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H I G H L I G H T S  

� The vertical variation of rainwater chemistry in karst valley area was evaluated. 
� The ions sources and controlling factors were explored at two altitude sites. 
� δ15N–NO3

- shown relatively high soil NOX contribution at depression site. 
� The depression trapping effect was highly impacted on Ca2þ and NH4

þ.  
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A B S T R A C T   

Atmospheric wet deposition is a vital part of biogeochemical cycles in earth surface environment systems, which 
is not only controlled by local sources and long-range transported continental substances from natural and 
anthropogenic sources, but also potentially influenced by the topographical features (e.g. peak clusters and 
depressions in karst areas). To investigate the depression trapping effect of vertical distribution of rainwater 
chemical composition and evaluate the effect of trapping by depression on wet deposition flux, rainwater 
samples from two sites (HR, a hilltop shrubbery area, and LR, inside a depression paddy field area) of a karst 
agricultural depression in Southwest China, were collected during the rainy season. From these, the major ionic 
concentrations were measured. The results indicated a variance in pH from 4.8 to 6.4 with a volume-weighted 
mean (VWM) value of 5.7 at the HR, and, a range of 5.4–6.9 with a VWM of 6.0 at the LR. The VWM concen-
trations of ions were decreased in the order of SO4

2- > NH4
þ > Ca2þ > NO3

- >Mg2þ > Kþ > Naþ > Cl� > F� at both 
sites, and were dominated by SO4

2-, NH4
þ, Ca2þ, and NO3

- , accounting for >87% of the total ions at the two sites. 
The result of fractional acidity (FA) and neutralization factors (NF) revealed that the relatively high pH values 
were the result of neutralization of the alkaline substances (NH4

þ and Ca2þ) rather than the scarcity of acidic 
materials. Source analysis of major ions showed that anions were predominantly controlled by anthropogenic 
emission, while cations originated from both terrestrial sources and anthropogenic activity. The vertical distri-
bution of dominant ions (NH4

þ, NO3
- , Ca2þ, Mg2þ, and SO4

2-) were ascribed to the relatively weak air convection 
movement within the depression area (specific atmospheric circulations) and the differences in human inter-
ference at two sites (LR, cultivated land; HR, luxuriant vegetation). This is further supported by the more 
negative rainwater δ15N–NO3

- values (� 8.5 to � 6.0‰), in LR than that in HR (� 6.2 to � 3.4‰). The depression 
trapping effect could significantly affect the estimation of wet deposition fluxes (up to 80.6% for Ca2þ and 68.7% 
for NH4

þ), which requires consideration in future studies, e.g. N wet deposition.   
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1. Introduction 

In recent decades, atmospheric pollution has increased dramatically 
with rapid economic and social development. This is particularly sig-
nificant in China as the biggest developing country (Hao et al., 2001; 
Larssen et al., 2006; Wu and Han, 2015). The high atmospheric con-
centrations of anthropogenic and natural materials, such as SOx, NOx, 
and fine particulate matter, have significantly impacted the global 
ecosystem material cycle and seriously threaten human life and health 
(Larssen et al., 2006; Galloway et al., 2008; Tao et al., 2014; Rao et al., 
2017; Wei et al., 2019). Therefore, air pollution (e.g., windblown dust, 
acid rain, haze, and smog) has increasingly become a significant scien-
tific issue in China (Wu et al., 2012; Rao et al., 2017). 

The water chemistry of rainwater is an effective indicator for the 
evaluation of atmospheric environment quality. Generally, SO4

2-and NO3
- 

in rainwater are considered to be of primarily anthropogenic origin (the 
dissolution of precursor gases such as SOx and NOx from fossil fuel 
combustion), while the cations, including Ca2þ, Mg2þ, and Kþ, are 
assumed to be mainly from terrestrial sources. Naþ and Cl� are sea-salt 
ions. NH4

þ is the product of the NH3; captured by rainwater from agri-
cultural activity (Han et al., 2010; Xiao et al., 2013; Xu et al., 2015; Lü 
et al., 2017). 

The chemical characteristics of rainwater, including pH distribution, 
sulfur deposition and nitrogen deposition in urban areas of China, has 
been widely studied (Xiao and Liu, 2002; Han and Liu, 2006; Zhang 
et al., 2012; Xiao et al., 2013; Yu et al., 2015; Rao et al., 2017; Zhou 
et al., 2019), but has rarely been reported in rural areas (Zhao et al., 
2008; Wu et al., 2012; Lü et al., 2017). Additionally, several studies have 
compared the spatial distribution of rainwater chemical composition 
and ionic deposition fluxes on a large scale (Xiao et al., 2014; Xu et al., 
2015; Rao et al., 2017), while there are few studies from a small scale 
perspective. Previous studies have shown that the variations of rain-
water chemistry are influenced by many factors, including meteoro-
logical factors, orographic barriers, anthropogenic factors that influence 
the precipitation chemistry (Sz�ep et al., 2018; Han et al., 2019). Among 
these factors, the orographic barriers factor is rare studied. Sz�ep et al. 
(2019) concluded that the rainwater chemistry was significantly influ-
enced in intra-mountain basins with specific atmospheric circulations. 

The typical karst geomorphology in Southwest (SW) China is 
depression, cone, and cockpit with thin and barren soil, where the un-
derlying surface changes diversely. In such orographic conditions (e.g. 
karst peak clusters with many depressions), the local atmospheric cir-
culations can also cause the variations of rainwater chemistry. More-
over, due to the special geological background and intense 
karstification, the subterranean and surface streams are connected 
through karst sinkholes in this area, and the rainfall could accelerates 
the transportation of substances between the underground and surface 
via runoff and caused the extremely severe soil erosion (Zeng et al., 
2019). This is problematic as the karstic ecosystem is extremely sensi-
tive. Comparing to the solutes flux origin from soil erosion, rainfall give 
a small contribution to solutes flux in aquatic environment (Xiao et al., 
2015; Gao et al., 2017). However, rainfall can accelerate the transport of 
element migration on the surface of karst areas and contribute solute to 
the surficial ecosystem in the form of wet deposition (Hao et al., 2017; 
Dai et al., 2018; Yan et al., 2018). Thus, wet deposition (rainwater) is 
important to the development of an ecosystem and is an important 
participant in rock weathering, which directly affects the structure and 
function of the ecosystem and hydrochemical compositions in karst 
areas (Lee et al., 2012; Yue et al., 2015). 

Additionally, the climate in southwest of China was controlled by a 
subtropical monsoon climate with concentrated rainstorm events 
occurring in the wet season (Yue et al., 2018), concentrated rainfall 
events result in rapid leaching of nutrients in the epikarst system due to 
weak water holding capacity (Song et al., 2017; Ma et al., 2018). 
Consequently, the karstic ecosystem is vulnerable and it is necessary to 
enhance our knowledge of rainwater chemical composition in the wet 

season for better water quality management and better understand the 
geochemical cycle in karstic agricultural areas. This study presents the 
rainy season data from an initial collection of chemical characteristics 
from rainwater collected at two different altitude sites (located on a 
hilltop and in a depression) in a karst agricultural depression (SW 
China). The objectives of this study are to: 1) explore the cause of acid 
neutralization in rainwater; 2) identify the possible sources of major ions 
in rainwater; 3) analyse the controlling factor(s) of ionic vertical dis-
tribution and, 4) quantify the depression trapping effect on wet depo-
sition fluxes in the karst peak clusters and depressions geomorphology. 

2. Materials and methods 

2.1. Site description 

The study area is located in the Puding Karst Critical Zone Obser-
vatory, in the upper reaches of the Dengzhan River, which is one of the 
seasonal streams in the Houzhai Catchment (Guizhou province, South-
west China) (Fig. 1). 

This area is characterized by a subtropical, monsoonal climate, with 
an average annual temperature 15.1 �C. Annual precipitation generally 
ranges from 1200 to 1400 mm, where a majority of annual rainfall 
(~80%) occurs between May and October (Wu et al., 2012; Yue et al., 
2018). The lithology in the study area is composed of limestone and 
dolomite of the Permian and Triassic ages (Chen et al., 2008; Zhang 
et al., 2017; Zhao et al., 2018). The depression is surrounded by 
mountains on three sides with the highest mountain in the whole basin 
(Tianlong mountain) located in the east of the depression (Fig. 1). The 
total area of the depression is about 1.5 km2 with three kinds of land 
cover/use (paddy fields, drylands, and shrubbery, Fig. 1) (Zhao et al., 
2018). Two sites were selected to collect rainwater samples: high alti-
tude rainfall site (HR, 105�4504900 E, 26�1404500 N, 1550 m asl.) located 
at the highest altitude of the studied catchment, on the top of Tianlong 
hill surround by shrubbery, and the low altitude depression site (LR, 
105�4502900 E, 26�1500600 N, 1290 m asl.) located in the farmland area 
(Fig. 1). The main crops of the studied area are rice and corn in the 
summer season (May to August), while rapeseed is the major crop in the 
winter season. Most fertilizers, including urea, di-ammonium phosphate 
and organic fertilizers, are applied during the summer season, while 
only a fraction of fertilizer is used during the winter season. 

2.2. Sample collection 

A polyethylene sampler (65 cm diameter), placed approximately 

Fig. 1. The land use of the area studied. Map modified from Zhao et al. (2018).  
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100 cm above the ground, was used to collect rainwater samples. In 
order to avoid the effects of atmospheric fine particle deposition in the 
absence of rainfall, a polyethylene cap was applied to cover the sampler, 
and the cap was removed as quickly as possible when it began to rain. 
The rainwater samples were collected daily (one sample was collected 
every 24 h if the rainfall event lasts longer than one day) at two sites. A 
total of 38 (19 samples form HR and 19 samples form LR) rainwater 
samples were collected during the rainy season (May to August 2015). 

2.3. Analysis and calculation 

Electrical conductivity (EC) and pH were immediately measured by a 
portable multiple parameter (WTW, Multi Line 3320) after sampling. 
The rainwater samples were then filtered through 0.45 μm acetate 
membrane filters, and the filtrate was stored directly in a pre-cleaned 
polyethylene bottle for measurement of ion concentration and nitrate 
isotopes. All the rainwater samples were kept refrigerated at 4 �C until 
analysis. The NH4

þ and NO3
- concentration in rainwater samples were 

analyzed by using a continuous-flow analyzer (Skalar, SANþþ), and the 
remaining ions (Kþ, Naþ, Ca2þ, Mg2þ, F� , Cl� , and SO4

2-) concentration 
were measured by ionic chromatography (Thermo Fisher, ICS-Aquion 
1100) in the Institute of Geochemistry, Chinese Academy of Sciences. 
Reagent and procedural blanks with the identical treatments to the 
sample were also analyzed to perform the method validation and quality 
control. The analytical precision for ionic concentration is ~ � 5%. 
Nitrate isotopes (expressed in delta notation, δ15Nnitrate) were measured 
through the denitrifier method (McIlvin and Casciotti, 2011) using an 
isotope ratio mass spectrometer (IsoPrime, GV, UK). The international 
reference materials were used for calibration of δ15Nnitrate. The analyt-
ical precision of δ15N for nitrate was better than �0.3‰. 

The volume-weighted mean (VWM) values of the parameters (pH, 
EC, and ion concentration) are calculated with the equation (1): 

C ¼
P

CiPiP
Pi

(1)  

where C is the VWM values of the parameters, Ci is the concentration 
(pH or EC value) of the samples, i is the number of samples, Pi is the daily 
rainfall amount corresponding to the sample. The data of daily rainfall 
amount during the sampling period are from the China Weather Net 
(http://www.weather.com.cn/). 

To identify the extent to which rainwater acidity is neutralized by the 
cations, the fractional acidity (FA) of the two main acidic components in 
rainwater (SO4

2- and NO3
- ) is calculated as equation (2) (Balasu-

bramanian et al., 2001): 

FA ¼
½Hþ�

�
SO2�

4

�
þ
�
NO�3

� (2)  

where Hþ, SO4
2-, and NO3

- are the corresponding ion concentrations 
expressed in μeq/L. If FA ¼ 1, the neutralization of the rainwater acidity 

will not be completed at all (Wu et al., 2012). 
To assess the neutralization of rainwater by each cation, the 

neutralization factors (NF) are also applied and calculated in equation 
(3) (Possanzini et al., 1988): 

NFXi ¼
½Xi�

�
SO2�

4

�
þ
�
NO�3

� (3)  

where Xi is the concentrations of cations (expressed in μeq/L). 

3. Results and discussion 

3.1. Ionic composition and acid neutralization of rainwater 

The detailed data for each sample is shown in Table S1. The ionic 
concentration, EC and pH values of the rainwater samples, along with 
the rainfall amounts, are statistically listed in Table 1 and are plotted in 
Fig. 2. The concentrations of each ion show high dispersions around 
their mean values with large standard deviations (Table 1) indicating a 
large variation of the ion concentrations over the rainfall event. The 
VWM concentrations of ions are decreased in the following order: 
SO4

2- > NH4
þ > Ca2þ > NO3

- >Mg2þ> Kþ>Naþ> Cl� > F� at both sites 
(Table 1). SO4

2-, NH4
þ, Ca2þ, and NO3

- in rainwater are the dominant, 
accounting for >87% (average) of the total ions at the two sites. 
Compared with other areas (Table 2), most of ion concentrations of HR 
and LR are neither higher than those studies conducted in city areas such 
as Guiyang, Beijing, Xi’an, Dalian, and Chengdu (Han and Liu, 2006; Lu 
et al., 2011; Wang and Han, 2011; Zhang et al., 2012; Xu et al., 2015) 
nor higher than those observed in desert regions, rural areas, remote 
areas, mountain areas, oceanic islands and the Bohemian karst area (Li 
et al., 2007; �Spi�ckov�a et al., 2008; Zhao et al., 2008; Wu et al., 2012; 
Xiao et al., 2016; Rao et al., 2017).It is note to worth that the SO4

2-, NO3
- , 

and NH4
þ concentrations of HR and LR are higher than those observed in 

East Tianshan (mountain area), Tibet (remote area), and Yongxing is-
land (oceanic island) (Li et al., 2007; Zhao et al., 2008; Xiao et al., 2016). 
This indicates that the rainwater in the study area is more affected by 
human activity (e.g., anthropogenic SOx, NOx, and NH3), compared to 
remote mountain areas and on oceanic islands. 

The VWM EC values of HR and LR are 10.6 and 16.0 μS/cm (Table 1), 
respectively. The total cation concentrations 
(TZþ¼ Kþ þ Naþ þ Ca2þ þ Mg2þ þ NH4

þ) range greatly from 13.9 to 
124.8 μeq/L at the HR and from 31.4 to 333.9 μeq/L at the LR (Table S1), 
while the total anion concentrations (TZ� ¼ F� þ Cl� þ SO4

2- þ NO3
- ) 

varies from 8.7 to 106.8 μeq/L at the HR and from 27.0 to 218.1 μeq/L at 
the LR (Table S1). Most of the rainwater samples have TZþ higher than 
TZ� at the two sites (Fig. S1). 

The observed imbalance between cations and anions indicates that 
there are some unmeasured inorganic or organic anionic species such as 
HCO3

- (dissolved the atmospheric CO2), and oxalate (e.g., released from 
the vegetation leaves or soil) (Mouli et al., 2005; Han et al., 2010; Rao 

Table 1 
Statistical results of rainfall amounts (mm/d), pH, EC (μS/cm) and ion concentrations (μeq/L) in rainwater samples of karst depression in the rainy season.  

Site Item RA pH EC Kþ Naþ Ca2þ Mg2þ NH4
þ F� Cl� SO4

2- NO3
�

HR Mean 28.8 5.8 11.0 3.4 2.9 28.7 6.4 32.1 1.2 2.2 40.2 15.7 
n ¼ 19 Median 23.1 6.0 10.9 3.8 2.6 21.9 6.2 28.5 1.2 2.4 50.4 12.5  

SD 26.5 0.5 4.8 1.6 2.6 19.6 4.0 19.1 0.7 1.0 23.3 11.1  
Min 0.9 4.8 3.4 0.5 0.0 3.9 0.1 5.7 0.3 0.4 7.2 1.1  
Max 99.0 6.4 18.7 6.3 10.9 63.8 11.6 63.9 2.4 3.6 81.6 36.8  
VWM – 5.7 10.6 3.4 3.1 27.0 5.6 30.9 1.1 2.4 36.8 17.7 

LR Mean 28.8 6.0 19.3 5.6 3.3 60.9 7.9 56.2 1.6 2.9 65.3 23.0 
n ¼ 19 Median 23.1 6.0 18.4 4.7 2.4 42.2 8.2 52.6 1.4 2.3 64.2 14.5  

SD 26.5 0.4 7.9 4.2 2.5 46.5 5.3 27.6 0.9 2.6 37.6 18.5  
Min 0.9 5.4 8.2 1.0 0.7 8.0 1.2 18.7 0.5 0.9 19.3 5.6  
Max 99.0 6.9 39.0 18.6 10.2 190.1 19.5 115.0 3.3 11.7 160.0 59.3  
VWM – 6.0 16.0 4.3 2.6 48.7 6.3 52.1 1.6 2.0 54.7 17.0 

Note: RA, SD and VWM refer to rainfall amount, standard deviation and volume-weighted mean, respectively. 
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et al., 2015). However, the pH values of rainwater are less than 6.6 
(median value 6.0, Table 1), and the HCO3

- will be neutralized. Thus, the 
ion imbalance could be supported by the high contribution rate (12.6%) 
of organic acid to the rainwater anions (Zhang et al., 2011). Moreover, 
the sampling period of this study was the rainy season, and the crops (e. 
g., paddy) and natural plants (e.g., shrubs) thrive with the benefit of 

intense photosynthesis (Liu et al., 2016), benefiting the release of 
organic acid into the atmosphere. 

The VWM pH value of rainwater is 5.7 at the HR, which is slightly 
lower than that of LR (6.0) (Table 1 and Fig. 2). As the result of atmo-
spheric CO2, NOx, and SO2 in clouds and raindrops, the pH values of 
rainwater in the clean atmosphere should be between 5.0 and 5.6 

Fig. 2. The pH, EC, ionic concentrations and amount of rainfall in the karst depression in the rainy season.  

Table 2 
The VWM values (μeq/l) of major ions in rainwater at the karst depression and other places.  

Site pH Kþ Naþ Ca2þ Mg2þ NH4
þ F� Cl� SO4

2- NO3
� Rainwater type Reference 

HR 5.7 3.4 3.1 27.0 5.6 30.9 1.1 2.4 36.8 17.7 Karst depression This study 
LR 6.0 4.3 2.6 48.7 6.3 52.1 1.6 2.0 54.7 17.0 Karst depression This study 
Guiyang* 4.5 11.0 4.0 113.2 25.5 – – 21.2 188.0 48.2 Karst city Han and Liu (2006) 
Maolan 5.4 3.5 2.4 20.8 3.0 30.2 0.9 5.1 40.4 3.0 Karst forest Han et al. (2010) 
Beijing 4.9 9.2 21.5 273.0 53.3 346.0 12.0 50.9 357.0 42.6 Megacity Xu et al. (2015) 
Xi’an 6.6 13.8 31.1 425.6 36.6 229.8 28.7 38.7 489.7 128.8 City Lu et al. (2011) 
Dalian 4.8 6.9 36.2 78.9 25.3 107.8 11.3 59.8 168.0 51.4 City Zhang et al. (2012) 
Chengdu 5.1 6.6 1.4 393.2 32.4 150.5 6.2 8.9 425.6 156.2 City Wang and Han (2011) 
Alxa desert 7.6 34.1 232.5 663.0 72.1 167.2 – 202.8 471.4 69.7 Desert Rao et al. (2017) 
Puding 5.7 9.1 10.8 155.8 3.9 33.1 – 13.9 152.4 17.0 Rural Wu et al. (2012) 
Eastern Tien Shan 7.0 4.0 19.0 174.2 18.1 25.2 – 16.5 53.0 9.6 Mountain area Zhao et al. (2008) 
Tibet* 6.6 14.5 15.4 65.6 7.4 18.1 – 19.2 15.5 10.4 Remote Li et al. (2007) 
Yongxing island – 5.8 209.7 128.8 45.6 8.7 – 214.4 38 8.9 Oceanic island Xiao et al. (2016) 
Prague 6.0 23.4 8 319.9 10.3 – 2.7 18.3 129 72.9 Bohemian karst �Spi�ckov�a et al. (2008) 

Note: * means the data are mean values — means no data. 
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(Galloway et al., 1993; Wu et al., 2012). 
Although the study site was defined as an acid rain control zone 

(central part of Chongqing–Guiyang–Liuzhou zone) in the early 20th 
century (Hao et al., 2001), the acid deposition (e.g., SO4

2-) in this karst 
areas of Southwest China has shown a decreasing trend due to the 
implementation of environmental protection policies, such as in sulfur 
dioxide reduction (Wu et al., 2012; Lü et al., 2017). Approximately 79% 
of the rainwater samples had pH values higher than 5.6 in the study area 
(Table S1), which indicates inputs of alkaline substances into the rain-
water. The relatively high pH of rainwater samples observed here is 
probably caused by the dissolution of NH3 (g) and windblown dust, 
originating from agricultural soil emission and dry deposition with a 
high CaCO3 and MgCO3 content in the karst area (Tang and Han, 2019). 
Therefore, the pH value reported here is higher than that observed at 
other karst city or forest sites (Table 2), in Southwest China (Han and 
Liu, 2006; Han et al., 2010). Nevertheless, the pH in this study is far 
lower than that observed in desert areas extremely affected by dust 
(Table 2), as in northwest China (Rao et al., 2017). 

The relatively high-pH values and dominant SO4
2- (acid compounds 

are not lacking) in rainwater observed here indicate a neutralization of 
acidity. The strong correlations of the acidic ions (SO4

2- and NO3
- ) with 

cations further support neutralization (Table S2). Based on the VWM 
concentrations, the FA value of the HR and LR are calculated as 0.035 
and 0.014, respectively, indicating that roughly 96.5% and 98.6% of 
rainwater acidity in the two sites is neutralized by alkaline matter. The 
calculated NF values for NH4

þ , Ca2þ, Mg2þ, and Kþ are 0.57, 0.49, 0.10, 
and 0.06, respectively, in HR rainwater samples, while the respective NF 
values are 0.73, 0.68, 0.09, and 0.06 in LR rainwater samples. These 
results indicate that NH4

þ is the dominant cause of acid neutralization in 
the rainwater at both sites, and Ca2þ is the secondary cause, whereas the 
neutralization by Mg2þ and Kþ is insignificant. Compared with other 
areas, the NF values for NH4

þ of HR and LR are higher than those of 
Chengdu (0.45) (Wang and Han, 2011) and Three Gorges Reservoir 
(0.39) (Wu and Han, 2015), revealing the important contribution of NH3 
emission driven by agriculture to acid neutralization of rainwater in this 
karst depression. 

3.2. Sources of major ions in rainwater 

The correlation coefficients among ions in rainwater of HR and LR 
are calculated and shown in Table S2. Positive correlations are observed 
between SO4

2- 4and NO3
- in both sites (R ¼ 0.65 for HR and 0.73 for LR), 

as are expected because of the similarity of their atmospheric chemical 
behaviours and the co-emission sources for their precursors such as SO2 
and NOx (Xiao, 2016). Strong correlations are also found between 
windblown dust species Ca2þ and Mg2þ (R ¼ 0.76 for HR and 0.77 for 
LR), revealing the terrestrial source of these ions, which is consistent 

with the extensive development of carbonate rocks in the study area (Lü 
et al., 2017). Similarly, the sea-salt ions Naþ and Cl� also show signif-
icant correlations, reflecting a common marine source (Zhang et al., 
2012; Rao et al., 2017). Positive correlations observed between other 
ions (e.g., SO4

2- and Ca2þ, SO4
2- and Mg2þ, NO3

- and Ca2þ, NO3
- and Mg2þ, 

SO4
2- and NH4

þ) are considered to be the result of atmospheric neutral-
izing reactions of the acids (H2SO4 and HNO3) with alkaline compounds 
(e.g., CaCO3 and MgCO3 exist in suspended fine particles). However, the 
correlations of NO3

- and NH4
þ are insignificant, indicating that the NH3 

reacts preferentially with H2SO4 in atmosphere (Wu et al., 2012). 
Variations of the ionic compositions are also shown in the ternary 

diagrams (Fig. 3). Compared with the Cl� -enriched rainwater in marine 
areas (samples are plotted on the Cl� end in the ternary diagrams) (Xiao 
et al., 2016), the anions of HR and LR rainwater samples are basically all 
scattered on the line between SO4

2- and NO3
- (Fig. 3a), indicating the 

controlling of anthropogenic emissions. Furthermore, the rainwater was 
seriously affected by mobile sources (e.g. vehicle exhaust), which has a 
low SO4

2-/NO3
- ratio (<1) (Arimoto et al., 1996). The rainwater samples 

in karst depression are inclined to the SO4
2- end (Fig. 3a) and all the 

SO4
2-/NO3

- ratios are exceed 1 (except HR-10) with a mean value of 3.5 
(Table S1), reflecting the fact that the rainwater is more influenced by 
the fixed emission sources than by mobile sources. Given the dilution of 
NOx in the long-distance transport and the NOx contributed by soil 
emission source (e.g., nitrification and denitrification), the mobile 
sources contribution to the rainwater NO3

- is more muted. In cation 
ternary diagrams, the cations of HR and LR rainwater samples are 
scattered on the line between Ca2þ þMg2þ and NH4

þ (Fig. 3b), showing 
that the rainwater cations are mainly controlled by the input of terres-
trial sources and anthropogenic activities (Han and Liu, 2006; Han et al., 
2010). In contrast, the input of marine sources has relatively little 
contribution to the total ionic composition of rainwater. 

As shown in Fig. 4a, only a few rainwater samples of HR and LR have 
higher Cl� /Naþ ratios (except sample HR-17 with an extremely low Naþ

concentration), whereas other samples are lower than that of seawater 
(Berner and Berner, 1987). This suggests that the Cl� contributed by 
anthropogenic sources is negligible, and the Naþ from mineral weath-
ering (e.g., silicate hydrolysis and mirabilite dissolution) may add to the 
atmosphere, resulting in a relative lower Cl� /Naþ ratio. Meanwhile, the 
low concentration and proportion of Cl� and Naþ (Table 2) caused by 
the dilution effect of marine-source input in the long-distance transport. 
SO4

2- and NO3
- are the sensitive indicators of anthropogenic pollution 

(Rao et al., 2017). The controlling of the two ions in rainwater by 
anthropogenic emissions has been mentioned above (Fig. 3a), which is 
further confirmed by the high SO4

2- /Naþ and NO3
- /Naþ ratios in Fig. 4a 

and b. The positive correlation of Cl� with SO4
2- and NO3

- (Table S2) also 
indicates that these ions may have come from the same source. 

There is a high NH4
þ/Naþ ratio relative to the Cl� /Naþ ratio from 

Fig. 3. Ternary diagrams showing ionic compositions, (a) anions, (b) cations. The data on rainwater observed in other areas in China are also shown. Data sources: 
Maolan (Han et al., 2010), Alxa Desert (Rao et al., 2017), Beijing (Xu et al., 2015), Yongxing Island (Xiao et al., 2016). 
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Fig. 4c, but the strong correlation of NH4
þ and Cl� is only observed in HR 

(R ¼ 0.74), while LR do not have a significant correlation (Table S2), 
suggesting NH4

þ and Cl� have different sources to some degree, at least 
in LR. Generally, the major source of rainwater NH4

þ is derived from the 
dissolution of atmospheric NH3 (g) emitted from fertilizer (urea, di- 
ammonium phosphate in this study area), livestock waste, and 
biomass burning (Jia and Chen, 2010; Liu et al., 2017), which are closely 
associated with agricultural activities (Russell et al., 1998; Zhao et al., 
2009). This could be further confirmed by the effective indicator of 
NH4
þ/NO3

- ratio (Xie et al., 2008; Lee et al., 2012). In this study, 
approximately 87% of the rainwater samples have a NH4

þ/NO3
- ratio 

greater than 1 (ranging from 0.3 to 14.4 with a mean value of 3.5, 
Table S1), indicating that agriculture is the predominant source of 
rainwater NH4

þ in the present study area. In addition, the relative high 
NH4
þ/NO3

- ratio at LR indicated that more affected from agricultural 
activity than at HR. Furthermore, since there were few residents and the 
study period were undertaken during the rainy season, biomass is 
burned infrequently. NH3 contribution from livestock waste and 
biomass can be ignored. Thus, the rainwater NH4

þ mainly originated 
from the volatilization of fertilizer application during crop-growing. 
Thus, the NH4

þ in rainwater originates mainly from the volatilization 
of fertilizer application in crop-growing seasons. 

In Fig. 4d, the rainwater samples are scattered between two lines of 
calcite dissolution and [calcite þ dolomite] dissolution with the Mg2þ/ 
Ca2þ ratios are < 0.5, which implies that the Ca2þ and Mg2þ of rainwater 
are more affected by the calcite dissolution in atmospheric dust origi-
nating from the weathering and subsequent pedogenesis process (Lü 
et al., 2017). 

The main sources of Kþ include sylvite (KCl, KNO3, K2SO4), silicate 
weathering from local areas, and agricultural activities (biomass 
burning and fertilization) (Gaillardet et al., 1999; Rao et al., 2017). 
Sylvite was rarely observed in the study area and the distribution of 
silicates is also far less than that of carbonates. Thus, agricultural ac-
tivities could be the main sources of rainwater Kþ. Accordingly, for the 
farming activities, the sampling period (May to August) is not the period 
when biomass burning occurs, following the harvest, but the intensive 
fertilization period for crop-growing reveals the predominance of 
fertilization in rainwater Kþ. 

3.3. Controlling factors of ionic vertical distribution 

Most ions (SO4
2- , NH4

þ, Ca2þ, Mg2þ, Kþ, and F� ) in LR present a 
higher VWM value than that in HR. Additionally, these ions found in LR 
rainwater had consistently higher concentrations in almost every rain-
fall event (Fig. 2). This type of ion concentration vertical variations in 
rainwater on a depression scale has not been reported in previous 
studies. Although the concentration of F� usually reflect the influence of 
human activities (Zhang et al., 2019), most rainwater samples have low 
F� concentrations (VWM values of 1.1 and 1.6 μeq/L in HR and XR, 
respectively) as well as the low Kþ, Naþ, and Cl� concentrations in the 
present study (Table 1). These ions account for 2.7% of the total ion 
concentrations. Considering the low concentrations found in this study, 
we did not discuss the vertical distribution of these ions (Kþ, Naþ, F� , 
and Cl� ). 

As previously mentioned, NH4
þ in rainwater primarily originates 

from the NH3 volatilization of fertilizer during application. The NH3(g) 

Fig. 4. The covariations of SO4
2- /Naþ, NO3

- /Naþ, NH4
þ/Naþ with Cl� /Naþ and Mg2þ/Ca2þ with SO4

2- /Ca2þ ratios (equivalent ratio) in rainwater at the HR and LR. 
The data on seawater is from Berner and Berner (1987), and the imaginary line (reference values) is from Rao et al. (2017). 
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has a relatively short diffusion distance in the atmosphere (Asman and 
van Jaarsveld, 1992), and could be washed out effectively by rainwater 
with a shorter atmospheric retention time (<2d) (Xiao and Liu, 2002). 
As the dominant cation of rainwater in this study (Table 1), the NH4

þ

concentration of rainwater shows an obvious vertical difference be-
tween the HR and LR (Fig. 2, P < 0.01). This may be caused by the 
relatively weak air convection movement within the depression, 
particularly the weak horizontal diffusion of air. Under such conditions, 
the NH3(g) volatilized from agricultural activity, (nitrogen fertilization) 
tends to form a higher concentration area at the bottom of the depres-
sion, resulting in NH3 (g) being captured by the frequent rainfall of the 
rainy season before it has fully diffused into the atmosphere (Fig. 5). 
Thus, the NH4

þ concentration of rainwater was higher in LR. NH4
þ is the 

primary N species in rainwater (Liu et al., 2017), the significant differ-
ence of NH4

þ concentration of the rainwater between HR and LR is bound 
to cause the significant influence on the estimation of atmospheric N 
deposition, which would be discussed in section 3.4. 

Ca2þ and Mg2þ are mainly of crust origin (Xiao et al., 2013; Rao 
et al., 2017), which are mainly from the carbonate weathering and 
subsequent pedogenesis process in the karst area. The HR site is located 
at the hilltop with less anthropogenic disturbance, where the vegetation 
is luxuriant (Liu et al., 2016; Hu et al., 2017). However, the LR site 
within the depression is cultivated land with intense agricultural ac-
tivities (Zhao et al., 2018), and causes more Ca2þ and Mg2þ from surface 
soil to enter the atmosphere as suspended fine particles or atmospheric 
dust (Fig. 5), which could have been washed out by the rainfall and 
resulted in the higher Ca2þ and Mg2þ concentration of rainwater in LR 
than in HR (Table 1). 

Although the VWM concentration of NO3
- in LR was lower than that 

in HR (Table 1), the opposite trend (LR >HR) was observed in most 
rainfall events (Fig. 2). It is beyond the scope of this study to directly 
explain the difference of NO3

- concentration in rainwater between the 
HR and LR collection sites. 

To further understand the vertical variation in NO3
- concentration, 

the nitrate isotopes (δ15N–NO3
- ) of rainwater were detected, which could 

be significantly affected by the source variations of NOx (the precursor of 
NO3

- ) (Jia and Chen, 2010; Chen et al., 2019). Generally, the isotopic 
signature differences of several major NOx (g) sources are significant, 
such as: coal combustion (þ19.8 � 5.2‰), vehicle exhaust 
(� 2.5 � 1.5‰), biomass burning (þ12.5 � 3.1‰), and, soil emission 
sources (� 30.3 � 9.4‰) (Li and Wang, 2008; Felix et al., 2012; Felix and 
Elliott, 2014; Walters et al., 2015; Fibiger and Hastings, 2016). In the 
present study, the NOx source of biomass burning was lacking, and the 

NOx sources of coal combustion or vehicle exhausts are unlikely to be of 
large variation after the long distance of diffusion. 

As shown in Fig. 6, the mean δ15N–NO3
- values of rainwater in LR 

were lower than that in HR, which indicated that the NOx from soil 
emission sources (with the negative δ15N–NO3

- value) are, most likely, 
captured by rainwater at LR. Thus, the vertical variations of δ15N–NO3

- 

values between HR and LR might be controlled by soil emission NOx (g) 
variations. In the rainy season, there are considerable amounts of NOx 
introduced into the air via nitrification/denitrification in the alternately 
wet and dry soil, and these NOx could accumulate in the depression due 
to the relatively weak air convection conditions (Fig. 5). Therefore, more 
15N-depleted NOx from the soil emission are captured by rainfall in LR, 
and caused lower δ15N–NO3

- values of rainwater in LR, which could 
partly explains that the vertical distribution of NO3

- concentration is 
controlled by the soil emission NOx. 

There is obvious variation for SO4
2- concentrations at two sites 

(Fig. 2). One possible cause is the differences in soil sulfur compounds 
emission at the two sites. Sulfur gas (e.g., hydrogen sulfide and carbonyl 
sulfide) released from surface soil can react with atmospheric oxygen to 
form SO2 or SO3 (Adams et al., 1981; Yang et al., 1998), which is then 
captured by rainwater and converted into SO4

2-. These sulfur gases are 
preferentially released from the paddy soil with a low redox potential 
within the depression (LR) (Devai and DeLaune, 1995). This occurs 
particularly in the rainy season, which has the potential to promote 

Fig. 5. The conceptual chart of materials cycle in karst depression.  

Fig. 6. The variation of δ15N–NO3
- value in rainwater at the HR and LR.  
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microbial metabolism and increase the sulfur gas emission due to sticky 
weather (Goldan et al., 1987; Hirota et al., 2007). Furthermore, a pre-
vious study, on rice growth process monitoring showed that sulfur gas 
emission is mainly controlled by the application of fertilizer and in the 
growth of rice (Kanda et al., 1992). 

Another potential factor was the direct absorption and assimilation 
of atmospheric SO2 by plants. Compared with the paddy field, the 
luxuriant forest, consisting of secondary evergreen and deciduous 
broadleaved trees are developed on the hilltop area (HR), which has the 
capacity to absorb relatively more air SO2 (Haneklaus et al., 2003). The 
two factors above could explain the vertical variation of rainwater SO4

2- 

in the depression, to some extent. 

3.4. Depression trapping effect on wet deposition flux 

Generally, the wet deposition fluxes of ions are estimated by sum-
ming the product of monthly ion VWM concentration in rainwater and 
the monthly rainfall amount. In the plain area, NOx, NH3, and suspended 
fine particles could well diffuse between the underlying surface and the 
atmospheric boundary layer after these gases and particles are released 
into the atmosphere. Therefore, the wet deposition fluxes of the ions 
(NO3

- , NH4
þ, Ca2þ, and Mg2þ) washed down by rainfall can be estimated 

more accurately by using the way mentioned above. Nevertheless, with 
the unique underlying surface (depression) and its local airflow move-
ment, the ion concentrations of rainwater in the depression (LR) are 
different from that in the hilltops (HR), resulting in the inconsistent 
estimation of ion deposition fluxes (Fig. 7). 

This result indicates that the influence of vertical variation of ion 
concentration in wet deposition on the estimation of wet deposition 
fluxes is significant (up to 80.6% for Ca2þ, 68.7% for NH4

þ, and 48.8% 
for SO4

2-). Moreover, the wet deposition fluxes are positively correlated 
with rainfall amount, and most of the ions wet deposition fluxes are the 
highest in June, which reflects the importance of the rainy season 
(abundant rainfall) in annual wet deposition flux. Therefore, the 
depression trapping effect can affect the diffusion of gaseous materials 
(e.g., NOx and NH3) and suspended fine particles by local air flow 
movement on the atmospheric underlying surface. This accounts for the 
variations in ion concentration of rainwater between the LR and HR 
collection sites in this study, and affects the estimation of wet deposition 
fluxes. 

The effect of the difference of wet deposition fluxes caused by the 
depression trapping effect mentioned above on material migration by 
runoff or cycle and associated environmental effect are vital important. 
Take nitrogen for example, aquatic ecosystems can receive N from direct 
atmospheric deposition on open water bodies or from N transported 
caused by N deposition on terrestrial ecosystem (Gao et al., 2019; Liu 
et al., 2019). If the N deposition flux from the top of Tianlong hill (HR) is 
applied to estimate the nitrogen cycle mass balance within the depres-
sion scale, then the N level of atmospheric input to the earth surface will 
be underestimated. On the contrary, if the N deposition flux of the LR is 
used to estimate, it will be overestimated. The recent study using online 
sensor technology has shown that N export from present studied area is 
30.2 kg N/hm2, of which 87.5% is from May to August (Yue et al., 2019). 
In the rainy season (May to August), the inorganic N (NH4

þ þ NO3
- ) input 

of rainwater to earth surface are 3.7 kg N/hm2 at HR and 5.3 kg N/hm2 

(Fig. 7), which are 14.1% and 20.0% of the catchment area loading of 
inorganic N export in the rainy season, respectively. Thus, the contri-
bution of wet deposition to the N export by stream within catchment 
cannot be ignored. Accurate precision this contribution is necessary for 
N cycle. 

Previous studies have also concluded that the influence of different 
types of atmospheric underlying surface (orographic barriers) on 
pollutant diffusion is significantly different (Jazcilevich et al., 2002; He 
et al., 2017; Sz�ep et al., 2019). Consequently, the depression trapping 
effect should be more considered in further research of atmospheric wet 
deposition, particularly in the karst areas with a diverse topography, 
such as depressions and peak clusters. 

4. Conclusions 

Rainwater samples in a karst agricultural depression were investi-
gated systematically in order to explore the major ionic composition, 
sources, and ionic vertical distribution of rainwater during the rainy 
season. Subsequently, the effects of topography (depression in this 
study) on wet deposition fluxes were estimated. The main results are as 
follows: 

The pH values of rainwater of the karst agricultural depression 
ranged from 4.8 to 6.9. Most samples were not identified as acid pre-
cipitation due to the result of neutralization caused by alkaline sub-
stances (NH4

þ and Ca2þ). NH4
þ, Ca2þ, and NO3

- dominated, accounting for 

Fig. 7. Wet deposition fluxes of ions at the HR (a) and LR (b) in the karst agricultural depression.  
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>87% (average) of the total ions at the two sites. Major ion VWM con-
centrations decreased in the order of SO4

2- > NH4
þ > Ca2þ >

NO3
- >Mg2þ> Kþ>Naþ> Cl� > F� at both sites. 
Anions were controlled predominantly by anthropogenic emission 

sources, while cations originated from both terrestrial sources and 
anthropogenic activity. The depression trapping effect of several ions 
(NH4

þ, NO3
- , Ca2þ, Mg2þ, and SO4

2-) was controlled by the relatively weak 
air convection movement within the depression and the differences in 
human interference at the two sites. This could have significantly 
affected the estimation of wet deposition fluxes, by up to 80.6% (Ca2þ) 
and 68.7% (NH4

þ). The higher frequency and long time scale sampling 
are required in the future studies to further explore the vertical distri-
bution of rainwater chemistry and to better quantify the wet deposition 
flux. 
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