Over the
course of this study, the mean **Ca/*°Ca value for SRM915a was de-
termined to be 0.021182 + 0.000006 (2SD, n = 36), while the total Ca
in blank samples was less than 2 ng (ca. 0.7%). A fluorite (CaF,) stan-
dard was measured during the measurement to have &%
40Ca = 1.41 + 0.01%o *+ (2SD, n = 9).

3.3. Analytical methods of Sr isotope composition

Following the procedure by Krabbenhoft et al. (2009), samples
containing between 1500 and 3000 ng of Sr were split into two aliquots,
one of which was mixed with 87Sr-8%Sr double spikes to enable the
measurement of 8%8/%6Sr, The pure Sr fraction was extracted from the
spiked or unspiked aliquot using a chromatographic column filled with
200-300 pl of Eichrom Sr-Specific resin. Samples were loaded and
washed with 8 N HNO3, and Sr was eluted with 6 ml ultrapure H,O
(18.2MQcm at 25°C). Following separation, samples were dried in
Teflon beakers and heated at 120 °C for several hours with a 1:1 mixture
of HNO;3 (65%) and H,0, (30%) to remove resin residuals. Finally,
samples were dried again and about 450 ng of Sr were loaded with
H3PO,4 and TaCls activator onto rhenium filaments.

All isotopic analyses were carried out at GEOMAR using the Triton
T1 system (cf. Section 3.2). Before acquiring sample data, the baseline
was recorded and amplifier rotation was performed. During the ana-
lysis, %°Rb was continuously monitored to detect the possible
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interference of 8Rb on ®7Sr. Data were acquired at a typical signal
intensity of ~6V at ®3Sr, requiring an average filament temperature of
~1450 °C. For each sample, nine blocks of 14 cycles (corresponding to
126 single scans) were measured. When using the double-spike tech-
nique, data in the first and last blocks were normalized to the mean
878r/84Sr ratio from the first block. The spike-correction and normal-
ization of results were carried out following Krabbenhoft et al. (2009).
Variations in 8Sr/%°Sr were reported as follows:

(Sssr/86sr)sample

588/86Sr (%0) = | e —
(8ssr/86sr)SRM987

- 1] X 1,000
3

Radiogenic 87Sr/%®Sr ratios were determined using the Sr solution
purified from the unspiked solution and the instrumental mass-bias was
corrected by choosing the internationally-accepted %8Sr/%°Sr value of
8.375209. The measurement of the standard (NIST SRM987) showed an
average 878r/%%Sr of 0.710256 + 0.000028 (20, n = 64). The seawater
standard (IAPSO) was processed and measured using the same proce-
dures as our samples to monitor the column chemistry and the stability
of mass-spectrometers. Over the course of our analysis, the 87Sr/%6Sr
value of IAPSO was 0.709174 * 0.000012 (20, n =9) and §%%%°sr
value of IAPSO was 0.389 = 0.007%o (20, n = 9).

4. Results
4.1. Major ion concentrations of rainwater samples

Concentrations of major cations and anions, stable Ca isotope
compositions, as well as radiogenic and stable Sr isotope compositions
are presented in Table S1. Volume-weighted mean (VWM) values of ion
concentrations from rainwater samples and related statistical analyses
are presented in Table 1. The ion charge balance is an indicator of
completeness of the measured major constituents (Al-Khashman, 2005).
The average correlation coefficients between the sum of anions and the
sum of ctions (TZ~/TZ™) was about 0.84 for the rainwater samples,
indicating that almost ions were measured. The anion deficiency might
be due to unmeasured organic anions in samples.

Pure water in equilibrium with an unpolluted atmosphere con-
taining CO,, NOy and SO, is slightly acidic with a pH = 5.0-5.6
(Charlson and Rodhe, 1982). Thus, natural acidity is defined as pH of
5.6, and precipitation with a pH < 5.0 is normally classified as acid
rain (Drever, 1997). In our measurements, pH values of rainwater
samples ranged from 4.2 to 8.0 (VWM = 6.2). About 80% of the sam-
ples tested in this study had pH > 5.0, indicating the input of alkaline
substances into precipitation (Xu and Han, 2009). Moreover, the de-
creasing order of cation and anion abundances in the precipitation was
Ca®* > NH,* > Mg?* >Na* > K*;

Table 1
Volume-weighted mean pH value and ion concentrations (in umol/L) of rain-
water.

Species VWM Mean Median S.D. Min Max
pH 6.2 6.1 6.3 1.1 4.2 8.0
F~ 19.9 28.1 17.3 32.2 0.0 175.1
Cl™ 5.7 10.6 6.7 12.0 0.0 52.9
NO; ™~ 26.1 51.4 17.4 86.2 0.0 444.0
50> 137.3 240.9 143.3 326.6 5.2 2018.8
NH,* 35.4 55.9 36.0 65.8 0.0 350.7
Na™* 10.9 17.0 10.6 29.0 1.7 197.5
Mg>* 31.1 40.2 31.5 30.8 5.1 132.9
K* 10.2 14.4 9.1 15.4 2.4 84.6
Ca®* 174.7 270.7 195.9 285.3 21.4 1630.5
AP 3.8 4.6 3.6 3.9 0.2 13.1
Sr?* 0.2 0.3 0.2 0.4 0.0 1.8

Note: VWM is the volume-weighted mean, whereas the rest is the arithmetic
mean, median, one standard deviation (S.D.), minimum (Min) and maximum
(Max) of the measured result.
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Fig. 2. The temporal variation of the concentrations of S0,27, ca?*, K¥,
NH,*, (NH,*+K")/(Ca®** +Mg>") molar ratios, §*°Ca, 8%/%6Sr and
878r/%58r ratios of the rainwater from Guiyang city. The hollow circle showed
the rainwater samples collected in 2009 and the solid circle showed the rain-
water samples collected in 2010.

S042~ > NO3~ > F~ > Cl~. The VWM concentration of Ca®" is
~175 pumol/L, accounting for about 70% of the total cations. Previous
studies suggested that HCO3 ™ is significantly present in the higher pH
ranges (pH > 5.5), but can be neglected in lower pH ranges (Noguchi
et al., 1995). In this work, even at pH > 5.5, we still could not measure
any HCO;3; ™. To the exclusion of HCO3; ™, $0,42~ and NO;~ were the two
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dominant anions, accounting for 73% and 14% of total anions, re-
spectively.

The concentrations of SO42~, Ca®*, K* and NH," between May
2009 and December 2010 are depicted in Fig. 2a—d. The plots show two
prominent features. First, in both years, the concentrations and isotopic
ratios (including 8§**“°Ca, 7Sr/%°Sr, and §%8/%°Sr) were higher in late
spring to early summer (e.g., in June of 2009, April and May of 2010),
than in the summer months (July-October). They were also elevated in
mid-fall to early-winter (October-December). Second, on average the
concentrations of these ions were lower in 2010 than in 2009. These
variations reflect the seasonal variations in sources of atmospheric
aerosols and their contributions to rainwater. They will be further
discussed in section 5.5.

4.2. Ca and Sr isotope ratios

Our results show that rainwater samples from the city of Guiyang
are enriched in light “°Ca relative to seawater (1.88%o, for example De
La Rocha and DePaolo, 2000). They have §***°Ca values ranging be-
tween 0.51%o and 1.21%o (Table S1). These values are slightly higher
than those measured in European cities (0.27%o0 —1.01%o, Schmitt and
Stille, 2005). The 8*4/4°Ca values of precipitation in July and August
are higher than those in the other months (Fig. 2).

87Sr/86Sr ratios of Guiyang rainwater range from 0.70800 to
0.71742 (Table S1). These values are like those previously reported by
Han and Liu (2006, varied from 0.707934 to 0.709080) and Han et al.
(2011, varied from 0.707684 to 0.710094). Significantly-higher
87Sr/86Sr ratios can also be noted between June 2010 and July 2010
(Fig. 2).

The 8%/%6sr values of the rainwater samples range between
0.215%o0 and 0.333%o (Table S1), with a mean value of 0.296%o. All
measured 8%%/5°Sr values for rainwater samples are lower than those for
seawater (~0.39%o; Krabbenhoft et al., 2010). This is consistent with
the compositions measured for other rainwater samples (Pearce et al.,
2015a,b).

5. Discussion
5.1. Alkalization of rainwater from Guiyang city

The concentrations of major ions and the pH values of the rainwater
samples can be compared with data available from Guiyang between
1999 and 2008, and other regions of China (Table 2). Between 1999
and 2008, rainwater samples from Guiyang city were predominantly
made up of acid precipitation (pH < 5.0), similar to some other major
cities of China, except Lanzhou. From 2008 to 2011, the pH value of
rainwater from Guiyang city increased by about 1.2 units, for the same
interval the concentrations of SO42~ and NO3~ were reduced by almost
half (from 129 pmol/L to 69 pmol/L, and from 40 umol/L to 26 pmol/L,
respectively). The content of Ca®>* was reduced by 1/5 (from 109 ymol/
L to 88 umol/L). These significant changes (the concentrations of acid
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ions decreased sharply and the concentrations of alkaline ions de-
creased less) can be qualitatively explained by two factors. First,
Guiyang city is underlain by carbonate and facing rapid urbanization
and municipal construction. Carbonate dusts raised into the atmosphere
results in increased pH value because of the soil dust (including car-
bonate and silicate) helps to neutralize rainwater acidity (Xu et al.,
2009). Second, since 2008, the Ministry of Ecology and Environment of
China (MEE), formally known as State Environmental Protection Ad-
ministration (SEPA) before 2008, tightened restrictions on SO, emis-
sions, which helped to reduce the SO4>~ concentrations in rainwater.

Previous studies have indicated that the Ca®>* in Guiyang rainwater
is predominantly derived from natural sources, including carbonate and
silicate dusts and anthropogenic pollution such as fertilizer, municipal
construction, cement factories, and the combustion of coal (Han and
Liu, 2006; Han et al., 2011). In the following section, Ca and Sr isotope
compositions of rainwater from Guiyang city are used to constrain these
sources, their mixing relationships, and their seasonal variations be-
tween 2009 and 2011.

5.2. Sea salt contribution to rainwater chemistry

The chemical composition of rainwater might be affected by sea
salts, crustal and volcanic dusts, biogenic materials, and anthropogenic
inputs (e.g., Roy and Negrel, 2001; Negrel et al., 2007). To help eval-
uate and correct for the contribution of a given element from sea salt,
sodium is frequently used as the reference element; chlorine can
sometimes be used if the C1~/Na* ratio of rainwater does not differ
significantly from that of seawater (Negrel and Roy, 1998). In this
work, we followed the established procedure (Negrel and Roy, 1998;
Schmitt and Stille, 2005; Negrel et al., 2007), comparing the element-
to-Na ratios in rainwater to those in seawater to remove the contribu-
tion of sea salt. First, the terrestrial Na (Na,) in our rainwater samples
can be calculated by assuming a constant terrestrial (Na/Al), ratio of
0.11, following Hofmann et al. (1977) and Negrel and Roy (1998):

Na, = Al,, x 0.11 C)]

where Al,, is the concentration of aluminum (Al) in the rainwater. The
proportion of sea salt and terrestrial end-members can be calculated
using Na as the marine reference species as follows:

Na,s = Nan, — Na; = Nan, — 011 x Al (5)

Finally, the concentration of a given element X from a terrestrial
source (i.e., X = Cl7, SO,2~, K*, Ca®*, Mg?*, and Sr**) can calcu-
lated as follows:

Xi = Xw — Naref X (X/Na)g, 6)

Due to the low concentrations of Al in our samples
(Al,, = 0.2-13.1 umol/L), the calculated contribution from marine
sources is less than 2% of the total ions; this result is consistent with
previous studies, which shows that SO4%~, Ca®>*, and Sr** of Guiyang
rainwater are dominantly derived from non-sea salt sources (e.g. Han

Table 2

Comparison of the major ion concentrations (peq/1) and pH values in Guiyang city with other sites in China.
Site pH F~ cl- NO3~ S0,% NH,4* K* Na* Ca?* Mg?* Date references
Guiyang (VWM) 6.2 19.9 5.7 26.1 137.3 35.4 10.2 109 174.7 31.1 2009-2011 This study
Guiyang (VWM) 4.9 14.3 9.8 39.6 237.8 77 11.1 1.8 217.6 18.6 2007-2008 Han et al. (2011)
Guiyang (Mean) 4.5 21.2 48.2 188 11 4 113.2 25.2 1999-2001 Han and Liu (2006)
Beijing (VWM) 5.12 15.7 104 109 316 186 17.7 25 607 40.4 2006 Xu and Han (2009)
Shanghai (VWM) 4.49 11 58.3 49.8 199.6 80.9 14.9 50.1 204 29.6 2005 Huang et al. (2008)
Nanjing (VWM) 5.51 143 39.6 242 193 12.1 23 295 31.7 1992-2003 Tu et al. (2005)
Chengdu (VWM) 5.1 6.2 8.9 156.2 212.8 150.5 6.6 1.4 196.6 16.2 2008 Wang and Han (2011)
Chengdu (VWM) 4.4 42.3 30.4 431.5 250.7 20.8 22.6 192 33.2 1989 Lei et al. (1997)
Chongging (VWM) 4.6 40.3 43.2 421.8 386.6 15.2 39.8 207.2 13.2 1989 Lei et al. (1997)
Lanzhou(VWM) 7.7 13.6 27.9 74.4 208 57.2 7.26 12.3 886 46.5 2007 Xu et al. (2009)
South of China (mean) 4.41 16.3 28.2 166.3 61.7 10.8 11.3 82.1 21.5 2001-2003 Aas et al. (2007)
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and Liu, 2006; Han et al., 2011). Thus, we ignored the contribution of
sea salts in the following discussion.

5.3. Identifying the sources of Ca and Sr ions in rainwater

As Ca is a major cation in rain water and is present in the main
aerosol reservoirs, the isotopic composition of Ca can be used to trace
the sources of aerosols. In a plot of §**/“°Ca against 1/Ca (the inverse of
Ca concentration in pmol/L), the mixtures of two geochemical re-
servoirs sit on a line (Langmuir et al., 1978). Fig. 3a shows that our data
can be qualitatively explained by the mixing of at least three compo-
nents of Ca in the rainwater: one component (C) characterized by a high
Ca abundance but a low §*/“°Ca (~0.5%0), one component (S) char-
acterized by a relatively low Ca concentration and an intermediate 8§44/
“°Ca (~0.8%0), and one component (A) characterized by an inter-
mediate Ca concentration but the highest §***°Ca (~1.2%o). By Com-
paring these concentrations with the Ca concentrations and isotope
compositions of known reservoirs (Table 3), we can conclude that
components S and C are most likely to be silicate and carbonate dusts,
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respectively (possibly sourced from local and distant continental bed-
rocks and soil dusts). Ryu et al. (2011) found that Ca isotope variation
during granite weathering could be quantitatively linked to the dis-
solution of individual, Ca-bearing minerals having distinctive Ca iso-
tope signatures by using a column reactor. Fantle and Tipper (2014)
suggested that the mean §**/*°Ca value of carbonate rocks is ~0.60%o,
and Holmden and Belanger (2010) reported the §***°Ca value of sili-
cates ranging from 0.61%o to 1.00%. It is also well-known that carbo-
nates have a much higher Ca concentration and higher solubility in
water than most silicate dusts.

Similarly, the relationship between %”Sr/®%Sr or §%%/%6sr and 1/Sr
(the inverse of the Sr concentration in umol/liter) requires the mixing of
three components (Fig. 3b and c). Based on the known Sr reservoirs
(Table 3), the component with high 87Sr/%¢Sr (~0.717) and high §%%/
865y (~0.32%o0) with intermediate amounts of Sr is more likely to be
silicate soil dust, whereas the component with low 878r/%6Sr (~0.708)
and low 8%8/86Sr (< ~0.26%o) with a high concentration of Sr is more
likely to be carbonate soil dust. These two end-members have Sr isotope
characteristics comparable with those previously reported by Pearce
et al. (2015a, b). For example, the Parisian rainwater has
878r/%8Sr = 0.708-0.711 and &%¥/35Sr = 0.16%0-0.31%o. Although
there are no reported data on the isotopic signatures of local anthro-
pogenic reservoirs, some studies of these potential reservoirs (sum-
marized in Table 3) hint that a third end-member of atmospheric
aerosols, having the highest 8*4*°Ca and intermediate 1/Ca in Fig. 3a
and intermediate §%%/86Sr and 87Sr/%6Sr with low Sr concentration in
Fig. 3b and c, is likely to be sourced from various anthropogenic sources
including fertilizer, automobile exhaust, and coal-burning for heating
or power-plant. For example, Negrel and Deschamps (1996) reported
that the 87Sr/%°8r ratio of fertilizer from France ranged from 0.7079 to
0.7087. Negrel et al. (2007) reported that the 8Sr/%6Sr ratios of aero-
sols from automobile exhaust varied between 0.7077 and 0.7083, ratios
of aerosols from urban heating varied between 0.7083 and 0.7335, and
ratios of aerosols from incinerators varied between 0.7097 and 0.7100
in the air of Paris. Pearce et al. (2015a, b) reported 8%%/%6Sr ratios of
about 0.24%o0 — 0.48%o for fertilizer.

Since the typical fertilizers used in southwestern China include
carbamide, (NH4)H,PO,4, (NH,4)>,HPO,4, KH,PO,, and K,SO,, the addi-
tion of Ca®>* and Sr** ions in rainwater from fertilizer should be ac-
companied by increased concentrations of K* and NH,*. Plants are
also likely to serve as a source of non-sea salt Ca and Sr in precipitation
(Nakano and Tanaka, 1997; Nakano et al., 2006). Ca, Sr and K can be
leached out of ashes produced by slash-and-burn agriculture (burning
plants for potash during winter) or from coal-burning by rainwater. Ca
and Mg in rainwater are mostly derived from dissolution of silicate and
carbonate dusts. Thus, the (K* +NH,*)/(Ca®* +Mg?*) molar ratio is
used as a chemical index in this study to further evaluate the relative
contributions of anthropogenic source (e.g., fertilizer and plant or coal
burning) and terrestrial sources. Note that one complication associated
with coal-burning is the release of SO, as well as ashes. The neu-
tralization of dissolved SO, by carbonate and silicate aerosols would
also increase the contribution of Ca and Sr from terrestrial sources.

In Fig. 4a—c, (K* +NH,")/(Ca®* +Mg>™") is plotted against §*
“OCa, §%/8%sr and ®7Sr/%%Sr, respectively. Again, our data require the
mixing of at least three components: a silicate component where §**
*0Ca = ~0.8%o, 5%%/%°Sr =~0.34%0, and ¥Sr/%°Sr = ~0.717, a car-
bonate component where §**“°Ca = ~0.5%o, §%/5°Sr < ~0.26%o0 and
878r/8%6Sr < ~0.7080, and an anthropogenic component exhibiting high
(K™ +NH,*)/(Ca®* +Mg?*) values. From these plots, we can infer
that the anthropogenic components exhibit §**/*°Ca = ~1.2%o, 8%/
86Gr = ~0.30%0 and %7Sr/®°Sr = ~0.7080. These Ca and Sr isotope
signatures of the anthropogenic component are also consistent with the
third component (besides carbonate and silicate aerosols) in Fig. 3a—c,
which suggests that it is an anthropogenic component containing low
concentrations of Sr but intermediate levels of Ca.

In the 8*/4°Ca-8%8/%5r-875r/%6Gr space (Fig. 5), our rainwater
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Table 3

Characteristic isotope ratios of the end-members in the rainwater.
Items 873r/85r §%8/865r(%0)  §*°Ca (%0)  Reference
Seawater 0.70917 0.389 1.88 87Sr/%°Sr data come from Schmitt et al. (2003); §***°Ca data come from De La Rocha and

DePaolo (2000)
Global statistics
Carbonate rocks (n = 1301) ~0.6 Fantle and Tipper (2014)
Silicate rocks (n = 153) 0.94 Fantle and Tipper (2014)
rain and dust (n = 60) 0.72 Fantle and Tipper (2014)
Plant (n = 163) 0.01 Fantle and Tipper (2014)
River (n = 259) 0.88 Fantle and Tipper (2014)
Global rain water 0.707-0.715  0.12-0.25 —1.31-1.01 875r/88r, §%/4°Ca data come from Schmitt et al.(2003; 2005); §°%/5°sr data come from
Hinshaw et al.(2014)

Boreal rivers of Canada 0.713-0.734  0.27-0.39 Stevenson et al. (2018)
Dissolved load in glacier flow 0.710-0.711  0.26-0.40 Stevenson et al. (2016)
Suspended sediment in glacier flow  0.708-0.730 Stevenson et al. (2016)
Rainwater from Paris 0.708-0.711 0.16-0.312 Pearce et al. (2015a,b)
Silicate rocks 0.6-1.0 Holmden and Belanger (2010)
Anthropogenic inputs 0.708-0.734 Negrel et al.(2007)
River water in southwestern of China
River water(limestone) 0.7075 Han and Liu (2004)
River water(dolomite) 0.711 Han and Liu (2004)
River water(silicate) > 0.715 Han and Liu (2004)
Isotopic signature of aerosols inferred from Guiyang Rain water
Silicate aerosol (end member) =0.717 = ~0.34 ~0.8 This study
Carbonate aerosol(end member) = ~0.708 = ~0.32 ~0.5 This study
Anthropogenic sources ~0.708 ~0.30 = ~1.2 This study

samples can be explained by the mixing of ions from three prominent
sources: dissolution of carbonates (low &§*¥4°Ca, §%8/8%Sr, and
878r/%5Sr), dissolution of silicates (intermediate §**/°Ca, high &%8/%6gr,
and ®Sr/%6Sr), and an anthropogenic component (high §*44°Ca, low
5%8/86gr, and 87Sr/%0Sr). This finding is consistent with the relationships
depicted in Figs. 3 and 4. Moreover, it shows that the §**/*°Ca ratios are
lower than those of seawater. This indicates the dominance of terres-
trial sources for carbonate minerals, as well as anthropogenic inputs. In
addition, the congregation of our data towards carbonate weathering
and anthropogenic inputs (Figs. 3-5) indicates that these two compo-
nents are the most important inputs into rainwater in Guiyang city.
However, it remains uncertain if this means that the densities of at-
mospheric silicate aerosols are much lower than those of carbonate and
anthropogenic aerosols. This is because silicate aerosols typically have
much lower solubility in rainwater than the other two sources.

5.4. Identifying sources of other ions in rainwater

Under the framework established by Ca and Sr isotope composi-
tions, the origins of other ions in rainwater can be identified by con-
ducting cross-correlation and principle component analyses.

Correlation coefficients between ionic species in rainwater are
shown in Table 4. Our results suggest a lack of correlation between pH
and NO;~ or SO4>~, which makes sense, given that NO;~ and SO,2” in
rainwater are neutralized as salts (e.g. NH4NO3 or CaSO,) rather than
being charge-balanced by hydrogen ion (e.g., HNO3, H,SO, or HSO, ).
In contrast, concentrations of K* and Ca®* are closely correlated with
S04>~ (R = 0.93 and 0.91, respectively). K* is also closely-correlated
with Ca%* (R = 0.90), suggesting that some Ca>™" ions could come from
K>SO, fertilizer. It can be seen that the F~ is higher than those of C1™ in
Table S1. The relative high correlations with other ions (S04%~, CI,
Ca?*, and K, Table 4) indicate the common sources of these elements
as fly ash and glue gases of coal burning in power plants and domestic
heating (Brueggemann and Rolle, 1998).

A varimax-rotated principal component analysis (PCA) was con-
ducted using SPSS 16.0 to reveal the relationships among all measured
ions and isotopic compositions and to help further determine the source
apportionment of the chemical species measured in the rainwater.
Before PCA analysis, a normalization was conducted on each chemical

index by removing the average value and then dividing it by its stan-
dard deviation. This was done to reduce the discrepancies caused by
different ranges of chemical indices. The results of PCA analysis are
shown in Table 5 and Fig. 6. The three main principle components with
highest eigenvalues were extracted; they account for 78.8% of the
variance. The first principle component (PC1) explains ~52.0% of the
total variance. Table 5 and Fig. 6 show that PC1 increases with in-
creasing concentrations of Na*, K*, Ca®*, S04, CI~, NH,*, Mg?*,
Sr**, and decreasing values of §***°Ca and §%%/%Sr. The significant
covariations of the 8 concentrations originated mainly from the charge
balance—the majority of anions, including S042~ and Cl™, were
charge-balanced by cations including Ca®*, NH,*, Mg®*, Na*, K*,
and Sr**. The significant covariations of these concentrations with 8§44/
40Ca and 8%8/86sr have been explained by correlations between §**“°Ca
versus 1/Ca and 8%%/%°Sr versus 1/Sr attributable to the mixing of
various ion-sources including the dissolution of carbonate and silicate
aerosols, and anthropogenic inputs (as explained in section 5.2).

The second principle component (PC2) accounts for ~15.6% of the
total variance and increases with increasing NO5;~, 87Sr/%®Sr and de-
creasing pH and F~. When the charges of major ions are balanced, the
pH values of rainwater are controlled by pCO, as well as some minor
components such as F~ and NO3~ that are probably not balanced by
alkaline and silicate aerosols (Charlson and Rodhe, 1982). For example,
fluorine could be released as HF, SiF,, and CF,4 during coal combustion
(Liu et al., 2007), which could affect the pH value of rainwater. The
significant negative covariations of pH and 8”Sr/%6Sr (PC2 = 0.68) can
also be explained by the differential contributions of silicate and car-
bonate aerosols due to the changes in the pH value of solution as fol-
lows: 1) the dissolution of carbonate minerals will result in a high pH
value, and relative low 87Sr/%Sr value (Goldstein and Jacobsen, 1987);
2) at low pH values, the contribution from the dissolution of silicate
aerosols may dominate (due to either high concentrations of Sr in si-
licate aerosols and/or high densities of silicate aerosols in atmosphere),
resulting in higher 8 Sr/%°Sr values (e.g., Gaillardet et al., 1999). The
third principle component (PC3) accounts for ~11.2% of the total
variance; it increases with increasing AI**. In summary, the three
principle components can be explained by the mixing of three major
sources, including dissolution of carbonate aerosol, dissolution of sili-
cate aerosol, and anthropogenic inputs; these finding are consistent
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with constraints posed by Ca and Sr isotope compositions of rainwater.

5.5. Seasonal variation of the atmospheric aerosols

The elemental concentrations and isotopic compositions of rain-
water from Guiyang city can be explained by the mixing of at least three
major reservoirs: (1) the carbonate aerosol source characterized by low
878r/%Sr, 8%/%¢sr and §*/*°Ca, very low (NH,'"+K%)/
(Ca®* +Mg?"), low 1/Ca and 1/Sr; (2) the silicate aerosol source
characterized by relative high 8”Sr/%°sr, 8%8/8°Sr and §**/“°Ca, very low
(NH,* +K*)/(Ca®* +Mg?"), low 1/Ca and 1/Sr; and (3) an anthro-
pogenic component containing high (NH,* +K*)/(Ca®* +Mg>")
(Figs. 3-5). Among these geochemical indices, the concentrations of
cations or anions in rainwater are controlled both by their sources, and
by other factors including the density and size of aerosols of carbonates,
silicates, and fertilizer in the atmosphere, the amount of precipitation,
and changes in pH and temperature which affect the dissolution rates.
In this regard, the isotope and elemental ratios of rainwater can be
more diagnostic of sources. Nevertheless, using these geochemical
characteristics, we can evaluate, at least qualitatively, how these
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sources varied seasonally.

In Fig. 2, as described in Result 4.3, we can see that the con-
centrations of SO,%~, Ca®*, K* and NH,* and isotopic ratios (in-
cluding §%4/4%Ca, 878r/%0Sr, and §%%/%0Sr) are higher in late spring to
early summer (i.e., in June of 2009 and April and May of 2010), and
mid-fall to early-winter (i.e., October-December) than they are during
most summer months (July—October). This feature, to the first order,
can be explained by variations in anthropogenic inputs relative to ter-
restrial inputs; months with geochemical spikes coincide with increased
farming activity. For example, fertilizers (including K,SO4 and nitrogen
fertilizer) are typically applied during the mid-late spring and during
the mid-late fall (e.g., in orchards). In mid-fall to early-winter, the
burning of plant leaves and stems and/or more coal burning for heating
after the harvest may also contribute to chemical anomalies in rain-
water. This conclusion can be further confirmed by the higher
(NH4 " +K*)/(Ca®>* +Mg?*) ratios observed during these months
compared with those observed during the summer months (Fig. 2e).
The exact proportions among these anthropogenic sources cannot be
extracted until we obtain more information. Moreover, on average, the
concentrations of some ions (e.g., S042~, Ca®>*, K*, and NH,*) were
lower in 2010 than in 2009. This feature, for some ions (e.g., S0427),
can be attributed to the reduced anthropogenic inputs in 2010 due to
the tightened environmental regulations (as discussed in Section 5.1).
However, this feature is also partly caused by the increases in pre-
cipitation volume in 2010 and changes in the source of atmospheric
aerosols. For example, the dissolution of carbonate aerosols (having
higher solubility) appeared to contribute more to rainwater chemistry
in 2009 than in 2010, when high 8Sr/%Sr ratios indicate more dis-
solution of silicate aerosols (having lower solubility; Fig. 2h).
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Table 4
Matrix of correlation coefficients (R) between two ionic concentrations (in peq/L) in rainwater samples form Guiyang city.
Component pH NH,* Kt Na*t Ca%* Mg?* F~ cl™ NO;~ S0,% Sr2t
pH 1
NH4* -0.2 1
K* 0.07 0.33 1
Na* 0.01 —-0.04 0.22 1
Ca®* 0.29 0.10 0.74 0.28 1
MgZJr 0.01 0.26 0.77 0.23 0.78 1
F~ 0.23 0.42 0.57 0.27 0.61 0.46 1
Cl™ 0.00 0.53 0.85 0.21 0.77 0.8 0.66 1
NO;3~ 0.18 0.34 0.2 0.12 0.27 0.34 0.44 0.31 1
S04 0.16 0.24 0.93 0.24 0.91 0.71 0.58 0.82 0.16 1
sr2+ 0.25 0.41 0.90 0.27 0.97 0.73 0.56 0.74 0.30 0.86 1
Table 5 5 ca?t SO, Na'k+
Results of principle component analyses on thirteen chemical indices of rain- L S ' ocCr
2 cr
water samples. I O
P i NH,* OMg?
PC1 PC2 PC3 I . .
5 F o) .
"U [ '
pH —0.445 —0.804 0.071 Q L '
F~ 0.474 -0.724 0.207 o :
Ccl™ 0.890 0.214 -0.313 0.0 . .
NO;~ —-0.313 0.575 0.465 A T g ;/;sé ”””
S0,%~ 0.945 —0.082 0.242 L ' o e °Sr
NH, ™ 0.796 0.034 0.390 I . Al3* O
Na* 0.978 0.121 —0.040 e ' NO,
2+ -5 - O '
Mg 0.715 0.315 -0.375 L pH 886
K 0.960 0.145 0.080 L S &
Ca®* 0.942 -0.194 —-0.028 3 ' 8 a
AP* -0.187 0.220 0.856 i TR TR N NN NN TR T N | i (N [ [ (SN N TR N |
S+ 0.962 -0.135 0.048 L . 3
§44/40cy ~0.629 0.124 ~0.446 L . OA
888/86g¢ -0.517 —0.268 0.155 r .
87Sr/%6sr —0.244 0.677 0.050 i Y+
5 H -
Eigenvalue 7.80 2.34 1.68 I N.o4 O NO;4
Variance (%) 51.98 15.59 11.22 + F- 38/36 IO 2-
Cumulative (%) 51.98 67.57 78.79 3 o) 38T Osf 4: 87186,
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This study reports the elemental and isotopic compositions of -5 B 54414004
rainwater collected between May 2009 and December 2010 in Guiyang, F i
southwest China. Most rainwater samples are alkaline, with a VWM pH L '
of 6.2; this is consistent with the notion that rainwater acidity may be -1-01 : ! '5 ! 0'0 A '5 —— 30
neutralized by dissolving soil dust. Moreover, both stable (8*4/%°Ca and - - ’
588/86gr) and radiogenic (®”Sr/%sr) isotope compositions of rainwater PC2

from the city of Guiyang show variations correlating with the inverse of
Sr or Ca concentration as well as (NH,* +K™)/(Ca®* +Mg?*). These
variations reflect the relative contributions of anthropogenic inputs to
the dissolution of silicate and carbonate aerosols in rainwater. The
observed correlations allow us to identify at least three major reservoirs
contributing to the rainwater chemistry of Guiyang city. Chemical
variations of rainwater between May 2009 and December 2010 can be
explained by seasonal farming activities, tightened environmental
protection regulations, higher precipitation volumes in 2010, and in-
creased coal-combustion for heating and electricity in winter. Although
the verification of these conclusions will require longer continuous,
chemical records of rainwater, specially rainwater collected during
winter (or the dry season), a quantitative evaluation of these sources
will require additional constraints. Nevertheless, our study demon-
strates that a combination of elemental compositions, stable Ca and Sr,
and radiogenic Sr isotope compositions of rainwater can be used to
trace sources of atmospheric aerosols and associated seasonal varia-
tions.

Fig. 6. Principal components analysis of rainwater samples.
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