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—G) Open A
The use of lichens as indicators of healthy air dates back to 1866 when Nylander

[1] evaluated air quality based on changes observed in the lichen community

composition at Jardin du Luxembourg in Paris [2]. Since then, the process of as-
sessing changes in lichen community composition in order to evaluate “air qual-
ity” became one of the most used tools in most European countries [3] [4].
However, this technique of using biological material to monitor the environ-
ment, ie. biomonitoring, only became well established across the world follow-
ing the ground-breaking work by Riihling and Tyler in the late 1960s, introduc-
ing the use of naturally growing mosses as monitors of heavy metal deposition

from the atmosphere [2] [3] [4] [5]. At present, this technique is well-established
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in most European countries [2]-[10] but not in South Africa (SA). Thus far,
there are five published biomonitoring studies in South Africa [11] [12] [13] [14]
[15]. These are related to data acquired from Pretoria region (Gauteng Province)
[11] [14] and from a mining industrial area in the North West Province of SA
[15].

Apart from monitoring concentration levels of classical pollutants such as
particulate matter (PM,,), ozone (O;), carbon monoxide (CO), little is being
done by the SA government on air monitoring of other pollutants such as heavy
metals and other trace elements. However, any industrialised and developing
country like SA carries a burden of industrial air pollution, including trace ele-
ments (e.g. heavy metals) and persistent organic pollutants. As identified by the
SA Department of Environmental Affairs and Tourism (2000), emissions from
the industry contribute to high levels of air pollution and waste in SA [16]. A va-
riety of adverse effects on human health and environmental degradation experi-
enced in developing as well as developed countries are related to exposure to
polluted air [17] [18] [19]. Primary and major causes of air pollution include
consistent industrial growth, urbanisation, and emissions from automobile traf-
fic [5] [20] [21].

The choice of biomonitors for the current study was based on the enhanced
ability of mosses and lichens to trap, accumulate, and retain heavy metals and
other trace elements from the air [21]-[26]. This is due to their lack of a root
system which causes them to absorb water, nutrients, and contaminants from
wet and dry atmospheric deposition over the entire surface. This leads to their
insignificant soil contamination or uptake of nutrients from the substrate, which
might affect the concentrations of trace metals found in mosses and lichens [3]
[10] [21]. The only exception is when mosses or lichens grow directly on mineral
soil, since that makes it challenging to avoid co-sampling of mineral soil parti-
cles adhering to the moss tissue. In that case, sampling of mosses and lichens
growing directly on mineral soil should be avoided.

Mosses and lichens are two completely unrelated groups of cryptogamic or-
ganisms with a number of features in common. Apart from lacking a root sys-
tem, these organisms also lack thick waxy cuticles, have a high surface/mass ra-
tio, grow slowly (usually for years) and show high retention of atmospheric met-
als [27] [28]. The moss and lichen species used in this study were selected ac-
cording to their abundance in the study area. Overall, mosses and lichens were
used as natural air filters to trap the toxic trace elements from the air. These
natural air filters were then analysed by non-destructive INAA in order to de-
termine trace element concentrations.

Analytical techniques routinely used in biomonitoring studies include INAA,
AAS (atomic absorption spectrometry), ICP-MS/AES (inductively coupled
plasma-mass spectrometry/atomic emission spectrometry), etc. Among these
INAA is preferred in many cases because of its high accuracy. However, a main
drawback of nuclear physics techniques is that they are expensive, relatively dif-
ficult to calibrate, and have a relatively low throughput [17] [29] [30] [31] [32].

DOI: 10.4236/ajac.2019.103008

87 American Journal of Analytical Chemistry


https://doi.org/10.4236/ajac.2019.103008

N. B. Ndlovu et al.

In general, INAA is a highly sensitive non-destructive analytical technique
used to perform both qualitative and quantitative multi-element analysis of ma-
jor, minor, and trace elements as well as rare-earth elements (REE) in samples
from almost every conceivable scientific or technical field [33] [34] [35]. Since
2007, it was established as the powerful primary (reference) analytical technique
of measurement to determine the International System of Units (SI) traceable
values of element content in complex samples. This is due to its potential for a
superior accuracy and reliability over alternative non-nuclear techniques in pro-
viding quantification of trace elements at ultralow detection limits in environ-
mental, biological and geological multi-element studies [30] [35] [36] [37] [38].
The most common and preferred reactions that are mostly utilised to determine
trace elements in biological materials using NAA are (n, ) reactions because of
the generally higher sensitivity achieved from them as compared to other reac-
tions [33] [39] [40].

This paper presents the first survey of moss and lichen biomonitoring of at-
mospheric deposition of trace and other toxic elements conducted in the West-

ern Cape province of SA.

2. Materials and Methods

1) Study Area

The study area is situated in the south-western part of SA. It comprises two parts
of the Western Cape province; the Cape Winelands (Stellenbosch-Franschhoek)
and the Cape Peninsula (Signal Hill—False Bay—Betty’s Bay). In general, West-
ern Cape province exhibits diverse climatological conditions which are influ-
enced by both the Indian (warm water) and Atlantic (cold water) oceans. How-
ever, the specific area where this study was conducted is considered to have a
Mediterranean climate with cool and wet winters (from June until August) and
warm and dry summers (from December until February). For this study, sam-
pling was done during March-April 2012. Figure 1 shows the SA map with the
Western Cape province indicated in red in the south-western corner. The
enlarged area illustrates sampling sites where mosses and lichens were collected
for the current study [41] [42].

Air pollution monitoring as well as air quality control (for classical pollutants)
in the Western Cape province is managed by the air pollution management di-
rectorate of the Department of Environmental Affairs and Development Plan-
ning (DEADP). This monitoring of classical pollutants levels happens continu-
ously at both provincial and local government levels in order to evaluate them
against those national standards [43].

The Cape Winelands air quality is mostly considered to be good. However,
some parts of Stellenbosch, Wellington and Paarl tend to experience noticeable
levels of air pollution. These are associated with emissions from motor vehicles,
industrial and manufacturing sources, agricultural emissions (from wine farms),
residential fuel burning and biomass burning emissions, as well as emissions

from landfill and wastewater treatment plants. In addition, dominant southerly
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Figure 1. Study area [41] [42].

winds (particularly in winter) usually transport air pollutants from the City of
Cape Town to the southern parts of the Cape Winelands [43]. Currently, there
are six industries which can be regarded as potential air pollution sources
around Stellenbosch Municipality (see Table 1). This is due to their use of fuel
burning devices. Their locations are shown in Figure 2. Amongst other things,
these industries specialise in manufacturing and processing of chemicals, bricks,
planks, wines and agri-food products as well as waste burning [44].

Due to the fact that there are no heavy factories or heavy industries situated in
Franschhoek, except for agricultural industry, Franschhoek is one of the areas
which are generally considered to be relatively pollution free in the Cape Wine-
land [45]. On the other hand, air pollution along the False Bay and Betty’s Bay is
mainly caused by vehicle emissions, particularly from diesel-driven vehicles. In
addition, some vehicle emissions accumulated over Cape Town are transported
out by north-westerly winds over to False Bay. The bulk of the development in
False Bay and Betty’s Bay is residential; there is basically negligible effect of
emissions from heavy industries since none are found in these coastlines. Similar
for Signal Hill, there are no sources of atmospheric pollution to be found on the
hill itself. However, pollutants from the Cape Town city can be transported out
by the winds over to Signal Hill [46] [47]. Moreover, the Signal Hill, False Bay
and Betty’s Bay which are located much closer to the ocean are more likely to be
affected by emissions from the ocean.

2) Sampling and Sample Preparation for Irradiation

The moss species Leptodon smithii and lichen species Parmotrema perlatum
were used as biomonitors in this study. Sampling was carried out during the

warm and dry summer season (March-April) of 2012 from 5 sampling sites in
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Figure 2. Potential air pollution sources in Stellenbosch [42].

Table 1. Potential air pollution sources around Stellenbosch municipality [44].

Company Name Nature of Process Device Type

1) Cape Sawmills Sawmills Boilers: Wood waste and coal

2) Distell Winery Boilers: Coal and heavy fuel oil

3) ICA Development Pty Ltd. Chemical Manufacture Air heater: Diesel

4) Killarney brickfields Pty Ltd. Brick Manufacture Boilers: Coal

5) Parmalat Pty Ltd. Cheese Manufacture Boilers: Heavy fuel oil

6) Provincial Veterinary Veterinary Incinerator Incinerator: Diesel

the Western Cape province of SA. A total of 30 samples of mosses (14 samples)
and lichens (16 samples) were collected from the areas shown in Figure 1. Sam-
pling was conducted according to the sampling guidelines provided by the
UNECE ICP Vegetation Programme on atmospheric deposition studies in
Europe [47]. During the sampling period for the current study, the study area
did not have an abundance of mosses. In general, lichens were found to be more
abundant as compared to mosses. This is because apart from their ability to ac-
cumulate air pollutants, lichens possess an exceptional capability to grow in
abundance and survive in most geographical even in areas that are usually re-
garded as highly toxic where few, if any, higher plants survive [48] [49] [50].
Sampling of moss and lichen samples was conducted in such a way that it was
representative of the whole study area. Samples were not washed but cleaned by
removing surface contamination of all external plant material and visible soil
contamination. All samples were dried to constant weight at room temperatures
and all extraneous plant material was removed. Samples of about 0.3 g in dry

weight were pelletized, wrapped with plastic covers and packed in polyethylene
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cups for short-term irradiation in order to determine short-lived isotopes. For
long-term irradiation, which is used for determination of long-lived isotopes,
samples were wrapped with aluminium foils and packed in aluminium cups.
Samples were then sorted and sent for irradiation.

3) Sample Analysis

NAA was performed in the radioanalytical complex REGATA using fast
pulsed reactor IBR-2 at the Frank Laboratory of Neutron Physics (FLNP) of the
Joint Institute for Nuclear Research (JINR) in Dubna, Russia. As shown in Table
1, long-term irradiation was performed using a cadmium-screened irradiation
channel with average neutron flux density (¢,,;) = 3.6 x 10" n/(cm*s) in order to
determine long-lived isotopes. Samples were irradiated for 4 days, repacked for
cooling and then measured twice. Gamma-ray spectroscopy measurements were
performed using using an HPGe detector system coupled with Genie2000 analy-
sis software. The first measurements were taken after 4 - 6 days cooling time for
30 minutes immediately after repacking. Subsequently, after another cooling
time of 20 days, the 2™ measurements were taken for 1.5 hours. To determine
short lived isotopes (Al, Ca, Cl, I, Mg, Mn, and V), a conventional irradiation
channel utilizing the full energy spectrum of neutrons from the reactor, as
shown in Table 2, was used. Samples were irradiated for 3 minutes and gamma
spectra were recorded twice; after 2 - 3 minutes and 9 - 10 minutes of decay
time, respectively.

Data processing of carrying out qualitative and quantitative analysis of ele-
ments, which is conducted on the basis of standard reference materials (SRM)
and flux comparators, was done using software developed at FLNP. The concen-
trations of the environmentally meaningful elements; Pb, Cu and Cd, could not
be determined by INAA. These elements were therefore determined using in-
ductively coupled plasma mass-spectrometry (ICP-MS) at the Central Analytical
Facilities (CAF), Stellenbosch University, Stellenbosch.

3. Results and Discussion

In this study, a total of 33 elements (Na, Mg, Al, K, Ca, V, Cr, Mn, Fe, Co, Zn,
As, Se, Sr, Ba, Br, Rb, Sb, I, Cs, Cl, Sc, Ti, La, Ce, Nd, Sm, Tb, Hf, Ta, W, Th, U)
were determined using INAA. In order to identify and characterize different
pollution sources, multivariate statistics (factor analysis) was applied on the ac-
quired data. Factor loadings of selected elements concentrations for the samples

analysed in this study are given in Table 3.

Table 2. Neutron flux in REGATA irradiation channels [51].

Ch. 1 neutron flux (n-cm™2s7') Ch. 2 neutron flux (n-cm2-s7!)
Channel diameter = 28 mm, Channel diameter = 28 mm,
Channel length = 260 mm Channel length = 260 mm
Thermal Resonance Fast Thermal Resonance Fast
Experimental value Cd-coated 3.6 x 10" 5.5 x 101 1.5x 10" 1.8 x 10" 2.7 x 101
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Table 3. Factor analysis of NAA data on moss samples collected from the Western Cape
Province of South Africa (Varimax normalized).

Variables Factor 1 Factor 2 Factor 3 Factor 4
Mg 0.27 0.32 0.40 0.28
Al 0.80 -0.17 0.28 0.08
K 0.70 0.42 -0.12 -0.02
Ca -0.19 0.36 -0.29 0.63
\% 0.69 0.25 0.57 0.01
Cr 0.60 0.47 0.36 0.09
Mn 0.64 0.31 -0.47 -0.01
Fe 0.78 0.53 0.25 -0.01
Co 0.67 0.59 -0.05 -0.13
Zn 0.22 0.82 0.07 0.17
As 0.48 0.79 0.00 -0.03
Se -0.13 0.06 0.59 -0.53
Sr 0.13 0.16 -0.03 0.88
Br 0.10 0.09 0.65 0.57
Rb 0.85 0.24 -0.25 -0.14
Sb 0.05 0.68 0.19 0.06
I -0.14 0.13 0.86 -0.10
Cs 0.89 0.32 -0.11 -0.10
Cl -0.10 -0.09 0.68 0.39
Sc 0.91 0.19 0.16 -0.11
Ti 0.94 -0.07 0.14 0.06
La 0.96 0.07 0.13 0.04
Ce 0.97 0.10 0.05 0.00
Tb 0.97 0.18 -0.02 0.00
Hf 0.92 0.15 -0.14 0.13
Ta 0.91 0.25 -0.14 0.05
W 0.93 0.20 0.09 0.01
Th 0.92 0.31 -0.08 -0.10
U 0.88 0.28 -0.05 0.01
Expl Var 24.09 3.81 2.84 2.16
Prp. TotP 0.49 0.13 0.10 0.07
'Explored variance.

*Total proportion.
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In order to work out values of the factors, the Varimax method was used for
orthogonal rotation of variables that were standardized to zero mean and unit
standard deviation. Varimax normalized rotation of factors was applied and all
factor loadings higher than 0.5 are clearly marked in Table 3. Varimax normal-
ised factor loadings (in %) indicate the percentage measure of variability among
presented variables under the same factor [52] [53] [54].

The strongest factor here is Factor 1, with an explained variance of 24%. This
factor has particularly high values of Al, V, Mn, Fe, Co, Rb, Cs, Ti, Hf, Ta, W,
Th, U and rare-earth elements. These elements indicate contamination of the
analysed samples with crustal material attached to the moss and lichen samples.
Another potential source of these elements is fly-ash particles produced by
processes such as coal burning, which may have a major chemical element
composition similar to crustal material [10] [55] [56]. This suggests Distell and
Killarney brickfields (Pty) Ltd. plants (both in Stellenbosch) as pollution sources
due to heavy fuel oils and coals used by boilers in the manufacturing processes.
With an explored variance of about 4%, Factor 2 has high factor loadings for Fe,
Co, Zn, As and Sb. This is a mixture of elements which could be attributed to a
basaltic component (Fe, Co), elements which are associated with soil contamina-
tion with mixed geogenic-anthropogenic activities (As, Sb), and elements whose
high contents are mainly influenced by natural factors like lithological back-
ground (Zn). In addition, anthropogenic activities also contribute to high con-
centrations of these elements in air. Hence, the variability of elements in this
group represents anthropogenic (man-made) geochemical association, which is
highly connected with the industrial activities around the Western Cape region
[10] [57] [58] [59]. Factor 3, with an explored variance of about 3%, has high
loadings for V, Se, Br, I, Cl. Except for V, which is associated with dust particles
contaminated with oil and vehicle emissions, elements in this factor are associ-
ated with atmospheric deposition of aerosols influenced by marine environment
processes [10] [55]. In Factor 4 (Ca, Se, Sr, Br) has an explored variance of
about 2%. This factor seems to be made by a mixture of elements which could be
attributed to terrestrial, marine and industrial pollution. This indicates the
presence of crustal material, flysch (a sequence of sedimentary rocks that is de-
posited in a deep marine facies in the foreland basin of a developing orogen)
sediments (from Betty’s Bay, False Bay and Signal Hill samples), as well as an-
thropogenic sources (from Stellenbosch samples) that can be found around the
Western Cape area [10] [55] [58] [60].

Average concentrations of elements (major, essential, potentially toxic and
REE) in the analysed mosses in this study showed low elemental concentrations
to be generally obtained from the Betty’s Bay samples. In addition, no observed
clear trend of which area (between Stellenbsoch town, Coetzenburg mountain
and False Bay) has the highest elemental concentrations (Figures 3(a)-(d)).
Contrary to the common trends observed for the elements mentioned above,
halogens were observed to have elevated concentrations for samples collected

from Betty’s Bay and False Bay (Figure 3(e)).
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Figure 3. (a)-(e) Graphs of elemental concentrations for major elements, essential ele-
ments, potentially toxic elements, REE, as well as halogens (respectively) in moss samples.

The error bars represent the calculated uncertainty (O'Cmple) * of the element concentra-

tion in the sample [51].

These are the areas that were in relative close proximity to the ocean as com-
pared to Stellenbosch town (Victoria Street) and Coetzenburg mountain. In pre-
vious studies (e.g. [61] [62] [63]), it has been proven that an ocean is a source of
halogens since halogen are an indication of emissions from sea-salt aerosols

from the ocean surface.

2 2 2
o, o o .
3o, =C = + 2 + 3 , where; o = uncertainty of the meas-
Caanpe sample A c Caarple

Asample ert. ref . mat. ‘cert. ref . mat.
ured element concentration in the sample (Csamp,e) , o, = uncertainty of the measured activity in
the sample (Aamme) , o, =uncertainty of the measured activity in the certified reference material,

O,

, = uncertainty of the element concentration in the certified reference material as listed on the

certificate.
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For lichens, low elemental concentrations were generally found in samples
collected from Franschoek. This trend same trend was observed for the major,
essential, potentially toxic, and the toxic trace elements (Figures 4(a)-(d)).
However, halogens were observed to have elevated concentrations for samples
collected from Signal Hill (Figure 4(e)).

As compared to Stellenbosch town, Jan Marais Nature Reserve, Coetzenburg
mountain and Franschoek sampling areas, Signal Hill area is in relative close
proximity to the ocean. That means for both moss and lichen samples, areas
closer to the ocean had higher halogen concentrations.

In order to compare some of our moss data with the European data [64],
metal median concentrations were plotted alongside corresponding European
data (Figures 5(a)-(f)).
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Figure 4. (a)-(e) Graphs of elemental concentrations for major elements, essential ele-
ments, potentially toxic elements, REE as well as halogens (respectively) in lichen sam-
ples. The error bars represent the calculated uncertainty of the element concentration in
the sample [51].
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Figure 5. (a)-(f) Comparing median concentrations of Al, Cr, Sb, V, Zn and Fe in moss samples from the Western Cape, South

Africa with corresponding European data [64].

4. Conclusion

Our results indicated that mosses are generally more efficient than lichens at

accumulating major, essential, potentially toxic and rare-earth elements. How-

ever, complementary results were achieved by using both mosses and lichens.

This is because lichens were found to be more efficient in accumulating halogens

as compared to mosses. Descriptive statistics of the acquired data were generated

and correlation analyses were done using the Statistica™ package. This was done

in order to facilitate the identification and characterization of different pollution

sources from the collected sample element content. Concentrations of toxic ele-
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(also in Stellenbosch) were found to be relatively higher than those found in
samples from Signal Hill, Franschoek, Betty’s Bay and False Bay. Higher con-
centration of elements in samples collected from Stellenbsoch town and Coet-
zenburg mountain can be attributed to the industries (potential air pollution
sources) around Stellenbosch Municipality (see Table 1 and Figure 2). Since
there are no heavy factories or heavy industries situated in Signal Hill, Franschhoek,
False Bay and Betty’s Bay; air pollution along these areas is mainly caused by ve-
hicle emissions. This can be caused either by vehicles driven in those areas or by
dominant winds that usually transport air pollutants from one area to another in
the Western Cape. Our results also confirmed elevated concentration levels for
halogens (Cl, I, Br) in areas closest to the ocean. In general, a comparison of me-
dian heavy metal (most toxic air pollutants) concentrations in biomonitors from
the Western Cape region with those from Europe revealed relatively lower con-

centrations for the Western Cape.
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