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HIGHLIGHTS

e A H,S mean of 3.1 ppb was reported for a 2-year measurement period.

e Seasonal and diurnal patterns indicated significant low-level emissions.

e Seven main sources of H,S were identified with a receptor orientated method.
e Source contributions above baseline concentrations were quantified.

e Urban areas were identified as an important source contributor of H,S.

ARTICLE INFO ABSTRACT

Keywords: South Africa is one of the largest atmospheric sulphur emitting countries, but the contribution of H,S to this
Hydrogen SUIPl}ide (HzS) regional burden is not known. Also, no HS source apportionment for South Africa have been undertaken,
Seasonal and diurnal pattemns although HS has adverse effects on the environment and human health both directly and after being oxidised.

Receptor source identification and
quantification

South Africa

Air quality management

Measurements were conducted for 2 years at a site on the Mpumalanga Highveld (South Africa), which is
influenced by multiple sources. A mean of 3.1 ppb H,S was obtained, which is similar than concentrations re-
ported for some large Northern Hemisphere cities and areas close to gas processing plants. Well defined seasonal
and diurnal patterns indicated that low-level emission sources likely made a significant contribution to the
ambient H,S concentrations. In this study, a receptor method was developed to enable identification of sources
and quantification of their contribution to atmospheric HjS levels above the baseline concentrations. The results
indicate that emissions from urban areas on the Mpumalanga Highveld, associated with sources in towns, as well
as semi- and informal settlements (e.g. ineffective household combustion of low grade coal, sewage waste water
treatment facilities, landfills, small industries and traffic) contributed most to atmospheric HsS levels in excess of
baseline concentrations (34.6%), followed by pyrometallurgical smelters (19.8%) and a petrochemical operation
near Secunda (17.9%). The Johannesburg-Pretoria megacity, coal-fired power stations, burning coal dumps and
cattle feedlots contributed 10.9, 4.7, 3.8 and 0.4%, respectively, to HaS concentrations in excess of the baseline
levels, respectively. The results from this study will be informative for legislation that is currently being
considered, wherein regional ambient HyS standards for South Africa are suggested.

1. Introduction carbonyl sulphide (OCS), carbonyl disulphide (CSz) and dimethyl
disulphide (CH3SCH3), are the principal sulphur containing compounds
Hydrogen sulphide (H,S), together with sulphur dioxide (SOg), in the atmosphere (Seinfeld and Pandis, 2006). Rubright et al. (2017)
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summarised the pathophysiological responses associated with HsS
exposure, which starts with the odour threshold at approximately 10-15
ppb. Prolonged exposure at 2-5 ppm may cause nausea, tearing eyes,
headache and loss of sleep. Exposure at 20 ppm could results in fatigue,
loss of appetite, headache, irritability, poor memory and dizziness.
Respiratory tract irritation may occur after 1-h exposure at 50-100 ppm.
Depending on the concentration and exposure time, death may occur at
exposure above levels of 100 ppm. In addition to the human patho-
physiological effects, HoS (—2 sulphur oxidation state) also contributes
to impacts associated with SO, (+4 sulphur oxidation state), as well as
sulphate and sulphuric acid (SO3~ and H3SO4; +6 sulphur oxidation
state). This is due the atmospheric lifetime of HjS typically only being
48 h (Seinfeld and Pandis, 2016), with it predominantly being oxidised
to the afore-mentioned species. Sulphur +6 oxidation state compounds
are commonly found in particulate matter (PM) that has atmospheric
residence times of days to weeks depending on wet and dry deposition
(Seinfeld and Pandis, 2016) and cause several adverse health effects (e.
g. Di et al., 2017).

South Africa is regarded as the 9th largest atmospheric sulphur
emitting country (Stern, 2006) and several studies have focused on the
role of sulphur in wet deposition and process associated with atmo-
spheric aerosols in the region. For instance, Conradie et al. (2016) re-
ported SO3~ to be the dominant ionic species in wet deposition at sites
located in industrial areas and the regional background in the
north-eastern South African interior, while the average pH of wet
deposition is low (i.e. pH 4.32 to 4.89) mainly due to the large fractional
contribution of HySO4. SO%~ (and/or HyS04) also play an important role
in new particle formation (NPF) and subsequent particle growth in the
region (Vakkari et al., 2015). Sites in the South African interior have
exhibited the highest annual median NPF frequencies and annual me-
dian growth rates measured internationally (Nieminen et al., 2018). In
addition, SO7~ together with particulate organic matter (POM) have
been reported to be the dominant species in submicron particles (PM;)
in the South African interior (Aurela et al., 2016; Tiitta et al., 2014;
Venter et al., 2018).

Considering the above-mentioned, it is important to understand and
quantify the possible contribution of HsS to the atmospheric sulphur
load in southern Africa. South African environmental legislation obliges
large emitters of atmospheric pollutants to supply emission data to
government. However, this occurs with some legal safeguards, which up
to now has contributed to a comprehensive peer reviewed emission in-
ventory not being available in the public domain. Therefore, atmo-
spheric emission modelling studies for South Africa have to a large
degree depended on global emission inventory databases (e.g. Kuik
et al., 2015; Lourens et al., 2016), which do not always contain detailed
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information.

Within South Africa, the Mpumalanga Highveld is the region with
the highest atmospheric sulphur load. The term Highveld refers to the
inland plateau that has an altitude above ~1400 m above mean sea level
(AMSL), which encompass almost the entire Free State and Gauteng
Provinces, as well as significant portions of the surrounding Eastern
Cape, Northern Cape, North West, Limpopo, and Mpumalanga Provinces
(see Fig. 1 for details on provinces in South Africa). The Mpumalanga
Highveld hosts an array of very large anthropogenic point and regional
emission sources (Collett et al., 2010; Lourens et al., 2011). The atmo-
sphere over this area is relatively heavily polluted (Department of
Environmental Affairs, 2010) and an NO; hotspot over this region is
clearly visible from satellite observations (e.g. Lourens et al., 2012).

As previously mentioned, the absence of atmospheric emission
modelling studies for H,S is at least partially due to the lack of a
comprehensive peer-reviewed emission inventory. In addition, almost
all receptor source apportionment studies conducted for South Africa
have only been undertaken for atmospheric particulate matter (PM) (e.g.
Engelbrecht et al., 2002; Jaars et al., 2018; Maenhaut et al., 1996; Tiitta
etal.,, 2014; Van Zyl et al., 2014; Venter et al., 2017) and wet deposition
(e.g. Conradie et al., 2016; Mphepya et al., 2004; Mphepya et al., 2006),
without considering trace gases.

The general aim of this paper is to improve the understanding of
ambient HyS in southern Africa. The specific objectives were to con-
textualise the ambient HoS concentration levels and explore temporal
(seasonal and diurnal) patterns in order to gain insight into contributing
sources/conditions above baseline HyS concentrations. These aims will
be achieved by considering a multi-year dataset collected at a repre-
sentative site located in the Mpumalanga Highveld. This work will
enable local and national government to identify and address emissions
of HyS, if required, in order to improve air quality and/or mitigate
possible impacts thereof.

2. Method
2.1. Site description

Measurements were conducted from 1 February 2009 to 31 January
2011 during the South African measurement campaign, which was part
of the European Integrated Project on Cloud Climate, Aerosols and Air
Quality (EUCAARI) (Kulmala et al., 2011; Laakso et al., 2012) and
conducted at the Elandsfontein measurement station (26° 14'43 S, 29°
25'30 E, 1750 m AMSL). As indicated in Fig. 1, this site was centrally
situated with regard to most of the large point sources within the
Mpumalanga Highveld, which limits bias to a specific source(s).

* Elandsfontein

@ Coal-fired power station
A Petrochemical operation
@ Pyro-metallurgical smelter,
% Large feed lot

O Small town/city

.
o 8 oL °
[ %%, X o /
+0 ¢ o o
: ok o °
! -3
? ~ o ©°
L e *o ‘ S o
aE e s oMP

Fig. 1. Map indicating the position of the Elandsfontein measurement site in a southern African context. The blue polygon in the zoomed-in map indicates the
Johannesburg-Pretoria megacity, while markers indicate the locations of various anthropogenic sources. The following abbreviations for the South African provinces
were used: MP (Mpumalanga), GP (Gauteng), LP (Limpopo), NW (North West), FS (Free State), KZN (KwaZulu Natal), NC (Northern Cape), EC (Eastern Cape) and WC

(Western Cape).
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The immediate surroundings of the Elandsfontein site are mainly
grazed grassland (Mucina and Rutherford, 2006), as clearly evident in
the Google Earth image in Fig. S1, as well as cultivated land that is not
evident from the Google Earth image. No large point sources occur
within an approximate 15 km radius of the station. However, within a
100 km radius, numerous pyrometallurgical smelters, several coal-fired
power stations and a large petrochemical operation are located (Collett
et al.,, 2010; Laakso et al., 2012). In addition, there are also multiple
other sources such as towns, landfills, burning coal dumps, large feedlots
(>20 000 animals), traffic, open biomass burning, domestic fuel
burning, waste burning, as well as marshlands and still standing water
reservoirs. Another large source area is the Johannesburg-Pretoria
(Jhb-Pta) megacity (depicted with a blue polygon in Fig. 1) with more
than 10 million inhabitants, which is an area with many air quality is-
sues (e.g. Lourens et al., 2012, 2016; Mathee and von Schirnding, 2003;
Scorgie, 2012). From the afore-mentioned description it is evident that
the region has a high density and diversity of atmospheric pollution
sources, which makes it a complex area for a trace gas receptor orien-
tated source identification and quantification study.

2.2. Measurements and instrumentation

H,S, ozone (O3), nitrogen oxides (NOx) and SO, were measured
using a Thermo Electron 43A with a Thermo Electron 340 converter, a
Monitor Europe ML9810B O3 analyser, Thermo Electron 42i NOx ana-
lyser and a Thermo Electron 43C SO analyser, respectively. Equivalent
black carbon (eBC) (definitions according to Petzold et al., 2013) was
measured with a Thermo Scientific model 5012 multi-angle absorption
photometer (MAAP), for which eBC concentrations were corrected ac-
cording to the algorithm presented by Hyvarinen et al. (2013). Meteo-
rological measurements were taken with a Vaisala WXT510
meteorological station fitted on the roof of the measurement building at
approximately 3.5 m above ground level and solar radiation with a PAR
sensor (Laakso et al., 2012). All measurements were taken at 1-min.
resolution, from which 15-min. averages were calculated, if at least
two thirds of the data in the 15-min period was available. Data cleaning
and quality assurance, as well as site maintenance procedures have
previously been presented (e.g. Beukes et al., 2015; Laakso et al., 2012)
and are therefore not repeated here.

Elandsfontein is an ESKOM operated ambient air quality measure-
ment station (Collett et al., 2010), for which the instrument measure-
ment set was significantly augmented during the EUCAARI project, e.g.
scanning mobility particle sizer (SMPS) (Wiedensohler et al., 2012),
optical particle counter (OPC), 3-wavelength particle soot absorption
photometer (PSAP) (Backman et al., 2014), 3-wavelength Nephelometer
(Venter et al., 2020), Cimel multichannel sunphotometer AERONET,
2020), dichotomous aerosol sampler with off line PM analyses (Venter
et al., 2016) and a multi-wavelength Raman lidar (Giannakaki et al.,
2015). However, these measurements were not considered in this paper
and are therefore not discussed further.

2.3. Air mass history

The Lagrangian particle dispersion model FLEXPART (FLEXible
PARTicle dispersion model) version 10.4 (Pisso et al., 2019; Seibert and
Frank, 2004; Stohl et al., 2005) was used to calculate air mass histories
to determine potential sources at the receptor site. According to Stohl
et al., (1998), FLEXPART can be used backward in time to determine
possible source contributions at receptor sites (Pisso et al., 2019). The
European Centre for Medium-Range Weather Forecasts’ (ECMWF) ERAS
reanalysis was used as inputs for FLEXPART. The resolution of the input
data was 0.28125° over the 15°S —40°S and 10°E — 45°E area. The
temporal resolution of the ERA5 was 1 h, while the vertical resolution
was 137 model levels. Hourly arriving FLEXPART emission sensitivities
were calculated for at least 48 h backwards, as this is estimated to be the
approximate atmospheric lifetime of HyS (Seinfeld and Pandis, 2006).
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FLEXPART emission sensitivities can be described as simulated particles
that are modelled to be released backwards in time from a receptor site
and their residence time within the output grid cells determines the
sensitivity (Pisso et al., 2019).

2.4. Identification of burning coal dump locations

In order to identify the location and temporal activity of burning coal
dumps in the area, the method presented by Beukes et al. (2018) was
used. In the latter paper, fire radiative power (FRP) data obtained by the
Moderate Resolution Imaging Spectro-radiometer (MODIS) instruments
onboard the Terra and Aqua satellites was used to determine the
availabilities of pyrometallurgical smelters (Beukes et al., 2018). This
was conducted by identifying and tracking the activity patterns of false
positive fires (sources that emitted radiative power signals, similar to
open biomass burning), which were attributed to, for example, off-gas
flaring and metal/slag tapping at pyrometallurgical smelters (Beukes
et al., 2018). In the current study, the same method was used to deter-
mine the location and temporal activity of burning coal dumps within
the study area, as presented in Cogho et al. (2022).

2.5. Identification and quantification of H2S plumes

A novel receptor orientated technique to identify sources of atmo-
spheric H,S and quantify their relative contributions to above baseline
concentrations of HyS was developed in which a dataset comprising
concurrently and continuously measured PM and trace gasses was used.
This was done by modifying and improving a method presented by
Chiloane et al. (2017). Although the aforementioned paper focussed on
eBC, this method developed indicated the potential of being modified
and applied to trace gases (Chiloane et al., 2017). In order to explain this
technique, the algorithm developed is presented in Fig. 2. This algorithm
has been programmed as a MATLAB script, but any similar program-
ming language (e.g. R, Python) could be used.

The steps indicated in the algorithm (Fig. 2) are discussed in more
detail below.

1) In the first step, the relevant data sets are loaded. In this case the
Elandsfontein trace gases and eBC measurement data set, ac-
quired during the EUCAARI project (Laakso et al., 2012), as well
as hourly arriving FLEXPART back trajectories calculated for the
entire measurement period, were loaded. Both datasets were in
local time.

2) In the next step, 24hr + 3hr time series concentration graphs for

all the relevant species considered are plotted for visual inspec-

tion of gaseous plumes. 24hr + 3hr time series graphs indicating
increased concentrations of nitrogen oxide (NO), nitrogen diox-
ide (NO2), SO, HsS and eBC are presented in Fig. 3 as examples.

The developed receptor orientated technique is based on the

identification of co-incidental concentration peaks. Therefore, to

ensure that a peak that extends over two consecutive days is
correctly identified as a single peak, the + 3hr periods are drawn
with the specific 24hr period considered.

If visual inspection shows a peak in HyS that can clearly be

identified from the measurement noise and baseline concentra-

tion, we proceed to step 4. Otherwise, we move forward to the

next day (i.e. step 2).

4) The user must now select the start and end times of the observed
peak. If more than one such peak occurred, the most prominent
one should be selected first. As is evident from the example pre-
sented in Fig. 3, there was a well-defined co-incidental peak from
09:07:30 to 13:35:30 (format HH:MM:SS), where HsS peaked at
the same time as NO, NO; and SO». Furthermore, to help the user
classify/attribute the plume to the correct source or identify a
source that was not initially included for selection, the user must

3
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Fig. 2. Algorithm (flow diagram) for the novel source quantification method developed.
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Fig. 3. Examples of 24hr + 3hr time series concentration graphs for H,S, SO5, NO, NO, and eBC as retrieved on 1 June 2009.
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Fig. 4. Summarised FLEXPART air mass emission sensitivities for the example co-incidental H,S plume depicted in Fig. 3. The markers indicate the location of
sources, as defined in Fig. 1. On the left is the zoomed out FLEXPART emission sensitivities and the right side depicts a zoomed in version which helps to identify
possible sources.
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Fig. 5. Example 24hr + 3hr time series concentration graphs for H2S, SO2, NO, NO2 and eBC on 1 June 2009, with the previously selected H2S and other co-

incidental peaks (identified in Fig. 3) replaced by the baseline corrected value.

5

—~

6)

now manually plot the FLEXPART air mass emission sensitivities
for each hour during the selected plume period (Fig. 4).

For the indicated plume period, the baseline HyS concentration
and baseline corrected plume concentrations are calculated. The
baseline value is calculated as the average between the start and
end H,S concentrations of the plume, while the HsS plume
baseline corrected concentrations are calculated by subtracting
the baseline value from each 15-min average concentration dur-
ing the selected plume period.

Now, potential sources of the identified HyS plume are consid-
ered. Sources were grouped into the following categories:
petrochemical operation near Secunda, coal-fired power stations,
pyrometallurgical smelters, the Jhb-Pta megacity, feedlots, the
paper mill near Nelspruit, emissions associated with towns/small
cities/in- and semiformal settlements (which include waste water
treatment facilities, landfills, household combustion emissions,
small industries, as well as vehicle emissions, especially from
older diesel engines) and mixed/undefined sources. This cate-
gorization is performed by considering all the relevant informa-
tion available for each plume. For instance, co-incidental

increases in certain species can be expected from certain sources
and different sources might have different plume amplitude
strengths. For the specific plume example presented in Figs. 3 and
4, four complementary pieces of evidence indicated that the
measured HyS plume originated from the petrochemical opera-
tion near Secunda with very high probability. Firstly, the plume
amplitude was relatively large, which is not expected for regional
sources. Secondly, the increase in HyS concentration coincide
with increased NO, NO5 and SO, levels, but not with eBC (Fig. 3),
which is typically associated with open biomass burning. The
petrochemical operation generates a significant fraction of its
own electricity, therefore NO, NO, and SO emissions will coin-
cide with HjS. Additionally, Chiloane et al. (2017) showed that
the specific petrochemical operation considered here did not
significantly contribute to eBC measured at Elandsfontein,
therefore the absence thereof in this plume is expected. Thirdly,
the timing of the identified plume corresponds to a typical
high-stack emission that mixes down to surface after the breakup
of the low-level inversion layer(s), which typically occurs be-
tween 08:00 and 10:00 local time as the depth of the planetary



E. Cogho et al.

boundary layer (PBL) starts to increase at Elandsfontein (Korho-
nen et al., 2014), as well as on the Highveld in general (Gierens

Atmospheric Environment 315 (2023) 120140

identification of possible smaller (lower concentration) co-
incidental peaks.

et al., 2018). Lastly (4th), the source assumption was also sup- 10) Once the analysis of the full data set is completed, the source
ported by considering the corresponding air mass history infor- contribution calculation initiates (step 11). In this calculation,
mation (Fig. 4), since the calculated FLEXPART emission <u>Equation (1) is applied to each of the source matrices. This
sensitivity during the plume period passed very close to the equation calculates the percentage contributions to HsS
petrochemical operation. In addition to the petrochemical asso- measured above the baseline concentrations for each of the
ciated plume example considered here (Figs. 3 and 4), more ex- identified sources.

amples in the form of case studies are presented in Section 3.4 Cs

and criteria for the different source categories are summarised in % Source contribution = T x 100 (¢})
Table 1 below.

7) Once the source category is identified, the plume baseline cor- Where C; is the sum of all the plume baseline concentration
rected concentration values of HyS are stored in the data matrix corrected values that were attributed to the specific source; and
for that particular source. For the example plume considered here T, is the sum of all the plume baseline corrected concentrations
in Figs. 3 and 19 plume baseline corrected 15-min average HyS that were attributed to all the source matrices. Additionally, the
concentration values (09:07:30 < period <13:35:30) were stored baseline H,S concentration for the entire measurement period is
in the source matrix of the petrochemical operations. also calculated from the average concentrations remaining after

8) In this step the program redraws the considered 24h + 3h time all attributed plume concentrations have been replaced by the
series concentration graphs for further visual inspection, as plume-specific baseline values.
indicated in Fig. 5, and the process continues by going back to 11) Finally, an appropriate figure (and table with actual values) is
step 4 (Fig. 2). However, in these graphs the previously attributed compiled to visualise the H,S source quantifications in terms of
plume concentrations are replaced with the baseline corrected H,S above the baseline concentrations, as well as provide ratios
value calculated in step 7 and the y-axes of the graphs (species of baseline corrected HaS concentrations divided by baseline
concentrations) are automatically rescaled to enable easier corrected concentrations of the other species relevant to each

Table 1
Criteria for selection of possible sources based on type of pollutants, meteorological conditions, plume characteristics and plume timings.
Source fx1H,S NOx SO, BC Plume Timing FLEXPART
characteristics
Petrochemical Present Present, ratios Present Absent Strong well defined Typically, during Finally for all occasions
of NO and NO, plumes, very high daytime after the FLEXPART emission
differ concentrations break-up of sensitivity analysis is
depending on inversions and used as a last filter to
plume age PBL’s determine if the source
Power stations Rarely present and Present, ratios Present Present Strong well defined Typically, during identification was

concentration of NO and NO,

much lower than differ
other co-incidental depending on
species plume age
Pyrometallurgical Present Present, ratios Present and
smelters of NO and NO, typically higher
differ than other co-
depending on incidental
plume age species
Urban Present Present, ratios Present
of NO and NO,
differ
depending on
plume age
Jhb/Pta Present Present, ratios Present
of NO and NO,
differ
depending on
plume age
Burning coal Present Present, ratios Present
dumps of NO and NO,
differ
depending on
plume age
Feedlots Present Present, ratios Sometimes,
of NO and NO, probably due to
differ fractional
depending on oxidation of
plume age H,S to SO,

Present and
typically higher
than in other
combustion
sources

Present

Present

Present

Absent as there
are rarely any
combustion
activities at the
feedlots

plumes, very high
concentrations
except for HyS

Strong well defined
plumes

Plume amplitude
typically not large,
but the duration of
plumes are usually
long

Plume amplitude
typically not large,
but the duration of
plumes are usually
long

Weak plume
amplitudes and
strength compared
to other sources

Weak plume
amplitudes and
strength compared
to other sources

daytime after the
break-up of
inversions and
PBL’s

Are seen
throughout the day
as stacks emit
below PBL’s

Typically, during
night time and
early mornings as
PBL depth is
shallow and low
level emissions are
common
Typically, during
night time and
early mornings as
PBL depth is
shallow and low
level emissions are
common
Typically, during
night time and
early mornings as
PBL depth is
shallow and low
level emissions are
common
Typically, during
night time and
early mornings as
PBL depth is
shallow and low
level emissions are
common

correct
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source type. Since so little H,S data is available for South Africa,
such ratios can be used in future modelling studies as approxi-
mated emission factors to estimate HsS if only concentration(s) of
other species are known.

3. Results and discussion
3.1. Data coverage and contextualisation

HyS data coverage during the measurement period was approxi-
mately 75%. Most of the data gaps were due to electrical power outages,
since South Africa was overwhelmed by an energy crisis at the time
(Pretorius et al., 2015). Additionally, questionable and/or uncertain
data points were removed to ensure a high-quality data set, as per the
previously published quality control procedures (Beukes et al., 2015;
Laakso et al., 2012). Considering that most of the data gaps were due to
power outages and that the dataset was subjected to thoroughly quality
procedures, the 75% data coverage can be considered relatively good.
Additionally, gaps in data occurred throughout the entire measurement
period and were not associated with specific periods, which therefore
avoid seasonal bias.

In Table 2, the mean and median, as well as 5th, 25th, 75th and 95th
percentile HyS concentration values for the entire study period are
presented. The mean HyS concentration of 3.1 ppb was significantly
higher than mean concentrations reported for real background sites such
as over the northern equatorial Atlantic Ocean and rural regions of
France where mean H,S concentrations of 5-50 ppt (0.005-0.05 ppb)
and 0.055 ppb were respectively recorded (Slatt et al., 1967; Delmas
et al., 1980). The mean of 3.1 ppb was similar than the mean concen-
tration of 5.55 ppb reported for the city of Thessaloniki, Greece (Kour-
tidis et al., 2007), as well as to a residential area in Arkansas, USA in
proximity of gas processing plants where mean concentrations of 2.4 and
3.4 ppb were recorded for May to July and October to December 1998,
respectively (Skrtic, 2006). However, the mean H,S concentration at
Elandsfontein was significantly lower than the mean levels reported for
heavily HyS polluted sites such as Whakarewarewa Village in the city of
Rotorua in New Zealand for which a mean ranging between 66 and 100
ppb was recorded (Bates et al., 2013; Hinz, 2011), which was attributed
to the proximity of an active geothermal field.

Currently there is no South African National Ambient Air Quality
Standard (NAAQS) limit value for ambient H»S. However, the South
African Department of Environmental Affairs (DEA) stipulates that if a
one-hourly average H,S concentration exceeds 29 ppb on any specific
day, this day is regarded as a high H,S day (DEA, 2010). The calculated
hourly average HsS levels exceeded this 29 ppb “standard limit” 47
times on 13 days. In Table 3, the timestamp, concentration and source
associated with each of these exceedances are presented. Therefore, 13
“high HyS days” were recorded at Elandsfontein during the two-year
measurement period. Considering the average SO, concentration of
11.5 ppb determined at Elandsfontein (Laakso et al., 2012), it appears
that >20% of gas phase sulphur is in the form of HjS.

Table 2

Mean and median, as well as the 5th, 25th, 75th and
95th percentile concentration values for H,S over the
entire measurement period.

Description Value (ppb)
Mean 3.1

Median 1.8

5th Percentile 0.4

25th Percentile 1.1

75th Percentile 3.2

95th Percentile 11.1
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3.2. Temporal H,S patterns

Statistical distribution of monthly HsS concentrations measured at
Elandsfontein are presented in Fig. 6. For referencing purposes, the 5th,
25th, 75th and 95th percentile concentration values are presented in
Table S2. It is evident from Fig. 6 that HoS concentrations were generally
higher in the colder (May to August) and/or dryer (May to mid-October)
months, and lower in the wetter (mid-October to April) and/or warmer
(September to April) months (seasonal classification according to Venter
et al., 2020). This indicates that low-level emission sources likely make a
significant contribution to ambient H,S measured at Elandsfontein,
since these emissions are trapped and concentrated by low-level thermal
inversion layers and/or a shallow PBL depth. Such conditions are
particularly common over the South African Highveld during night-time
and early mornings during the colder months (Garstang et al., 1996;
Gierens et al., 2018; Korhonen et al., 2014), which reduce vertical
mixing in the troposphere.

In Fig. 7, the overall diurnal pattern (for the entire measurement
period), as well as diurnal patterns for the different seasons (Summer =
DJF; Autumn = MAM; Winter = JJA; Spring = SON) are depicted. It is
evident that HaS concentrations were highest in winter (red line), which
agrees with the seasonal analysis considered in Fig. 6. In general, the
diurnal patterns are characterised by bimodal peaks, occurring in the
early morning (between approximately 04:00 and 08:00) and evening
(after approximately 19:00), which also corresponds to low-level emis-
sions being trapped by a low-level inversion layer(s) and/or a shallow
PBL depth (Garstang et al., 1996; Gierens et al., 2018; Korhonen et al.,
2014). Additionally, lower O3 and hydroxyl radical (OH®) concentra-
tions during night-time (Laban et al., 2018; Gierens et al., 2004), with
associated less oxidation of HsS, could contribute to the higher H»S
levels during night-time. A HjS peak is also observed between 9:00 and
13:00 in all the diurnal patterns, which is indicative of downward
mixing of high stack emissions after the break-up of the aforementioned
inversion layer(s) and growth of the PBL (Garstang et al., 1996; Gierens
et al., 2018; Korhonen et al., 2014). This peak is particularly prominent
in winter due to more frequent and pronounced thermal inversion
layers, as well as a lower PBL depth over the South African Highveld
during this time of the year (Garstang et al., 1996; Gierens et al., 2018;
Korhonen et al., 2014).

3.3. Example case studies of prominent sources

In this section, example case studies will be presented to further
illustrate how plumes from major sources were identified and related to
the sources. Since an example for the petrochemical operations was
already presented in Section 2.5, an example for this source type is not
repeated here. In addition, a table that describes the chemical charac-
teristics/footprint of each source was presented in Table 1 to further
explain how the sources were differentiated.

3.3.1. Urban plumes

As previously stated, the term “urban” within the context of this
study refers to plumes associated with a town/city/in- or semiformal
settlement, which excluded the Jhb-Pta megacity. Fig. 8 presents a
Google Earth image of the small-town Bethal, which is approximately
25 km from Elandsfontein. It is evident that this town has a number of
regions that holds different sources from which HyS can be emitted, e.g.
residential coal burning for heating and cooking purposes in informal
settlements, industrial activities and waste treatment facilities in the
small industrial area, as well as vehicle emission from all the areas in this
town. Due to the relatively small size of each individual source and the
close proximity thereof to one another, such sources were considered as
a single source area of HsS, i.e. “urban”, in the source quantification.

In Fig. 9 increases in HyS, SO5 and NO3, are observed, together with a
small increase in eBC, but no increase in NO, between 14:00 and 17:00
on the 10" of January 2011. As previously indicated, a peak with
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Table 3

Hourly exceedances of 29 ppb H,S high day threshold value and the respective sources.
Date and Time Source Concentration (ppb) Date and Time Source Concentration (ppb)
2009/04/18 03:00 Urban 34.98 2009/09/18 11:00 Jhb/Pta 48.61
2009/04/24 06:00 Pyrometallurgical smelter 36.75 2009/12/18 05:00 Jhb/Pta 46.83
2009/04/24 07:00 Pyrometallurgical smelter 30.92 2009/12/23 02:00 Coal Dump 36.3
2009/04/24 08:00 Pyrometallurgical smelter 33.35 2009/12/23 03:00 Coal Dump 30.35
2009/04/25 02:00 Pyrometallurgical smelter 31.83 2010/05/24 03:00 Urban 33.46
2009/05/16 05:00 Coal-fired Powerstation 31.38 2010/05/24 15:00 Petrochemical 32.05
2009/05/19 14:00 Coal-fired Powerstation 34.91 2010/05/24 16:00 Petrochemical 42.31
2009/05/19 15:00 Coal-fired Powerstation 33.98 2010/05/24 17:00 Petrochemical 38.67
2009/06/01 10:00 Petrochemical 66.75 2010/06/05 15:00 Petrochemical 52.33
2009/06/01 11:00 Petrochemical 68.23 2010/06/05 16:00 Petrochemical 60.83
2009/06/01 12:00 Petrochemical 52.11 2010/06/05 17:00 Petrochemical 44.76
2009/06/01 13:00 Petrochemical 39.82 2010/06/05 18:00 Petrochemical 32.22
2009/06/03 01:00 Jhb/Pta 34.47 2010/06/06 16:00 Urban 33.5
2009/06/28 10:00 Petrochemical 37.42 2010/06/06 17:00 Urban 33.65
2009/06/28 11:00 Petrochemical 74.61 2010/06/08 06:00 Urban 71.68
2009/06/28 14:00 Petrochemical 41.03 2010/06/21 21:00 Combination 30.87
2009/06/28 15:00 Petrochemical 32.25 2010/06/21 22:00 Combination 31.36
2009/07/02 02:00 Coal Dump 29.88 2010/06/23 01:00 Jhb/Pta 36.45
2009/07/03 03:00 Coal Dump 38.74 2010/06/23 04:00 Jhb/Pta 33.52
2009/07/09 13:00 Petrochemical 29.57 2010/07/16 10:00 Petrochemical 30.01
2009/07/10 20:00 Urban 37.49 2010/08/14 12:00 Petrochemical 32.85
2009/07/12 00:00 Urban 42.01 2010/09/27 10:00 Urban 31.42
2009/08/20 10:00 Petrochemical 42.11 2010/11/20 11:00 Jhb/Pta 53.57
2009/09/15 23:00 Urban 32.43

'S

HZS concentration (ppb)

L 1 Qj ‘Jg . $
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Fig. 6. Box-and-whisker plots of the measured H,S concentrations for each month during the study period. The red line represents the median, the black dot the
mean, the box the 25th and 75th percentiles and the whiskers are equal to 1.5 times the interquartile range.
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Fig. 7. Diurnal patterns based on average 15-min data of H,S for the entire measurement period, as well as for each season (Summer = December, January and
February; Autumn = March, April and May; Winter = June, July and August; Spring = September, October and November).



E. Cogho et al.

SEmzinoni

Atmospheric Environment 315 (2023) 120140

Fig. 8. Google Earth image of the small town of Bethal. The purple polygon indicates the formal residential, small industry and business areas of Bethal, while the
blue polygons the semi- and informal settlements. The surrounding area consist of small agricultural holdings (green polygon), as well as larger farmlands.
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Fig. 9. 24hr + 3hr time series concentration graphs of co-incidental increases of H,S, SO;, NO, and eBC on the 10™ of January 2011.

coincidental increase of these species is indicative of household com-
bustions on the Mpumalanga Highveld (Chiloane et al., 2017). Although
roughly 90% of households in South Africa are electrified, it is estimated
that more than 70% of low-income households are mainly dependent on
fuels such as coal, firewood and kerosene (Mbonane et al., 2018). Coal is
the most abundant fuel source for residential burning in the Mpuma-
langa province due to its availability and low cost (Balmer, 2007; Lan-
german et al., 2018; Mbonane et al., 2018). Ineffective household
combustion processes applied, especially in in- and semiformal settle-
ments do not oxidise all the sulphur in the fuel to SO, therefore HyS can
also be emitted. It was found that low ventilation coal stove emissions
can contain more than 800 ppm H,S during pyrolysis and about 900
ppm SO3 during the coking phase (Makonese et al., 2015).

The timing of the co-incidental concentration peaks (Fig. 9) does not
exclude the possibility of high stack emissions (e.g. from coal-fired
power stations, or a petrochemical operation) as the plume is

observed during daytime when strong inversions are not present and the
PBL is higher (compared to early mornings and night-time), which will
allow downward mixing of high stack pollutants (Garstang et al., 1996;
Gierens et al., 2018; Korhonen et al., 2014). However, air mass history
indicates strong emission sensitivity over the nearby town Bethal
(Fig. 10), as well as other small towns within the area. Although air mass
history in Fig. 10 indicates the possible influence industry, i.e. a small
fraction of air masses passing over industrial point sources, lower
emission sensitivities were associated with these sources in this case
study. Considering the aforementioned, this plume was attributed to the
“urban” source type.

3.3.2. The Jhb-Pta megacity

The Jhb-Pta megacity was categorised separately from the other
urban sources in this study since it is a very large conurbation compared
to other urban areas. In Fig. 11, co-incidental increases in levels of H,S,
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Fig. 11. 24hr + 3hr time series concentration graphs of co-incidental increases of H,S, SO5, NO, and eBC between 00:00 and 03:00 on the 26M of August 2009.

SO,, NO, and eBC are evident between 00:00 and 03:00 on the 26™ of NO; during night-time transport.

August 2009, but no NO was observed. The Jhb-Pta megacity is further The timing of the co-incidental concentration peaks suggests low-
from the measurement site than the smaller towns/cities/settlements in level emissions to be the origin as it is observed early morning, which
this region, which allows more time for O3 to react with NO to produce makes it very unlikely that downward mixing of high stack pollutants
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Fig. 12. Summed up FLEXPART emission sensitivities for the example co-incidental H,S plume depicted in Fig. 11.
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would occur (Garstang et al., 1996; Gierens et al., 2018; Korhonen et al.,
2014). Air mass history in Fig. 12 also indicated air masses passing over
the Jhb-Pta megacity (blue polygon) and close to a coal-fired power
plant, but the absence of NO rules out influence of fresh power plant
emissions. Although further upwind air mass passed over pyrometal-
lurgical smelters in the wester BIC, their influence is considered small in
relation to the number of air masses passing over the Jhb-Pta conurba-
tion (Fig. 12). Considering all the aforementioned, it is likely that the
plume is dominated by the Jhb-Pta megacity emissions.

3.3.3. Pyrometallurgical smelters

Plumes from pyrometallurgical smelters on the Mpumalanga High-
veld are usually characterised by coincidental increases of SO3, NO2 and
eBC, together with HaS (Chiloane et al., 2017). HyS in these plumes are
expected, since pyrometallurgical smelting is a reductive process that is
conducive to the formation of H,S. However, a significant fraction of the
H,S will be oxidised to SO, during off-gas combustion above the mate-
rial bed in open and/or semi-closed furnaces (Beukes et al., 2017), or
during flaring of cleaned off-gas by closed furnaces (Du Preez et al.,
2015; Beukes et al., 2017). In Fig. 13, the co-incidental increase of HsS,
SO,, eBC and some NO, is observed between 04:00 and 10:00 on the 24t
of April 2009, which is the first indication that this plume might have
originated from a pyrometallurgical smelters.

One would expect emissions from pyrometallurgical smelters to be
released via high stacks. However, in South Africa the stacks of pyro-
metallurgical smelters are typically not very tall. For example, the
highest stack at the Lion Ferrochrome smelter of Glencore in Steelpoort
is 58 m and on average the stacks at this smelter are just 45 m tall (Air
Resources Laboratory, 2014). According to the Rustenburg Local Mu-
nicipality air quality management plan (Piketh et al., 2005), only some
platinum group metal (PGM) smelters have stacks that are higher than
100 m, while most other smelters typically have stacks lower than 50 m.
PGM smelters emit significant quantities of SO, since they consume
sulphide-rich ore (Xiao and Laplante, 2004). However, on the Mpuma-
langa Highveld there are no PGM smelters, just ferrochrome, ferro-
manganese and ferrovanadium smelters, as well as a steel mill.
Therefore, these pyrometallurgical smelters will emit pollutants below
low-level thermal inversion layer(s) (Gierens et al., 2018) over the
Highveld, where it can be trapped and concentrated during night-time
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and early mornings. Plumes from these smelters could therefore be
observed at Elandsfontein during any time of the day. It is evident from
Fig. 14 that air masses arriving at 06:00 at Elandsfontein on this specific
day passed over three pyrometallurgical smelters that are located in the
Witbank area, which are most likely the main source of H,S in this case
study.

3.3.4. Coal-fired power stations

It was not expected to observe significant H,S emissions associated
with coal-fired power station at Elandsfontein, since boilers at these
facilities burn at exceptionally high temperatures (~1200 °C at full load,
ESKOM, 2019) in an oxidising environment. However, HyS was
observed in some plumes from coal-fired power station and therefore
two case studies are presented. The first will be, what is considered, a
normal (more common) coal-fired power station plume without H,S,
while the second case study will investigate, a less commonly observed
coal-fired power station plume with HyS being present.

3.3.4.1. Coal-fired power station plume without H,S. Typically, plumes
associated with high stack coal-fired power generation emissions in the
South African interior are observed at ground level after growth of the
PBL depth and breakup of low-level thermal inversion layer(s) in the
morning. This often results in a sharp increase in pollutant concentra-
tions as downward mixing occurs. Such a plume is visible in Fig. 15,
where a sharp increase in SO3, NO3 and NO, but not H,S, was observed
between 11:00 and 17:00 on the 11% of May 2009, suggesting that these
species are emitted from a coal-fired power station (Collett et al., 2010;
Lourens et al., 2011). Furthermore, air mass history (with a starting time
at 10:00) also reveal that air masses passed over two coal-fired power
stations in Fig. 16. Taking into account the co-incidental increases of
NO, NO; and SO, the timing and amplitude of the co-incidental in-
creases, and air mass origin, it is evident that the plume originated from
the coal-fired power stations.

3.3.4.2. Coal-fired power station plume with H,S. As indicated in Fig. 17,
coincidental increases in SO5, NO,, eBC and H,S were observed between
17:00 and 19:00 on the 26™ of May 2010. The absence of NO in the
plume is indicative of an aged plume with NO being oxidised to NO,. As
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Fig. 13. 24hr + 3hr time series concentration graphs of co-incidental increases of H,S, SO2, NO, NO, and eBC on the 24™ of April 2009.
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Fig. 15. 24hr + 3hr time series concentration graphs of co-incidental increases of SO,, NO and NO, between 11:00 and 17:00 on the 11% of May 2009.
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Fig. 16. Summed up FLEXPART emission sensitivities for the example co-incidental H,S plume depicted in Fig. 15

explained earlier, the timing and amplitude of the co-incidental peak
suggest that the plume is of high stack origin, i.e. either from a coal-fired
power station or the petrochemical operation near Secunda. Due to the
presence of H,S in the co-incidental peaks considered in this case study,
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it could very easily be assumed that the plume originated from the
petrochemical operation. However, the emission profile does not look
similar than that of a petrochemical operation. HsS is evident as a peak,
that has approximately the same profile as the observed NO; and SOo,
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Fig. 17. 24hr + 3hr time series concentration graphs of co-incidental increases of HzS, SO5, NO and NO, on the 26" of May 2010.
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Fig. 18. Summed up FLEXPART emission sensitivities for the example co-incidental H,S plume depicted in Fig. 18.

but it is not as concentrated. In addition, the co-incidental increase in
eBC is not present in plumes associated with the petrochemical opera-
tion. It is also evident from air mass history for this case study (Fig. 18)
that air masses passed over or close to coal-fired power plants to the west
of the Elandsfontein station.

As indicated earlier, it is well known that pollution from coal-fired
power stations in South Africa are characterised by coincidental in-
creases in SO, NO5 and NO (Collett et al., 2010; Lourens et al., 2011;
Belaid et al., 2014; Pretorius et al., 2015). However, according to Shirai
et al. (2012), it is possible for H,S to be formed during coal-fired power
generation if low-NOy combustion principles are applied. Several papers
have been published that indicate that the sole electricity supplier in
South Africa, ESKOM, have indeed been switching to low-NOx burners in
order to move closer to compliance with more stringent NOy emission
standards (e.g. Engineering News, 2017; Van der Merwe et al., 2017).
Another reason for the presence of HyS is that a non-ideal oxidative
environment is experienced when a coal-fired boiler is started up, which
could lead to some HyS also being emitted. Typically, a cold boiler is
initially started by injecting fuel oil at a high pressure through nozzles
(ESKOM, 2019), which does not represent boiler conditions at full load
and temperature (ESKOM, 2019). South Africa has been in an energy
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crisis since 2007 due to an increase in electricity demand and poor
maintenance of the coal-fired power stations (Pretorius et al., 2015).
These factors have resulted in more than normal breakdowns (and
associated cold start-ups) of coal-fired power station boilers.

3.3.5. Cattle feedlots

There are three large cattle feedlots relatively close to the Elands-
fontein measurement station with Fig. 19 depicting a Google Earth
image of the Kanhym feedlot (25° 53'40 S, 29° 33'31 E). These feedlots
emit pollutants at surface level and are characterised by emissions of
reduced sulphur compounds such as HjS, as well as nitrogen oxides,
depending on the type of animals and feed used at the feedlot (Feilberg
etal., 2017; Koelsch et al., 2004). The cattle feedlots on the Mpumalanga
Highveld are open, dry feedlots, meaning that animals are not kept in
confined environments. However, at the Kanhym cattle feedlot, there is
also a very large piggery. The pigs are housed in closed buildings and
could also contribute to gaseous emissions. In Fig. 20, a simultaneous
increase of HyS, SO, and NO, is observed between 23:00 on 30
November and 02:00 on 1 December 2009. It was not expected to
observe an increase in SO> in a feedlot plume, but this could be due to
fractional oxidation of emitted HaS during transport of the air mass. The
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Fig. 19. Google Earth image of the Kanhym feedlot and piggery. The blue
polygon indicates active feedlots, the green polygon shows inactive feedlots, the
yellow polygons indicate the piggery, the purple polygon is a waste treatment
dam, the pink polygons are silage production areas and the cyan polygon
indicate a stagnant water body that has discoloured, likely due to manure
runoff (a run-off path from the one end of the feedlot to the dam is
clearly visible).

Atmospheric Environment 315 (2023) 120140

north-eastern interior of South Africa is in general characterised by
relatively high O3 concentrations (e.g. Laban et al., 2018), which will
contribute to high levels of the hydroxyl radical (OH®) (albeit not
characterised and quantified yet in South Africa) (Seinfeld and Pandis,
2006). Additionally, co-emission of SO, from combustion sources at the
feedlot (e.g. heavy vehicles, refuse combustion and household com-
bustion) could also have contributed to it being measured as a
co-incidental species.

Fig. 21 clearly indicates air masses that had passed over the Kanhym
and SIS feedlots. However, three power plants and one pyrometallur-
gical smelter lie within this FLEXPART footprint area. The timing of the
co-incidental concentration peaks does not eliminate high stack emis-
sions as a potential source, but it makes it very unlikely since it was
observed late at night when low-level thermal inversion layers are
present (Garstang et al., 1996; Gierens et al., 2018; Korhonen et al.,
2014). Furthermore, the peak amplitudes were not indicative of a fresh
coal-fired power station plume. Although the contribution from a
coal-fired power station cannot be completely excluded, this plume was
associated mainly with feedlot emissions.

100 F ' '

Concentration (ppb)

12:00

18:00

EZO_ H,S
o
~ BC =]
o, 15} o
Sl=
=
£ 101
o
ic
g 5r
Q
o
(G 1 1

Concentration: BC (uglm3)

00:00 06:00

12:00

1
18:00 00:00

Fig. 20. 24hr + 3hr time series concentration graphs of co-incidental increases of H,S, SO, and NO, on the 30™ of November 2009.
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Fig. 21. Summed up FLEXPART emission sensitivities for the example co-incidental H,S plume depicted in Fig. 21.
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3.3.6. Burning coal dumps

Emissions from spontaneous combustion of coal (coal dumps/seams)
on the Mpumalanga Highveld have recently been semi-quantified in a
study where fire radiative power observations were used to determine
these activities (Cogho et al., 2022). Coal mining is a prevalent activity
in this region and a consequence is the exposure of coal to oxygen, which
can cause spontaneous combustion of coal. It has been suggested that the
spontaneous combustion of coal may have significant environmental
impacts (Pone et al., 2007, Cogho et al., 2022), since the ineffective
combustion of sulphur containing coal will emit HoS (Sussman and
Mulhern, 1964). The formation of HsS from burning coal dumps could
be from two possible reaction pathways (Reactions 1 and 2) (Sussman
and Mulhern, 1964).

H,S04 + FeS — FeSO4 + H,S (@]
C + 2580, — CS;, + 4H,0
CS; 4 2H,0 — 2H,S + CO, (2)

In Fig. 22, a simultaneous increase of HyS, SO, and a slight increase in
eBC is observed between 07:00 and 09:00 on the 20™ of September
2010. These increases were unlikely to be from high stack emissions, due
to the timing of the co-incidental peaks, as previously indicated (Gar-
stang et al., 1996; Gierens et al., 2018; Korhonen et al., 2014). This
co-incidental increase in HyS, SO and eBC are not necessarily indicative
of the emissions of burning coal, as it is similar to the emissions of other
low-level sources (e.g. urban and feedlot emissions). However, from
inspection of the back-trajectory paths (Fig. 23), it is evident that the air
masses passed directly over an actively burning coal field that was
identified with the method presented by Beukes et al. (2018) and Cogho
et al. (2022) (explained in Section 2.4).

In the Google Earth image presented in Fig. 24, a polygon indicating
the area surrounded by the blue circle in Fig. 23 is presented. Histori-
cally the coal fields in the area were mined by using a room and pillar
technique. This is an underground mining practice in which pillars of
coal are left within a coal seam to provide support for the roof of the
underground operation, while the coal surrounding the pillars are mined
to form “rooms” (Bell et al., 2001; Pone et al., 2007). More recently,
opencast mining operations to mine the left over “pillars”, exposes the
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coal “pillars” to an influx of oxygen, which results in the spontaneous
combustion of some of the coal (Bell et al., 2001; Pone et al., 2007). The
combustion process can become self-sustaining in the presence of oxy-
gen once the coal is burning hot enough and large quantities of coal is
available, which makes containing these fires extremely difficult (Bell
et al., 2001).

3.4. H,S source contributions

Fig. 25 presents a simple bar plot of the H,S source contributions to
ambient H,S concentrations in excess of the baseline (which was 2.7
ppb, when plume periods were excluded), conducted with the method
introduced and discussed in Section 2.5. Co-incidental concentration
peaks were allocated to eight different sources, namely the petrochem-
ical operation near Secunda (indicated as “Petrochemical”), coal-fired
power stations (indicated as “Powerstation”), pyrometallurgical
smelters (indicated as “Pyrometallurgical), urban (not including the
Jhb-Pta megacity), Jhb-Pta megacity, feedlots, burning coal dumps
(indicated as “Coal dumps”) and mixed.

It is evident from Fig. 25 that the largest contributor to ambient HyS
levels measured in excess of the baseline concentrations observed at
Elandsfontein, were urban emissions (i.e. 34.6%). As previously stated,
these urban emissions include all H,S emissions associated with cities/
towns/in- and semiformal settlements (excluding emissions from the
Jhb-Pta megacity) e.g. household combustion, waste water treatment
facilities, landfills, small industries, as well as traffic emissions, espe-
cially, from older diesel vehicles (Kourtidis et al., 2007; Sengupta, 2014;
Colomer et al., 2012; Hac Ko et al., 2015). In the diurnal H,S patterns
(Fig. 25), bimodal peaks were identified in the early mornings and
evenings, which were attributed to low-level emissions that can be
trapped near the surface (Garstang et al., 1996; Gierens et al., 2018;
Korhonen et al., 2014). Therefore, the afore-mentioned result, i.e. urban
emissions having the largest contribution to HyS measured at Elands-
fontein, agrees with the deductions made from the seasonal and diurnal
patterns. It should be noted, though, that the urban category may
include some industrial emissions in rare cases, where night-time mixing
brings high stack emissions down to the surface. It is also possible that a
plume from a more distant point source that reached ground level the
previous day would be observed during night-time at Elandsfontein.

60 T T T T T

o HZS

..g 302

c4or NO | ]

[=]

2 NO,

c

820+ #1

8

o~ M~
ol AL o Aeaia
00:00 06:00 12:00 18:00 00:00
15 8
= E
& 16 ©
g 10r c
© -
5 14 E
o [ ~3
” 238
T =
0 1 1 X 1 0

00:00 06:00

12:00

18:00

00:00

Fig. 22. 24hr + 3hr time series concentration graphs of co-incidental increases of H,S, SO,, NO, and eBC on the 20" of September 2010.
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Fig. 25. Percentage source contributions in excess of the baseline concentrations for each of the identified sources as calculated with the method introduced in
Section 2.5.

Thus, the contribution here is an upper limit value and deficiencies It is well known that the petrochemical operation near Secunda emits
associated with this defined source group are acknowledged. However, H,S, since the coal pyrolysis gasification process applied (Bunt and
it is still a good indication of HyS emissions associated with urban areas. Waanders, 2008), suppresses the formation of SO3 (the corresponding
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oxidised gaseous species). Therefore, high contributions to ambient HoS
measured at Elandsfontein is expected. However, according to the re-
ceptor source quantification results presented in this study, i.e. contri-
bution of 17.9% to the HjS (Fig. 25) measured in excess of the baseline
concentrations at Elandsfontein, it is evident that it is not the main
contributor of HyS measured in excess of the baseline at Elandsfontein.
Chiloane et al. (2017) found that the pyrometallurgical smelters in the
Middelburg/Witbank area contributed to H»S measured at Elandsfon-
tein, however, the factional contribution of this industry sector was not
quantified in the aforementioned study. The results presented in this
paper (Fig. 25) indicated that the pyrometallurgical smelters in the area
contributed 19.8% to H,S measured in excess of the baseline concen-
trations. The Jhb-Pta megacity was also indicated to be a significant
contributor to HyS measured in excess of the baseline concentrations at
Elandsfontein, with a contribution of 10.9% (Fig. 25). Combined, the
urban- and Jhb-Pta sources accounted for 45.5% of the H,S in excess of
the baseline.

Coal-fired power stations also contributed to the ambient H)S
measured in excess of the baseline concentrations at Elandsfontein, with
a smaller, but not insignificant contribution of 4.7% (Fig. 25). It was not
expected to measure HyS in plumes originating from coal-fired power
stations, since the combustion process requires oxidising conditions that
favour the formation of SOy and not HyS. However, two possible ex-
planations for HyS emission associated with coal-fired power stations
was considered, i.e. use of low-NOx burners (Engineering News, 2017;
Shirai et al., 2012; Van der Merwe et al., 2017) and a non-ideal oxidative
environment experienced during boiler start-ups (ESKOM, 2019). These
are explained in greater detail in Section 3.4.5.b.

Burning coal dumps had a small, but not insignificant, contribution
to ambient HyS in excess of the baseline, contributing 3.8% to the total
ambient HyS measured at Elandsfontein. In relation to the relatively
small number, size and sporadic activities of these burning coal dumps,
they make a surprisingly large contribution to the ambient HsS levels.
Feedlots had the smallest individual contribution to the ambient HyS
measured in excess of baseline concentrations at Elandsfontein i.e. 0.4%.
Three very large feedlots, each with >20 000 animals, could be identi-
fied as sources. These animals do not directly emit HsS, but there are
generally two sources at feedlots where HjS is produced, i.e.: i) in waste
runoff retention structures or treatment lagoons, and ii) accumulation of
manure in pens and manure storage areas (Preece et al., 2018). In both
of these locations, anaerobic wet conditions allow for the decomposition
of manure to produce HjS (Preece et al., 2018; Rubright et al., 2017).
Additionally, anaerobic decomposition of silage feed could also serve as
a small HyS source, but, as far as the authors could determine, no studies
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have been conducted to assess this potential source. It is generally
accepted that feedlots do not emit HyS in very large quantities (Koelsch
et al., 2004). Lastly, the co-incidental concentration peaks that were
attributed to “Mixed” sources contributed approximately 8% of the HxS
measured in excess of the baseline concentrations at Elandsfontein.

In addition to the abovementioned source contributions, statistics of
the ratios of baseline corrected HyS concentrations divided by baseline
corrected concentrations of the other species relevant to each source
type is presented in Table 4. As previously stated, very little H,S data is
available for South Africa in the peer reviewed public domain. There-
fore, such ratios can be used in future modelling studies as approximated
emission factors to estimate HsS, if only concentration(s) of other spe-
cies are known. However, care should be taken when these ratios are
used, since atmospheric conversion processes of the various species cited
in Table 4 are influenced by plume age, methodological conditions (e.g.,
high stack emission mostly observed during certain times of the day on
the South African Highveld) and ambient conditions (e.g., difference
between daytime and night-oxidation processes).

4. Summary and conclusions

Ambient H,S concentrations and sources were investigated in detail
for the first time in southern Africa in this study. Measurements reveals
that H,S forms a considerable fraction (>20%) of the total gas phase
sulphur burden over the industrial hub of South Africa. Consequently, it
appears to be an important contributor also to the particulate sulphate in
southern Africa, with implications to air quality and acid deposition in
this region. Seasonal and diurnal patterns of the HaS concentration at the
Elandsfontein measurement site suggest that surface emissions are the
predominant source of HyS in the region.

A review of industrial and other anthropogenic activities in the
Mpumalanga Highveld suggests a number of potential sources of HsS in
the region. Investigation into HyS plumes in excess of the baseline
concentrations indicates substantial contributions from most of these
sources. Emissions from urban areas (excluding the Jhb-Pta megacity)
were identified as the largest contributor, which accounted for 34.6% of
the H>S in excess of the baseline concentrations. In addition, the Jhb-Pta
megacity contributed another 10.9%, which was a bit lower than the
contribution from the petrochemical operation near Secunda (17.9%).
Pyrometallurgical smelters, coal-fired power stations, burning coal
dumps and large feedlots contributed approximately 19.8, 4.7, 3.8 and
0.4%, respectively. However, it should be noted that especially urban
and megacity categories may contain contributions from surrounding
industrial sources.

Table 4
Mean and median, as well as the 5th, 25th, 75th and 95th percentile concentration values of the calculated H,S ratios.

Source Ratio

H,S/S0, H,S/NO,

Mean Median 5th 25th 75th 95th Mean Median 5th 25th 75th 95th
Powerstaion 0.45 0.20 0.02 0.08 0.58 1.97 0.56 0.28 0.02 0.09 0.62 2.49
Petrochemical 1.22 0.94 0.13 0.57 1.49 2.85 0.88 0.79 0.12 0.49 1.14 1.96
Pyrometallurgical 0.76 0.68 0.20 0.42 0.96 1.50 1.50 1.16 0.20 0.58 2.20 3.49
Urban 1.55 0.59 0.15 0.39 0.93 3.50 1.46 0.87 0.18 0.47 1.76 4.12
Jhb/Pta 0.61 0.47 0.14 0.31 0.65 1.33 1.88 1.14 0.18 0.60 1.96 3.44
Coal dump 0.98 0.67 0.23 0.41 1.02 2.79 1.80 1.05 0.12 0.64 2.87 4.89
Feedlot 1.00 0.97 0.10 0.67 1.24 2.21 1.04 0.90 0.11 0.31 1.52 2.68

H,S/NO H,S/eBC

Mean Median 5th 25th 75th 95th Mean Median 5th 25th 75th 95th
Powerstation 10.79 4.66 0.58 2.96 8.27 37.45 5.19 0.47 0.02 0.11 2.41 27.46
Petrochemical 7.76 2.53 0.16 0.90 5.70 40.20 34.63 18.18 2.90 8.34 42.82 98.19
Pyrometallurgical 35.46 10.15 0.46 3.62 35.88 154.94 7.17 4.90 1.04 3.01 7.85 25.71
Urban 24.06 8.55 0.40 2.51 26.70 94.45 14.76 6.95 1.27 3.20 13.49 55.86
Jhb/Pta 31.19 14.78 0.82 4.46 33.55 138.26 9.03 5.47 1.72 3.47 9.98 24.71
Coal dump 27.48 8.77 0.83 2.87 28.93 103.86 10.89 6.83 1.54 4.16 12.09 27.09
Feedlot 5.46 2.35 0.02 1.23 5.31 25.03 14.92 7.35 3.12 4.86 11.25 66.13
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There are three limitations to the applied source apportioning
method. Firstly, only HyS contributions in excess of the baseline con-
centrations can be identified and quantified. Therefore, diffused, diluted
and very small sources, which contribute to the baseline concentrations,
were not apportioned. Secondly, the method partially depended on the
investigators’ understanding of local/regional sources, emission pat-
terns of these sources (e.g., seasonal and diurnal patterns), regional
meteorological patterns (e.g., boundary layer evolution) and atmo-
spheric conversion processes (e.g., fresh and aged plume differences).
Hence, the method should only be applied by investigators with intimate
local and regional knowledge, and who understand the fundamental
scientific principles. Thirdly, the method is quite time consuming to
apply, since user input is required for the identification and allocation of
each co-incidental HyS peak. A future prospect would be to develop a
machine learning algorithm, which can be trained to identify and allo-
cate co-incidental peaks for any set of species for a specific measurement
site. Notwithstanding these limitations, significant additional insight
into source apportionment can be obtained with this method, as
demonstrated here.

Currently the South African DEA is considering the formulation of
regional specific HpS ambient air quality standard limits. The results
from this study should be used to inform this process. The combined
contribution from urban regions (excluding Jhb-Pta megacity) and the
Jhb-Pta megacity were 56.6% to HyS concentrations in excess of the
baseline in the Mpumalanga Highveld. This indicated that focus should
foremost be on poverty alleviation, which will reduce household com-
bustion of low grade coal in semi- and informal settlements, as well as
matters controlled by local and municipal government e.g. uncontrolled
refuse combustion, mismanaged sewage water facilities (for which
South Africa is infamous at present, e.g. Tempelhoff, 2009) and poorly
maintained diesel vehicles that are allowed to be used — all of which are
likely sources to contribute to the observed emissions associated with
urban emissions of HS. If the envisaged legislation is applied to only
focus on large industrial point sources, it will likely reduce the occur-
rence of so-called “high H,S” days (a day on which an 1-h average H,S
concentration exceeds 29 ppb), but possibly not reduce the overall
ambient levels. Thirteen such “high H,S" days were recorded at
Elandsfontein during the two-year measurement period considered in
this study, which were attributed to different sources. The proposed
legislations should also take into consideration that the average baseline
concentration measured during this 2-year sampling period was 2.7 ppb,
which can be ascribed to diluted industrial- and background emissions
from very diffused, diluted and very small sources that will not be
influenced by legislation.
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