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Relatively limited data have been published on the chemical composition of wet deposition for South 
Africa, which is considered an important source region for atmospheric pollutants. Concentrations and wet 
deposition fluxes of ionic species determined in rain samples collected from December 2014 to April 2018 at 
a regional site, Welgegund, are presented, and contextualised by wet deposition composition in the north-
eastern interior of South Africa. 89% of rain samples collected during the sampling period complied with the 
data quality objectives of the World Meteorological Organisation. The total ionic concentration of rainwater 
at Welgegund was similar to that at two regional sites located within proximity of industrial activities. The 
pH of rainwater (4.80) was comparable to that determined at two rural background sites, which indicated 
increased neutralisation. Similarly to the other sites located in the South African interior, SO4

2- was the most 
abundant species in rain, with concentrations thereof in the same order as SO4

2- levels determined at the 
two industrially influenced sites. Lower sulphur and nitrogen fluxes at Welgegund were attributed to lower 
average annual rainfall. The anthropogenic (industrial) source group had the largest contribution to wet 
deposition chemical composition, which signified the influence of major source regions in the South African 
interior that impact Welgegund. Relatively large contributions were also calculated from marine and crustal 
sources. The influence of agricultural activities was also evident, while biomass burning had the lowest 
contribution due to open biomass burning occurring mainly during the dry season
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INTRODUCTION

Atmospheric deposition is important in removing species from the atmosphere, which contributes to 
the earth–atmosphere biogeochemical balance (Galy-Lacaux et al., 2009; Laouali et al., 2012; Akpo 
et al., 2015). Deposition of chemical species from the atmosphere can either introduce nutrients 
(e.g. N-species) or toxic components (e.g. mineral acids) into terrestrial and aquatic ecosystems 
(Galy-Lacaux et al., 2009; Akpo et al., 2015). Wet deposition of atmospheric species occurs mainly 
through precipitation events. The chemical composition of precipitation is controlled by various 
ecosystem-specific and complex factors, which include emission source strengths, atmospheric 
transport and chemical reactivity (Akpo et al., 2015). Long-range transport of aerosols, for example, 
can affect rainwater composition in a region distant from the original emissions, while ecosystem 
characteristics, such as being in proximity to an ocean, will also affect the ionic content of precipitation 
(Galy-Lacaux et al., 2009). A recent comprehensive assessment of atmospheric deposition of 
biogeochemically important compounds and precipitation chemistry placed new emphasis on the 
importance of deposition measurements (Vet et al., 2014), which have also been identified by the 
National Academies of Sciences, Engineering and Medicine in the United States as key priorities for 
future atmospheric chemistry research (National Academies of Sciences and Medicine, 2016).

Certain atmospheric pollutants in precipitation contribute to the acidification of rainwater. The main 
cause of acid rain is the emission of sulphur (S) and nitrogen (N) compounds such as SOx and NOx into 
the atmosphere. Globally, sulphuric acid is considered the most important acidifying species (Rodhe 
et al., 2002), while the influence of nitric acid on rainwater acidity has also increased in recent years 
(Xiao, 2016). Acid rain contributes to the acidification of surface water bodies, soil and vegetation 
(Bravo et al., 2000), which could lead to leaching of essential nutrients and the mobilisation of heavy 
metals into soil (Schindler, 1988). Basic atmospheric species such as calcium (Ca), magnesium (Mg) 
and ammonium are, however, capable of neutralising acidic precipitation or even favouring alkaline 
rainwater composition (Galy-Lacaux et al., 2009).

South Africa is the largest industrialised economy in Africa and is an important source region of 
atmospheric pollutants. South Africa is regarded as the 9th-largest S-emitting country (Stern, 2006), 
while satellite images reveal a nitrogen dioxide (NO2) hotspot over the Mpumalanga Highveld, 
mainly attributed to coal-fired power stations located in this region (Lourens et al., 2012). Recent 
satellite images retrieved from TROPOMI on the European Space Agency’s Sentinel 5P satellite again 
highlighted the extent of pollution in this region (Meth, 2018). Southern Africa is also characterised 
by the occurrence of widespread open biomass burning, which is an important source of atmospheric 
pollutants in this region (Chiloane et al., 2017).

Very limited data have been published on the chemical composition of wet deposition for South 
Africa. A recent study by Conradie et al. (2016) reported on the chemical composition of rainwater 
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collected from 2009 to 2014 at four regional sites considered to 
be representative of the north-eastern interior of South Africa. 
Two of these sites were within proximity of industrial activities 
(Amersfoort and Vaal Triangle) and two were rural sites (Louis 
Trichardt and Skukuza) (Fig. 1). Measurements at these sites were 
conducted within the framework of the long-term monitoring 
of biogeochemical species in the subtropics network established 
through the Deposition of Biogeochemically Important Trace 
Species (DEBITS) task endorsed by the International Global 
Atmospheric Chemistry (IGAC) programme of the Global 
Atmosphere Watch (GAW) network of the World Meteorological 
Organisation (WMO) (Lacaux et al., 2003). Conradie et al. (2016) 
also compared rainwater composition and wet deposition fluxes 
to a previous study conducted by Mphepya et al. (2004, 2006) at 
three of these South African DEBITS sites, which indicated an 
increase in S- and N-wet deposition fluxes from 1986 to 2014, as 
well as more rain events with lower pH. Rainwater collection was 
discontinued at these four South African DEBITS sites in 2015 
due to financial constraints. However, in 2014, Welgegund – a 
comprehensively equipped regional atmospheric measurement 
station impacted by the major source regions in the South 
African interior – was included in the DEBITS network under 
the renamed African component of the DEBITS task, i.e., the 
International Network to study Deposition and Atmospheric 
chemistry in Africa (INDAAF) network. Therefore, the main 
aims of this study were to determine the chemical composition of 
rainwater, as well as S- and N-wet deposition fluxes at Welgegund, 
while also relating wet deposition chemistry at Welgegund to the 
other South African DEBITS sites. In addition, the major sources 
of ionic species in rain at Welgegund were also assessed.

SAMPLING SITE

Rainwater sampling was conducted from December 2014 to 
April 2018 at the Welgegund atmospheric measurement station 
(26°34’10”S, 26°56’21”E; 1 480 m amsl) for which detailed site 
descriptions have been reported in a number of studies, e.g., 
Jaars et al. (2014), Jaars et al. (2016), and Räsänen et al. (2017).  

Welgegund is a regional site located on the Highveld on a 
privately owned farm approximately 25 km north-west of 
Potchefstroom and 100 km west of the Johannesburg–Pretoria 
megacity, as indicated in Fig. 1. The site is located in a grazed 
savannah-grassland agricultural landscape (Jaars et al., 2016), 
while being surrounded by heterogeneous soil types derived 
from the Ventersdorp Supergroup geological structures in the 
area (Cairncross, 2004) that are rich in calcium, magnesium and 
carbonate minerals (Cairncross, 2004; Jaars et al., 2016).

Figure 1 also indicates overlaid back trajectories representing the 
predominant air mass movement prior to arrival at Welgegund 
during the sampling period. Back trajectories were calculated 
using the National Oceanic and Atmospheric Administration 
(NOAA) Air Resource Laboratory’s (ARL) Hybrid Single-Particle 
Lagrangian Integrated Trajectory (HYSPLIT) model (version 4.8) 
(Stein et al., 2015), while meteorological data were retrieved from 
the Global Data Assimilation System (GDAS) archive of the US 
National Weather Service’s National Centre for Environmental 
Prediction (NCEP). Hourly arriving 96-hour back trajectories 
at an arrival height of 100 m above ground level were calculated 
and overlaid on a map using fit-for-purpose programmable 
software. A colour scale indicates the number of back trajectories 
passing over a grid cell, with dark red indicating the highest 
percentage of back trajectory overpasses. The dominant 
anticyclonic recirculation of air masses in the South African 
interior (Tyson et al., 1996) is evident from the overlaid back 
trajectories presented. Figure 1 also indicates the major pollution 
point sources, which clearly show the impact of major source 
regions in the South African interior on air masses measured at 
Welgegund. These source regions are located in areas declared 
pollution hotspots by the South African Government, i.e. the Vaal 
Triangle Airshed (RSA, 2009), the Mpumalanga Highveld (RSA, 
2007) and the Waterberg–Bojanala (RSA, 2015) Priority Areas. 
Main industries in the Vaal Triangle Priority Area include a large 
petrochemical smelter and pyrometallurgical smelters, while, 
as mentioned previously, a large number of coal-fired power 
stations are located in the Mpumalanga Highveld Priority Area.  

Figure 1. Map of South Africa indicating Welgegund, four other South African DEBITS sites (AF: Amersfoort; LT: Louis Trichardt; SK: Skukuza; VT: 
Vaal Triangle), large point sources in the north-eastern interior, the pollution priority areas, the Johannesburg–Pretoria conurbation and 96-h 
overlay trajectories for the entire sampling period. The colour scale indicates the percentage of trajectories passing over 0.2° × 0.2° grid cells, with 
blue to yellow to red indicating the lowest to highest frequency of air mass movement
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The industrialised Bushveld Complex, which houses several 
large pyrometallurgical smelters is located in the Waterberg-
Bojanala Priority Area (Hirsikko et al., 2012; Venter et al., 2012), 
while two large coal-fired power stations are also located in this 
region (Pretorius et al., 2015). In addition to these priority areas, 
Welgegund is also influenced by air masses passing over the 
Johannesburg–Pretoria conurbation (Lourens et al., 2012), while 
the impact of air masses passing over a relatively clean sector 
north to south-west of the site is also evident.

The weather of the South African Highveld is controlled by 
seasonal shifts of a high-pressure system, which is pronounced 
over the Highveld during winter (June, July, August) and causes 
low-level inversions that reduce vertical mixing and trap pollutants 
near the surface (Tyson et al., 1996; Laakso et al., 2012). During 
summer (December, January, February), the high-pressure 
system shifts southwards, allowing tropical easterly flow to be 
prevalent, causing increased dispersion of pollutants. The South 
African Highveld is characterised by distinct wet and dry seasons 
with the wet season coinciding with the warmer months from 
October to April. Rainfall during the wet season mainly comprises 
convective precipitation (Harrison, 1986). In Fig. 2, the monthly 
rainfall depths measured during the entire sampling period are 
presented, with the total annual rainfall depths also indicated. 
Rain depths were measured with a graduated funnel-shaped rain 
gauge that limits evaporation. The percentage of rain event depths 
measured with the rain gauge during the sampling period, i.e., 
the percentage precipitation covering length (%PCL) (WMO, 
2004), is 100%. The distinct seasonal pattern of precipitation is 
evident from Fig. 2, while inter-annual fluctuations in rainfall 
depth are also apparent. Figure 2 also indicates significantly lower 
rain depths measured during the wet season from October 2015 
to May 2016, with a total rain depth of 261 mm measured, which 
corresponds to a period of severe drought in this region (Simpson 
and Dyson, 2018). In addition, an uncharacteristically high rain 
depth value was measured during July 2016, which corresponded 
with a low-pressure system over the south-eastern coast of South 
Africa that typically causes rainfall in the South African interior 
(Tyson and Preston-Whyte, 2017).

MATERIALS AND METHODS

Rainwater sampling

Similar to Mphepya et al. (2004, 2006) and Conradie et al. (2016), 
rain sample collection at Welgegund adhered to field protocols 
of the WMO for precipitation chemistry measurements (WMO, 
2004). A custom-made automated wet-only rain sampler, based 
on the Aerochem Metrics model 301 precipitation sampler, was 
used to collect rain samples on an event basis in a collection vessel 
comprising a plastic bag fitted into a high-density polyethylene 
(HDPE) bucket. The sampler uses a light-refracting sensor switch, 
which activates a mechanism to open the lid of the collection 
vessel with the onset of rainfall and closes the lid after the rain 

event. In this manner, contamination of precipitation events is 
limited, while disadvantages associated with manual operation are 
minimised. Contamination was also limited by changing plastic 
bags in the collection bucket once a week during dry periods, while 
the lid of the bucket also sealed tightly. Rain samples collected in 
plastic bags were removed from the collection vessel by an on-site 
operator as soon as possible after a rain event (within 24 h hours 
after the event), after which the samples were transferred to 50 mL 
HDPE bottles that were frozen immediately up until they were 
analysed.

Analytical methods and data quality

Chemical analysis, quality control and quality assurance 
procedures similar to that described by Conradie et al. (2016) were 
followed, which are briefly summarised below. After the samples 
had been defrosted overnight, the pH and conductivity of 25 mL 
aliquots were immediately measured (HI 255 combined meter, 
Hanna Instruments), after which filtered (EconoClear 0.45 µm 
filter) samples were analysed with a Dionex ICS 3000 suppressed 
ion chromatograph system. The species measured included nitrate 
(NO3

-), sulphate (SO4
2-), chloride (Cl-), fluoride (F-), ammonium 

(NH4
+), calcium (Ca2+), potassium (K+), magnesium (Mg2+) 

and sodium (Na+), as well as water-soluble organic acids (OAs), 
i.e., acetic- (CH3COO-), formic- (HCOO-), oxalic- (C2O4

2-) and 
propionic acid (C3H5O2

-). Detailed descriptions of the column 
set-up, separation modes, calibration procedures and detection 
limits of instrumentation are presented by Conradie et al. (2016).

Data quality was ensured by complying with the WMO Data 
Quality Objectives (DQOs) for precipitation chemistry (WMO, 
2004). Visible contaminants were removed from the samples by 
filtration (0.2 mm filter, Sigma-Aldrich). Ionic balances were also 
considered by calculating the ion difference percentage (ID%) as 
follows:

Ion Difference % CE AE
CE AE

� � � �
�

�100                           (1)

with AE and CE representing the total concentrations (μeq∙L-1) 
of anions and cations, respectively. Acceptance ranges indicated 
by the WMO were applied and only samples that passed WMO 
criteria were considered. In addition, all analytical techniques (IC, 
pH and conductivity) were also verified through participation in 
the bi-annual inter-laboratory comparison study (LIS) managed 
by the WMO (QA/SAC-Americas, 2018).

Calculations

Conradie et al. (2016) used a combination of empirical calculations 
and statistical evaluations to estimate source contributions of 
ionic species in wet deposition, which was also performed in this 
study. A brief summary of these calculations is presented below.

The annual volume weighted mean (VWM) concentration 
(µeq∙L-1) and annual mean wet deposition fluxes (kg∙ha-1∙year-1) 

Figure 2. Monthly rainfall depths measured during the sampling period with the annual rain depths also indicated
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were calculated with the following equations, respectively 
(Laouali et al., 2012)
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where ci represents the concentration of a specific ion in the ith 
rain sample and pi the rainfall depth of the ith sample, while n 
indicates the total number of samples complying with the WMO 
criteria. The average annual wet deposition fluxes for the sampling 
period were calculated from the mean annual rainfall from 2015 
to 2017, while the total annual rainfall included all rain events 
during a year and not only rain events passing the WMO data 
quality criteria (WMO, 2004).

The sea salt and non-sea salt fractions of K+, Mg2+, Ca2+, Cl- and 
SO4

2- were calculated as follows (Keene et al., 1986):

SSF Na [ x
Na

]X rain + seawater� ��[ ]                                (4)

nSSF X SSFX rain X� �� �� �                                     (5)

where SSFx is the sea salt fraction of ion X, [Na+]rain is the Na+ 
concentration in rain, [X/Na+]seawater the seawater concentration 
reference ratio of ion X to Na+ presented by Keene et al. 
(1986), nSSFx the non-sea salt fraction of ion X, and [X]rain the 
concentration of ion X in the rain sample. In these calculations, 
it is assumed that all Na+ in rain is of marine origin. Enrichment 
factors of these ions (EFx) with regard to [X/Na+]seawater were 
calculated as follows (Quiterio et al., 2004):

EF X Na X Nax rainwater seawater� � �[ / ] /[ / ]                      (6)

where [X/Na+]rainwater is the ratio of ion X in relation to Na+ in rain.

Conradie et al. (2016) used two methods to estimate the 
anthropogenic contribution to SO4

2- in precipitation, which is 
important within the South African context. The first method 
assumes that SO4

2- concentrations in excess of that supplied by 
gypsum is of anthropogenic origin (Delmas, 1981), i.e.:

[ ] . [ ]SO SO Caanthro nSS nSS4
2

4
2 20 47� � �� �� �� �                       (7)

where [SO4
2-]nss and [Ca+]nss are the calculated non-sea salt 

concentrations of SO4
2- and Ca+ (Eq. 5). The second method uses 

an estimate of 7.0 µeq∙L-1 for background SO4
2- concentrations, 

which is subtracted from the [SO4
2-]nss. This background SO4

2- 
level was indicated by studies in West Africa (Galy-Lacaux et al., 
2009) and agrees with global models.

Acidic potential (pA) was calculated by summation of 
anthropogenic SO4

2-, NO3
- and OA concentrations, while 

neutralisation factors (NFy) for sulphuric and nitric acids with 

regard to base cations Mg2+, Ca2+ and NH4
+ (Y) were calculated as 

follows (Laouali et al., 2012):

NF Y
NO SOY

anthro

�
�� �

3 4
2

                                  (8)

Statistical evaluation included principal component analysis 
(PCA) and Spearman correlations to indicate similar sources of 
chemical species.

RESULTS AND DISCUSSION

In Table 1, the total number of rain events collected and chemically 
analysed are presented. Also indicated are the numbers of samples 
passing the WMO ID% criteria, as well as samples discarded 
due to analytical and sampling errors (e.g. contamination), or 
not being of sufficient volume (<2 mm) for analysis. All wet 
deposition samples collected represent a single rain event. The 
percentage of the samples that passed the WMO ID% criteria 
and not discarded, i.e., 89.3%, were in the WMO percentage total 
precipitation (%TP) acceptance range (%TP ≥ 70%) and can be 
considered a very good representation of wet deposition (WMO, 
2004). The %TP is the percentage of the total measured rainfall 
depth considered valid precipitation chemistry data.

Ionic composition, wet deposition fluxes and acidity

In Table 2, the VWM ionic concentrations and wet deposition 
flux values, together with the average pH and mean electrical 
conductivity (EC) measured at Welgegund, are listed for the 
entire sampling period. Similar to Conradie et al. (2016), the 
concentrations of the water-soluble OAs (CH3COO-, HCOO-,  
C2O4

2- and C3H5O2
-) were combined and presented as a total. 

Also indicated in Table 2 are the VWM concentrations and wet 
deposition fluxes of rain samples collected at the four South 
African DEBITS sites from 2009 to 2014 in order to contextualise 
the ionic composition of wet deposition at Welgegund within 
this region. Amersfoort is located 50 to 100 km south-east of the 
major industrial activities on the Mpumalanga Highveld, while 
the Vaal Triangle is a highly industrialised and densely populated 
region. Louis Trichardt is a rural site surrounded by agricultural 
activities, while Skukuza is located within the Kruger National 
Park (Conradie et al., 2016; Mphepya et al., 2004, 2006).

It is evident from Table 2 that SO4
2- had the highest VWM 

concentration at Welgegund. SO4
2- was also the most abundant ionic 

species at the four other South African DEBITS sites (Conradie et 
al., 2016). The chemical composition of rain at Welgegund signifies 
the large influence of S emissions, which are mainly associated 
with industrial activities in South Africa, on atmospheric 
processes on a regional scale. VWM SO4

2- concentrations at 
Welgegund were three to four times higher compared to those 
of the two rural background sites (Louis Trichardt and Skukuza), 
but slightly lower than those recorded at Vaal Triangle and 
Amersfoort located within proximity of industrial sources (Fig. 1).  

Table 1. Summary of rain samples collected at Welgegund

Parameter 2014 (Dec) 2015 2016 2017 2018 (Jan-Apr) Total

No. of events collected 5 37 36 29 12 119

No. of events failing WMO ID% criteria 0 3 2 5 5 15

No. of events discarded due to sampling and 
analytical errors

0 0 0 0 1 1

Collected rainfall depth (mm) 38 457 604 499 144 1 742

Total rainfall depth (mm) 38 492 633 595 196 1 954

Average rainfall depth (mm) 573.33*

%TP 100.00 92.89 95.42 83.87 73.47 89.15

*Calculated for 2015–2017
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As indicated for Amersfoort and Vaal Triangle by Conradie et al. 
(2016), VWM SO4

2- concentrations at Welgegund were also much 
higher than VWM SO4

2- levels at other African DEBITS sites 
(Galy-Lacaux et al., 2009) and most other regions in the world, 
with the exception of eastern North America, eastern Europe and 
East Asia (Vet et al., 2014).

NO3
- was the second-most abundant species at Welgegund, 

while Ca2+ and NH4
+ were the third and fourth most abundant 

species, respectively. NO3
- and NH4

+ were the second and third 
most abundant species, respectively, at Amersfoort and Vaal 
Triangle with levels of these species at Welgegund also being 
two to three times higher compared to levels thereof at the two 
rural background sites, signifying the influence of anthropogenic 
source regions (Fig. 1) at Welgegund. However, the smaller 
difference in concentrations of the N species compared to that of 
SO4

2- indicates the influence of other sources than industry, most 
likely regional biomass burning and agricultural activities. In 
addition, a modelling study conducted by Bruwer and Kornelius 
(2017) indicated a relatively higher than expected contribution 
of biogenic NOx emissions to total NOx emissions in the South 
African Highveld. Ca2+ levels at Welgegund were higher compared 
to the other South African DEBITS sites, which can most likely be 
attributed to the influence of wind-blown dust from the relatively 
clean sector (Fig. 1) (Venter et al., 2018).

A study on the size-resolved characteristics of ionic species in 
particulate matter (PM) collected at Welgegund by Venter et al. 
(2018) also indicated that SO4

2- dominated aerosol chemical com-
position, while NH4

+ and NO3
- were the second- and third-most 

abundant species, respectively. In addition, ACSM measurements 
of submicron aerosols at Welgegund also revealed higher 
contributions of  SO4

2- and NH4
+ to the chemical composition 

of PM1 (Tiitta et al., 2013). Therefore, the ionic composition of 
rainwater at Welgegund corresponds to the chemical composition 

of aerosols measured at that site. Venter et al. (2018) and Tiitta 
et al. (2013) attributed the chemical composition of aerosols to 
the influence of SO2 and NO2 emissions in source regions on air 
masses measured at Welgegund, as well as the impacts of regional 
household combustion and open biomass burning.

The wet deposition fluxes of the ionic species determined at 
Welgegund correspond to the relative VWM concentrations 
of these species in rain, with species with higher VWM 
concentrations having higher fluxes (Table 2). The total wet 
deposition fluxes of N and S at Welgegund were 4.48 kg N∙ha-1∙y-1 
and 4.38 kg S∙ha-1∙y-1, respectively. These wet deposition fluxes of 
N and S were lower than total N and S wet deposition determined 
at Amersfoort and Vaal Triangle, while being approximately 
two times higher than wet deposition fluxes of these species 
determined at Louis Trichardt and Skukuza. The lower N and 
S deposition at Welgegund, compared to the two industrially 
influenced sites with similar levels of SO4

2-, NO3
- and NH4

+, can be 
attributed to lower average annual rainfall at Welgegund during 
the respective sampling periods.

It is also evident from Table 2 that the total VWM ionic 
concentration at Welgegund was in the same order as the total 
VWM ionic levels at Amersfoort and Vaal Triangle, while being 
approximately two times higher than total ionic concentrations 
at Louis Trichardt and Skukuza. The total wet deposition flux at 
Welgegund was lower than the total wet deposition fluxes at the 
two industrially influenced sites, which can be attributed to lower 
average annual rainfall at Welgegund during the measurement 
period, as mentioned above. However, the total wet deposition flux 
at Welgegund was approximately two times higher than the total 
wet deposition fluxes at the two rural sites. Ionic concentrations 
can be considered a better indication of differences in atmospheric 
chemical composition between these sites, since wet deposition 
fluxes also depend on the rainfall amount (Conradie et al., 2016).

Table 2. EC, pH, ionic concentrations (µEq∙L-1) and fluxes (kg∙ha-1∙yr-1) of wet deposition at Welgegund, as well as at the four South African DEBITS 
sites (Conradie et al., 2016)

Site Welgegund Amersfoort Vaal Triangle Louis Trichardt Skukuza

Period Dec 2014–Apr 2018 2009–2014 2009–2014 2009–2014 2009–2014

VWM Fluxa VWM Flux VWM Flux VWM Flux VWM Flux

pH 4.80 4.32 4.51 4.89 4.66

EC 35.44 42.6 33.6 13.1 22.9

H+ 28.05 0.16 61.18 0.45 44.64 0.43 15.24 0.11 22.24 0.13

Na+ 18.86 2.52 17.79 2.98 3.50 0.77 7.75 1.30 13.17 1.77

NH4
+ 24.55 2.67 28.50 3.75 29.06 5.01 10.85 1.42 12.80 1.35

(kg N∙ha-1∙yr-1) 2.07 2.91 3.89 1.11 1.04

NO3
- 30.93 10.65 33.40 15.11 22.97 13.62 7.49 3.38 13.20 4.77

(kg N∙ha-1∙yr-1) 2.41 3.41 3.08 0.76 1.08

K+ 6.45 1.54 7.35 2.10 1.41 0.53 5.12 1.46 2.08 0.48

Mg2+ 12.88 0.70 5.54 0.49 4.55 0.53 1.93 0.17 3.27 0.23

Ca2+ 24.96 2.74 16.39 2.40 16.18 3.10 6.25 0.91 4.69 0.55

Cl- 18.60 3.92 17.96 4.65 4.52 1.53 10.83 2.80 15.73 3.25

SO4
2- 48.10 13.11 67.21 23.56 55.0 22.27 12.37 4.33 18.66 5.23

(kg S∙ha-1∙yr-1) 4.38 7.87 8.44 1.44 1.75

F- 0.56 0.06

OA 12.98 (9.70b) 4.09 14.64 (13.24b) 5.57 12.51 (11.49b) 6.10 12.14 (11.10b) 4.54 9.69 (8.69b) 2.93

Total VWM and WD 236.6 42.1 283.2 61.1 205.8 62.3 101.1 21.9 124.2 21.7

Total rainfall (mm) 1 954 4378.5 5738.6 4369.2 3499.4

Average annual rainfall (mm) 573.33a 729.8 956.4 728.2 583.2
aCalculated for 2015–2017;  bDissociated fractions of the organic acids are indicated in brackets
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The average pH value (4.80) of rain at Welgegund was similar 
to the mean pH values of rain at Louis Trichardt and Skukuza, 
which were higher than the average pH values measured at 
Amersfoort and Louis Trichardt. Therefore, although VWM 
concentrations of species associated with acidity in rainwater, i.e., 
SO4

2- and NO3
-, were similar at Welgegund to levels thereof at the 

industrially influenced sites, pH levels were comparable to pH 
values determined at the rural background sites, which suggests 
increased neutralisation in rainwater collected at Welgegund. The 
average pH at Welgegund was, however, lower than the natural 
pH of unpolluted rain in equilibrium with carbon dioxide (5.60), 
while also being lower than global pH averages (Vet et al., 2014) 
and pH levels in western African countries (Laouali et al., 2012). 
In Fig. 3, the pH frequency distribution at Welgegund is presented. 
89% of rain samples collected at Welgegund had pH values below 
5.60, which corresponds to 94% of all rain events measured at the 
other South African DEBITS sites, which have pH values lower 
than 5.60 (Conradie et al., 2016). The largest number of rain 
events at Welgegund had pH values ranging between 4.0 and 5.0 
(69%), with a high frequency of rain events having pH values 
between 4.4 and 4.8. The pH distribution of rain at Welgegund 
can be compared to the pH distributions at Louis Trichardt and 
Skukuza, where pH values predominantly ranged between 4.4 and 
5.0, with fewer than 4% of rain events having pH < 4.00.

In Table 3, the acidity potential (pA) at Welgegund is presented. 
The potential contribution of mineral acids to free acidity at 
Welgegund is calculated to be 87%, which is similar to those 
calculated at Amersfoort and Vaal Triangle (Conradie et al., 
2016). However, it is evident that the measured H+ concentration 
is considerably lower than the estimated acidity at Welgegund, 
which signifies neutralisation of acidic species. The calculated 
NFs (Eq. 8) for sulphuric and nitric acids by the base cation 
species NH4

+, Mg2+ and Ca2+, also presented in Table 3, show that 
acidic species at Welgegund are mainly neutralised by Ca2+ and 
NH4

+. Comparison to NFs calculated for the other South African 
DEBITS sites, where NH4

+ was the major neutralising agent 
in rain, indicates a more significant contribution of Ca2+ to the 
neutralisation of acidic species in rain at Welgegund.

Sources of ionic species

Statistical analysis

Statistical analysis can assist in determining linkages between 
sources and the ionic composition of rainwater as indicated 
by Conradie et al. (2016). Therefore, PCA and Spearman 
correlation calculations were applied as an explorative tool on 

the Welgegund precipitation dataset, which are presented in 
Fig. 4. In PCA, varimax rotation was applied to the Box-Cox 
transformed dataset in order to eliminate possible artefacts, 
while factors with eigenvalues larger than 1 were considered 
significant (Hosiokangas et al., 1999). Three meaningful factors 
were identified that explained 84% of the variability in the dataset.

The three factors identified with PCA corresponded to similar 
source groups of ionic species in rain samples collected at the 
four other South African DEBITS sites, i.e., marine, crustal, 
anthropogenic, agriculture and biomass burning (Conradie et 
al., 2016), which is also supported by Spearman correlations. The 
first PCA factor had high loadings of ionic species corresponding 
to crustal sources (Ca2+, Mg2+), which is also reflected by 
Spearman correlations of these species. This factor also had a 
high contribution from NO3

-, which, in conjunction with strong 
Spearman correlation between NO3

- and Ca2+, also suggests the 
important contribution of Ca2+ to the neutralisation of acidic 
species at Welgegund. The second factor is mainly related to acidity 
(H+), which corresponds to species associated with anthropogenic 
activities, i.e. NO3

- and SO4
2-. Spearman correlations also indicate 

strong linkages between NO3
- and SO4

+. In addition, this factor 
also had a relatively high loading of NH4

+, which is most likely 
associated with local and regional agricultural activities. The 
third PCA factor comprised mainly ionic species associated with 
biomass burning, i.e., OA, K+ and Cl- (Aurela et al., 2016), while 
this factor was also considered to be associated with marine air 
masses, as indicated by high loadings of Na+ and Cl-. The species 
in this factor were also strongly associated in the Spearman 
correlation analysis.

Figure 3. The pH distribution of rain samples collected during individual events at Welgegund 

Table 3. Contributions of mineral and organic acids to total acidity, 
and neutralisation factors in rain at Welgegund 

Parameter µeq∙L-1 %

Acids:

Sulphuric acid 34.5 45.9

Nitric acid 30.9 41.2

Organic acids 9.7 12.9

Total estimated H+ (pA) 75.1 100

Measured H+ (mA) 28.1 37.4

Neutralization factors:

NH4
+ Mg2+ Ca2+

0.38 0.20 0.38
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Figure 4. Spearman correlations and PCA for ionic species determined in wet deposition samples at Welgegund
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Source group contributions

Equations 4 and 5 were used to estimate the sea-salt and non-
sea-salt fractions of Cl-, SO4

2-, Ca2+, Mg2+and K+, from which 
the marine and crustal contributions of these species were 
estimated. The non-sea-salt SO4

2- fraction was separated into 
crustal and anthropogenic source contributions with the two 
methods described above. Conradie et al. (2016) assumed that 
anthropogenic SO4

2- and total NO3
- were predominantly associated 

with fossil fuel combustion at the four other DEBITS sites. 
However, since Welgegund is also influenced by other regional 
sources, such as the pyrometallurgical smelters located in the 
western Bushveld Complex (Fig. 1), anthropogenic SO4

2- and total 
NO3

- at Welgegund were considered to be associated with fossil 
fuel combustion and other industrial activities, i.e., anthropogenic 
(industrial). NH4

+ can mainly be related to agriculture in this 
part of South Africa. Although the NO3

- and NH4
+ measured 

in rainwater at Welgegund can be associated with other 
anthropogenic and natural sources, a much larger contribution 
from the anthropogenic activities indicated here can be assumed. 
The biomass burning contribution to the chemical composition 
of rain was estimated by the OA VWM concentrations. In Fig. 5,  
estimations of the source group contributions to the chemical 
composition of rainwater at Welgegund are summarised.

Marine contribution

The calculated ratios and reference seawater ratios of Cl-, SO4
2-,  

Mg2+, Ca2+ and K+ with respect to Na+ (Keene et al., 1986), as 
well as the corresponding EFs, are listed in Table 4. The marine 
source contribution at Welgegund was determined by combining 
the sea-salt fractions calculated for these species (Eq. 4), which 
were estimated to be 25% (Fig. 5). This signifies a relatively 
substantial contribution from marine air masses on rain 
chemistry at Welgegund, which is similar to the marine source 
contribution determined by Conradie et al. (2016) at Amersfoort. 
The Cl-/Na+ ratio was similar to the reference seawater ratio with 
a corresponding EF close to 1, which, together with the strong 
statistical correlation (Fig. 4), indicates that air masses passing 
over marine environments are the major source of these species. 

As indicated by overlaid back trajectories in Fig. 1, Welgegund 
is impacted by air masses passing over oceans bordering South 
Africa. The calculated ratios of all other species in relation to Na+ 
were higher, with SO4

2-/Na+, Ca2+/Na+ and K+/Na+ being one to 
two orders of magnitude higher, while Mg2+/Na+ was three times 
higher. This can be attributed to other sources of these species 
associated with the major source regions and the relatively clean 
sector to the west impacting Welgegund. Venter et al. (2018) also 
attributed the higher contribution of Na+ and Cl- in PM2.5-10 at 
Welgegund to the influence of marine air masses.

Crustal contribution

The crustal contribution at Welgegund was calculated by 
subtracting the sea-salt fractions (Eq. 5) and anthropogenic 
contributions of Cl-, SO4

2-, Mg2+, Ca2+ and K+ from the respective 
VWM concentrations. Ca2+, Mg2+ and SO4

2- are typically indicative 
of African soil species with these species also being well correlated 
(Fig. 4). The total crustal contribution ranged between 24 and 19%, 
depending on the method applied to estimate the anthropogenic 
SO4

2- contribution (the source contribution presented in Fig. 5  
is based on calculations from the first method). A significant 
crustal contribution, which is similar to that observed at the 
other South African DEBITS sites (Conradie et al., 2016), is 
evident at Welgegund. A relatively high contribution from 
crustal species in rain can be expected for the semi-arid southern 
African region, with most rainfall events being convective. As 
mentioned, Welgegund is frequently impacted by air masses 
moving over a relatively clean north to south-western sector in 
which the Karoo and Kalahari are located (Fig. 1). Venter et al. 
(2017) attributed wind-blown dust to be the most important 
source of particulate trace metals (Ca, Fe, Na, Mg, Al and Ti) 
in air masses passing over this region, while Venter et al. (2018) 
also indicated a larger contribution of crustal species to the ionic 
composition in the PM2.5-10 at Welgegund. Fly ash associated 
with coal combustion and pyrometallurgical activities could be 
additional sources of Ca2+ and Mg+ in rainwater at Welgegund  
(Mahlaba et al., 2011).

Anthropogenic (industrial) contribution

It is expected that emissions of gaseous SO2 and NOx associated 
with anthropogenic activities in source regions impacting 
Welgegund would contribute to the occurrence of SO4

2- and 
NO3

- in rainwater at this site. Most industries in South Africa 
do not apply de-SOx and de-NOx technologies, while primary 
emissions of SO4

2- and NO3
- are unlikely due to most industries 

in these regions filtering out particulates in off-gas. The major 
anthropogenic sources of SO2 and NOx in the north-eastern 
interior of South Africa are coal-fired power plants and 
petrochemical industries. In addition, pyrometallurgical smelters 
are also important sources of SO2 in this region, while vehicular 
emissions, open biomass burning and household combustion 
(for space heating and cooking) also contribute to elevated NOx 
(Lourens et al., 2011; Pretorius et al., 2015). The industrialised 
interior impacting Welgegund is also characterised by 
anticyclonic recirculation of air masses, which contribute to the 
ageing of SO2 and NO2 (Lourens et al., 2012). Although natural 
emissions of NOx from, e.g., biogenic sources and naturally 
occurring open biomass burning could also contribute to NO3

- 
in rainwater at Welgegund, it is expected that anthropogenic 
sources would make a relatively large contribution.

Table 5 presents the crustal and anthropogenic (industrial) 
source contributions to non-sea-salt SO4

2-, calculated with the 
two methods previously described, i.e., Method 1 calculating 
the excess SO4

2- to that supplied by gypsum (Eq. 7) and Method 
2, where a baseline SO4

2- level is subtracted from the total 
Figure 5. Estimations of the source group contributions to the 
chemical composition of rainwater at Welgegund

Table 4. Comparison of reference seawater and calculated ratios, and 
enrichment factors (EF) 

Ion Seawater* Rain (2014–2018) EF

Cl-/Na+ 1.160 0.986 0.850

SO4
2-/Na+ 0.121 2.551 21.084

Mg2+/Na+ 0.227 0.683 3.008

Ca2+/Na+ 0.044 1.324 30.158

K+/Na+ 0.022 0.342 15.549

*Keene et al., 1986
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SO4
2- VWM concentration. The estimated contributions of 

anthropogenic (industrial) SO4
2- to the total SO4

2- measured in 
rainwater at Welgegund, calculated with the first and second 
methods, are 72% and 81%, respectively. The anthropogenic 
(industrial) contribution to the total SO4

2- calculated with the first 
method was similar to the anthropogenic contribution calculated 
at the rural background site Louis Trichardt (72%) with this 
method. However, the estimated anthropogenic contribution 
calculated with the second method is slightly lower than the 
values estimated at the industrially influenced Vaal Triangle 
and Amersfoort sites (~90%) with the second method, while 
being significantly higher than the anthropogenic (industrial) 
contribution calculated at Louis Trichardt (43%) and Skukuza 
(62%) (Conradie et al., 2016). Notwithstanding the deficiencies 
associated with these estimations of anthropogenic SO4

2-, both 
methodologies signify a strong anthropogenic influence on SO4

2- 
at Welgegund.

It is evident from Fig. 5 that anthropogenic (industrial) activities 
have a significant influence on rainwater’s chemical composition 
at Welgegund, with this source group contributing 33% to the 
total ionic content. The anthropogenic (industrial) source group 
contribution at Welgegund is lower than the fossil fuel source 
group contribution to ionic content in rain at Amersfoort (44%) 
and Vaal Triangle (47%), but higher than the contribution of fossil 
fuels at the two rural background sites (24% and 13%) (Conradie 
et al., 2016). As mentioned previously, Amersfoort and Vaal 
Triangle are located within two highly industrialised national 
priority areas, while the impact of air masses passing over these 
regions are evident at Welgegund (Fig. 1). Welgegund is also 
impacted by large point sources in the western Bushveld Complex, 
located within the Waterberg–Bojanala priority area, as well as 
the Johannesburg–Pretoria conurbation (Fig. 1). In addition to 
large point sources in these source regions, vehicular emissions 
and household combustion can also contribute to elevated levels 
of anthropogenic pollutants at Welgegund (Venter et al., 2012; 
Venter et al., 2018).

Agricultural contribution

The agricultural source group contribution at Welgegund 
was estimated to be 13% (Fig. 5), which was similar to the 

contribution of agricultural activities at Amersfoort, Louis 
Trichardt and Skukuza. A larger agricultural contribution was 
determined for Vaal Triangle (20%), which was attributed to 
the manufacturing of fertilisers in that region. As mentioned 
previously, Welgegund is located on a commercial farm, with 
the immediate area surrounding Welgegund being grazed by 
livestock, while the remaining area is covered by crop fields. Jaars 
et al. (2016) indicated the extent of cultivation in this region 
through a comprehensive vegetation survey conducted within a 
60 km radius from Welgegund. Therefore, gaseous NH3 emissions 
associated with urea in animal excreta and from soils (Schlesinger 
and Hartley, 1992), together with the use of fertiliser for crop 
production, would contribute to NH4

+ in rain samples collected 
at Welgegund. The influence of fertilisers on atmospheric NH4

+ 
is also signified by the relatively strong statistical correlation 
between NH4

+ and NO3
- (Fig. 4). Recent studies on aerosol 

chemical composition at Welgegund also indicated that NH4
+ 

was the second-most abundant species in submicron particulates 
(Venter et al., 2018; Tiita et al., 2014).

Biomass burning contribution

Biomass burning was estimated to contribute 5% to the total ionic 
content of rain at Welgegund (Fig. 5), which was similar to the 
biomass burning contributions estimated at Amersfoort and Vaal 
Triangle. The biomass burning source group contribution was 
higher at the rural background site, Louis Trichardt. Although 
Welgegund is frequently impacted by widespread regional open 
biomass burning plumes (Vakkari et al., 2014), the open biomass 
burning period typically occurs at the end of the dry season 
(June to mid-October). Figure 6 depicts the monthly number 
of fire pixels observed with the MODIS collection 5 burned area 
product (Roy et al., 2008) within a 100, 250 and 500 km radius of 
Welgegund, together with the number of rain events collected each 
month. It is evident that the influence of open biomass burning on 
rain chemistry will be less pronounced due to the open biomass 
burning season not coinciding with the wet season. In addition, 
NO3

- was estimated to be of completely anthropogenic origin in 
this study and not considered in biomass burning contribution 
calculations, which could also contribute to a lower estimate of 
the biomass burning contribution.

Table 5. Estimated source contributions to SO4
2- (µeq∙L-1).  Terrigenous and anthropogenic values calculated with the second method 

(assumption of background concentration of 7 µeq∙L-1) are indicated in brackets

Total (µeq∙L-1) SSF (µeq∙L-1) nSSF (µeq∙L-1) Anthropogenic contribution to total [SO4
2-] (%)

Marine Terrigenous Anthropogenic

49.7 2.7 11.3 (4.7) 34.5 (41.1) 71.7 (80.7)

Figure 6. Monthly fire frequencies within a 100, 250 and 500 km radius from Welgegund during the sampling period (MODIS collection 5 burned 
area product, Roy et al., 2008) with the number of rain events collected each month indicated on top
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Seasonal variability

In Fig. 7, the seasonal variabilities in chemical composition and 
wet deposition fluxes determined during the sampling period are 
presented. It is evident that the VWM concentrations and the wet 
deposition fluxes correspond to rainfall depth, i.e., the dry season 
is characterised by higher ionic concentrations, while significantly 
higher wet deposition fluxes occur during the wet season. Lower 
ionic concentrations during the wet season can be attributed to 
cleansing of the atmosphere through rain events, while the wet 
removal rate decreases during the dry season. In addition, the dry 
season coincides with winter, which is characterised by increased 
air mass recirculation and more pronounced low-level inversion 
layers trapping pollutants near the surface (Tyson et al., 1996).  

Winter is also associated with additional coal and wood 
combustion for domestic heating (Venter et al., 2012; Vakkari et 
al., 2013), which is also reflected by relatively higher OA VWM 
concentrations during July. A denser particle distribution in the 
below-cloud atmosphere also promotes the scavenging efficiency 
of the raindrops and will increase the washout effect of the rain 
event (Xu et al., 2017). Therefore, the observed temporal variances 
in chemical composition can be attributed to seasonal changes in 
meteorological conditions and source strengths. It is also of interest 
to note that, similar to the four other South African DEBITS sites, a 
stronger marine signal is evident during July (higher Na+ and Cl-),  
which could be attributed to more cold fronts from the southern 
oceans passing over the region (Conradie et al., 2016).

Figure 7. Seasonal variations in the (a) ionic concentrations and (b) fluxes of wet deposition at Welgegund between 2015 and 2017.  The blue lines 
represent monthly rain depths
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CONCLUSION

Similar to the four other South African DEBITS sites, SO4
2- was 

the most abundant species in rainwater collected at Welgegund. 
The SO4

2- VWM concentration at Welgegund was in the same 
order as the SO4

2- levels determined at two regional sites 
within proximity of industrial sources, which had SO4

2- VWM 
concentrations three to four times higher compared to levels 
thereof at two rural background sites. NO3

- was the second-most 
abundant species at Welgegund, with a VWM concentration 
similar to levels thereof at the industrially impacted sites, 
which was two to three times higher compared to NO3

- VWM 
concentrations at rural background sites. The total ionic VWM 
concentrations at Welgegund were also similar to the total VWM 
concentrations of ionic species at the two industrially impacted 
sites. S and N wet deposition fluxes were 4.38 S kg∙ha-1∙yr-1 and 
4.48 N kg∙ha-1∙yr-1, respectively, which were lower than the S 
and N deposition determined at the industrially influenced sites 
due to lower average annual rainfall at Welgegund. The pH of 
rainwater at Welgegund was below the natural pH of rain, and 
was comparable to pH levels at the rural background sites, which 
suggested increased neutralisation of acidic species at Welgegund. 
Acidic potential calculations indicated that 63% of the acidity was 
neutralised, mainly by Ca2+ and NH4

+.

Statistical analysis and empirical calculations revealed similar 
major sources of ionic species in rain at Welgegund as those 
identified for the other South African DEBITS sites. The 
anthropogenic (industrial) source group had the largest 
contribution to ionic content at Welgegund, which indicated 
the significant regional influence of major sources in the north-
eastern South African interior and anticyclonic recirculation of 
air masses. The seasonal variability in ionic content in rainwater 
also reflected the influence of changes in meteorology and source 
strength. Crustal species made a significant contribution to 
ionic content, which was attributed to air mass movement over 
an arid region in South Africa. A relatively high contribution 
was also determined from marine sources, while the influence 
of agricultural activities was also evident. A relatively small 
contribution was estimated for biomass burning, which was 
ascribed to the open biomass burning season not corresponding 
to the wet season. The estimated contributions of different source 
groups to ionic content in rainwater at Welgegund were similar 
to those determined at the industrially impacted Amersfoort  
site.
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