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A B S T R A C T

In the oil fields of Thar Jath, South Sudan, increasing salinity of drinking water was observed together
with human incompatibilities and rise in livestock mortalities. Hair analysis was used to characterize the
toxic exposure of the population. Hair samples of volunteers from four communities with different
distance from the center of the oil field (Koch 23 km, n = 24; Leer 50 km, n = 26; Nyal 110 km, n = 21; and
Rumbek 220 km, n = 25) were analyzed for altogether 39 elements by inductively coupled plasma–mass
spectrometry. Very high concentrations and a toxic health endangerment were assessed for lead and
barium. The concentration of lead increased steadily with decreasing distance from the oil field from
Rumbek (mean 2.8 mg/g) to Koch (mean 18.7 mg/g) and was there in the same range as in highly
contaminated mining regions in Kosovo, China or Bolivia. The weighting materials in drilling muds barite
(BaSO4) and galena (PbS) were considered to be the sources of drinking water pollution and high hair
values. The high concentrations of lead and barium in hair demonstrate clearly the health risk caused by
harmful deposition of toxic industrial waste but cannot be used for diagnosis of a chronic intoxication of
the individuals.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Since 1974, exploratory drillings for crude oil were performed in
the southern areas of Sudan and large deposits were discovered
between 1979 and 1982 in the states Upper Nile and Unity of the
later South Sudan [1]. However, caused by civil war and political
instability, oil production in larger scale started only in 1999 in the
Unity oilfield (Fig. 1). The Thar Jath and Mala oil fields (block 5A,
Unity state) were discovered in 2001 and production began there
in 2006 and 2007 respectively after the Comprehensive Peace
Agreement was signed and the political autonomy of South Sudan
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was granted. The oil production increased until 2012 when new
military conflicts emerged between Sudan and the meanwhile
independent South Sudan and the pipeline to Port Sudan at the Red
Sea was shut down. Since then, oil is produced only sporadically
and to a much lower level. Production facilities are abandoned and
dilapidated.

In 2007, complaints of the population of the Thar Jath region
became known for the first time about a bitter and salty taste of the
drinking water. Diarrhea and gastrointestinal problems had
increased reportedly, particularly of children and older persons.
Increased mortalities of livestock were also associated with the
contaminated water. Drinking water for the rural population of
about 180,000 and for livestock in the surrounding villages of the
oil fields is mainly supplied by hand pumps from the upper aquifer
in 40–80 m depth. Altogether 90 water samples from hand pump
operated wells, surface water of wetlands, ponds of oil processing
water and drilling mud pits were collected during five field trips in
2008 and 2009 and were tested for pH, electrical conductivity, total
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Fig. 1. Map of the oilfields in South Sudan with the locations of hair sampling Koch,
Leer, Nyal and Rumbek.
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dissolved solids (TDS), usual electrolyte anions and cations as well
as heavy metals and polycyclic aromatic hydrocarbons [2,3]. A
strongly increased total salt content with TDS up to 6400 mg/L and
strongly elevated electrical conductivity up to 8150 mS/cm were
found in 24 from 37 drinking water samples (drinking water
standards <1000 mg/L and <2500 mS/cm). This increased salinity
was mainly caused by high levels of Cl� (up to 1600 mg/L), SO4

2�

(up to 2980 mg/L) and Na+ (up to 1400 mg/L). Typical was also an
increased content of K+ (up to 189 mg/L with one extreme sample
of 5180 mg/L).

Extremely high concentrations of these ions were measured in
the samples from drilling pits, e.g. Cl� 42,400 mg/L, SO4

2�

2786 mg/L, Na+ 8630 mg/L, K+ 24,570 mg/L in a pit north of the
village Koch. It was concluded from the direction of groundwater
flow, the spatial distribution of salt contamination and the hydro-
geological boundary conditions found in low water permeable
alluvial deposits that the cause of high conductivities in drinking
water wells can only be attributed to selective seepage of salt-
containing water from the produced water ponds and drilling mud
pits of the Unity, Mala and Thar Jath oilfields operating in the
studied area [2].

Lead above the limit level of 0.01 mg/L with a maximum value of
0.59 mg/L was measured in 14 from 37 drinking water samples. The
water samples from three abandoned drilling pits contained 0.37,
2.06 and 2.15 mg/L lead. Furthermore, chromium (0.01–0.52 mg/L),
barium (0.10–0.30 mg/L) and strontium (0.27–8.0 mg/L) were
Table 1
Age and gender of volunteers. m = male, f = female, y = years.

Location Number Age, years Age distribution

Mean Median <10 y 

Koch 19 m + 5 f 21 22 1 

Leer 26 m 25,8 16,5 0 

Nyal 21 m 17,3 15 3 

Rumbek 25 m 41,3 38 0 

Total 91 m + 5 f 27,1 23,5 4 
found in many of the drinking water samples whereas arsenic,
cadmium, copper and mercury were always below the limits of
detection (0.001 mg/L, 0.0002 mg/L, 0.005 mg/L and 0.001 mg/L
respectively). The concentration of barium was 140 mg/L in a
sample from an abandoned drilling pit and 0.61–1.2 mg/L in
samples from oil processing water ponds. Aluminum and iron had
concentrations above the Sudanese drinking water standards
(0.2 and 0.3 mg/L) only in surface water but not in drinking water.
Manganese was below the Sudanese drinking water standard
(0.5 mg/L) in all samples with exception of one deep drilling water
sample (0.91 mg/L), but 5 drinking water samples from the upper
aquifer with 0.25–0.43 mg/L were above the German drinking
water standard of 0.05 mg/L. Cobalt, thorium and vanadium which
had elevated concentrations in hair (see below) were not measured
in water.

In order to evaluate the health hazard of the population caused
by this contamination of drinking water, hair samples from
inhabitants of the locations Koch, Leer, Nyal and Rumbek
(geographic map see Fig.1) were collected in 2015 and investigated
by multi-element analysis using inductively coupled plasma–mass
spectrometry (ICP–MS). Whereas the distance from the Thar Jath
oilfield to Koch (23 km), Leer (50 km) and Nyal (110 km) is
relatively close, Rumbek (220 km) is further away from the oil
activities and can be regarded as a relatively unpolluted region for
comparison.

2. Material and methods

2.1. Participants of the study and living conditions

The participants of the study were inhabitants of the locations
Koch (n = 24), Leer (n = 26), Nyal (n = 21) and Rumbek (n = 25) and
lived there steadily and for a long time. They were not employed in
oil exploration and production. Under the constraints of the
situation, they were chosen as most easily available. They were
recruited as customers of barber shops, were approached in the
immediate surroundings of a health care center of the organization
Sign of Hope or after announcement of the study in a church. Age
and gender of the participants are given in Table 1. There is a
difference in age distribution between the four locations with elder
participants in Rumbek and younger participants in Nyal. However,
this does not essentially impair the study since the metal
concentrations in hair were found not to be statistically biased
by age within the locations. Female participants were generally
difficult to persuade for the study and only five women took part in
Koch.

Most of the participants lived in traditional homesteads made
from clay and wooden poles for the walls and thatched grass for
roof. Housing conditions were damp during the rainy season (4–
5 months per year). Water was supplied by local hand pumps. The
usual diet was a combination of local food (sorghum, dried fish,
green vegetables, cow milk) and food from the World Food
Program. Hygiene was generally poor. The 10–18 year olds washed
their hair once a day when taking a bath either in the river/swamp
, numbers

10–
20 y

21–
30 y

31–
40 y

>40 y

10 11 1 1
15 4 3 4
15 3 0 0
0 0 16 9
40 15 23 14
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site or at home with water fetched from the borehole. Hair was
washed usually with water only, sometimes with bar soap when it
was available. Men who had regular access to water washed
usually their hair with water only, once or twice a day.

2.2. Hair samples

The hair samples were collected by local barbers who, on this
occasion, always shaved the whole head bald. The hair was cut
directly above the skin using a new razor blade for every volunteer.
Sufficient material was mainly taken from the front of the head and
was stored in zip-lock plastic bags and labeled with name, date of
birth and place of residence of the volunteer. The length of the
curly and wiry hair which was grown after previous shavings was
at least 1 cm and was always investigated in full length.

2.3. Multi-element analysis by ICP–MS

Levels of 39 elements were measured in hair based on the
testing available from Doctor’s Data (St. Charles, IL, USA—www.
doctorsdata.com). Doctor’s Data is certified by CLIA, the Clinical
Laboratory Improvement Amendments program operated by the
US Department of Health and Human Services. The methods were
described in detail in previous papers [4–6]. Briefly, the hair
sample is cut into approx. 0.3 cm pieces, washed four times using a
standardized procedure with a 1:200 dilution of Triton X-100,
rinsed with acetone, allowed to drain, rinsed three times with
deionized water and again two times with acetone and dried at
75 �C. About 200 mg of the washed hair pieces are accurately
weighed into 50 mL disposable polypropylene centrifuge tubes and
3 mL concentrated trace-metal-grade nitric acid are added. Then,
the hair is digested in a microwave oven (MARS5 and MARS6, CEM
Corporation, Matthews, NC, USA) in two stages for each 15 min at
70 �C and 115 �C. After cooling, 500 mL of an internal standard
mixture (71Ga, 115In, and 175Lu) are added and the sample is diluted
to 50 mL with 18 MV deionized water. All elements were
determined on an ICP–MS Elan 9000 and DRCII instrument
(Perkin–Elmer, Norwalk, CT) using the ESI fast sample introducer
(Elemental Scientific, Omaha NE).

2.4. Statistical analysis

The software IBM SPSS Statistics 22 (Statistical Package for the
Social Sciences) and Microsoft Excel 2013 were used for all
statistical evaluations in this study.

2.5. Ethical aspects

This study was performed according to the Helsinki ethical
principles for medical research involving human subjects of the
World Medical Association. An informed consent letter with the
objectives and the practical performance of the study was read or if
necessary translated to each participant. All participants gave their
consent by signature. In case of children or adolescents, the
informed consent was additionally signed by a guardian. For
publication, the samples were anonymized in a way that an
identification of the person is impossible.

3. Results

As a result of the measurements, a database of the concen-
trations of 39 elements in 96 hair samples was obtained. For a
closer toxicological evaluation, only those elements were included
for which (a) a connection between concentrations in human hair
and pollution of environment was shown in previous studies
described in literature, (b) for which concentrations clearly above
the reference ranges of the laboratory were found for at least one of
the four locations, and (c) which possess a high chronic toxicity
after absorption to blood. From these points of view, the ubiquitous
elements Na, K, Mg, Ca, P and S as well as most of the metals
including the strongly toxic metals As, Cd, Hg and Tl were excluded
although in single cases concentrations above the reference ranges
were detected. The ranges, means and medians of the concen-
trations of the remaining elements Al, Ba, Co, Fe, Mn, Pb, Sr, Th and
V are given in Table 2 for the total of all samples and separately for
the four locations together with the reporting limits (limits of
quantification LOQ) and reference ranges (95th percentile) of the
laboratory.

The reference ranges of the laboratory give an orientation about
the normal metal burden of the population in developed countries
but are not necessarily applicable to the rural and simple
conditions of life and hygiene and to the climate in the region
under investigation with different possibilities of external
incorporation and elimination of the elements in hair. Differences
between the four locations with Rumbek as the least affected
community should give additional evidence for the connection
with the industrial pollution.

Therefore, the concentrations of the 9 metals in Table 2 were
statistically compared between Koch, Leer, Nyal and Rumbek by
univariate ANOVA (analysis of variance) using the software SPSS.
The significance level s � 0.05 was used as the criterion for a
significant difference of the concentrations between the locations.
Table 3 shows the s-values of the pairwise comparison with the
significant differences printed in bold. No significant difference
was found for Al, Fe, Th and V showing that the high concentrations
of these elements obviously are not associated with the industrial
activities. For Ba, Co, Mn, Pb and Sr significant differences were
obtained mainly between Koch and Rumbek with higher concen-
trations in Koch. As examples, the box and whiskers plots are
shown in Fig. 2 for Al, Ba, Fe, and Pb. Beside the lower mean and
median concentrations of Ba and Pb in the samples from Rumbek
there is also a much smaller variation of the concentrations in
comparison to the other locations. This difference in variation is
not observed for Al and Fe.

4. Discussion

4.1. Comparison of the metal concentrations in hair with literature
data

High concentrations of toxic metals in hair of a certain
population are generally accepted as an indicator of an environ-
mental pollution and of a potential health endangerment [7,8].
Advantages of hair in comparison to blood or urine are the longer
time window for long-term monitoring, the non-invasive sampling
and the simpler storage and transport of the samples. However, in
addition to the exposure by food and environment, metal
concentrations in hair depend on many further endogenous and
exogenous factors such as age, gender, race, hair color, hair care and
hair cosmetics, habits of nutrition, smoking, geographic region,
climate, profession and occupational exposure, living conditions
and hygiene. It is not generally clear and cannot be distinguished in
a single case whether a metal is incorporated in hair from the blood
stream or directly from exogenous sources. Therefore, a high
concentration of a toxic metal in hair of a patient is not an
unambiguous indicator of a chronic intoxication but should give
rise to further medical investigations including analysis of blood.

Beside the reference ranges of the laboratory given in Table 2,
the concentrations of the present study were also compared with
data from the general population in France [9], Italy [10], Russia
[11,12], Poland [13], and populations from regions with evidently
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Table 3
Significance s of the difference between the metal concentrations in hair of the volunteers from Koch, Leer, Nyal and Rumbek obtained by ANOVA (analysis of variance). A
significant difference can be assumed for s � 0.05 (bold printed).

Metal Koch Koch Koch Leer Leer Nyal
Leer Nyal Rumbek Nyal Rumbek Rumbek

Aluminum 0.300 0.100 0.121 0.908 0.958 0.998
Barium 0.805 0.845 0.000 0.329 0.001 0.000
Cobalt 0.713 0.907 0.012 0.987 0.148 0.092
Iron 0.745 0.426 0.991 0.937 0.891 0.595
Lead 0.299 0.050 0.008 0.770 0.397 0.950
Manganese 0.585 0.910 0.010 0.948 0.204 0.082
Strontium 0.327 0.409 0.000 1.000 0.000 0.000
Thorium 0.386 0.282 0.374 0.992 1.000 0.994
Vanadium 0.965 0.996 0.560 0.905 0.273 0.723

Table 2
Concentrations of metals with results above the reference ranges in hair of volunteers of the locations Koch (n = 24), Leer (n = 26), Nyal (n = 21) and Rumbek (n = 25) in South
Sudan and reporting limits (LOQ) and reference ranges (95th percentile) of the laboratory.

Element, reporting limit and reference range (mg/g) Location Concentration in hair (mg/g)

Range Mean Median

Aluminum Koch 32–1500 354.71 135.00
LOQ 0.1 Leer 22–1300 219.73 145.00
Ref. range <19 Nyal 40–470 166.48 140.00

Rumbek 30–410 181.40 180.00
Total 22–1500 231.84 150.00

Barium Koch 4.6–50 16.46 11.00
LOQ 0.04 Leer 5.8–33 14.26 12.50
Ref. range <3 Nyal 5.8–39 18.57 20.00

Rumbek 2.9–10 (950a) 4.91 4.80
Total 2.9–50 (950a) 23.16 11.00

Cobalt Koch 0.026–0.75 0.24 0.12
LOQ 0.002 Leer 0.019–0.52 0.19 0.15
Ref. range 0.003–0.08 Nyal 0.034–0.44 0.19 0.15

Rumbek 0.031–0.20 0.10 0.10
Total 0.019–0.75 0.18 0.14

Iron Koch 74–1500 335.88 165.00
LOQ 1.0 Leer 26–1100 264.15 195.00
Ref. range 4–31 Nyal 52–630 221.24 160.00

Rumbek 48-1000 314.40 280.00
Total 26–1500 285.78 205

Lead Koch 1.9–150 18.71 8.15
LOQ 0.01 Leer 1.1–61 10.27 6.60
Ref. range <5 Nyal 0.94–22 5.49 3.40

Rumbek 0.85–4.8 2.80 2.80
Total 1.1–150 9.39 4.20

Manganese Koch 4.5–170 23.2 10.4
LOQ 0.009 Leer 3.2–40 16.6 14.0
Ref. range 0.05–1.3 Nyal 2.6–38 19.5 17.0

Rumbek 2.4–14 6.3 6.0
Total 2.4–170 16.2 12.0

Strontium Koch 5.1–48 17.77 11.50
LOQ 0.01 Leer 6.1–32 13.87 13.00
Ref. range 0.14–10 Nyal 4.6–28 14.02 15.00

Rumbek 1.2–10 2.89 2.50
Total 1.2–48 12.02 9.90

Thorium Koch 0.009–0.83 0.17 0.06
LOQ 0.001 Leer 0.010–0.64 0.11 0.06
Ref. range <0.005 Nyal 0.023-0.28 0.09 0.07

Rumbek 0.010–0.25 0.10 0.10
Total 0.009–0.83 0.12 0.07

Vanadium Koch 0.15–4.2 1.11 0.69
LOQ 0.008 Leer 0.13–2.5 1.22 1.00
Ref. range 0.01–0.2 Nyal 0.21-2.8 1.05 0.85

Rumbek 0.21–2.3 0.80 0.82
Total 0.13–4.2 1.04 0.85

a Extreme outlayer of barium, omitted in statistical analysis.
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Fig. 2. Box and whiskers plots of the concentrations of (a) aluminum, (b) barium, (c) iron and (d) lead in hair samples from the locations Koch, Leer, Nyal and Rumbek.
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high exposure to the metals given in Table 2. The concentrations of
the ubiquitously occurring elements Al and Fe (mean 232 and
286 mg/g) are extremely high in comparison to this data (mean 6–
12 mg/g for Al and 12–23 mg/g for Fe). However, they do neither
reflect a toxic endangerment nor a particularly high environmental
exposure by these elements but can be explained by a very intense
direct incorporation in hair caused by steady and close contact
with soil and dust under the simple and rural life conditions of the
population. This is also supported by the missing statistically
significant difference between the four locations (Tables 2 and 3
and Fig. 2a and c). Similarly high mean values were found in
samples from Katanga, Democratic Republic of Congo (Al 308 mg/g,
Fe 235 mg/g) [14], from Nigeria (Al 69.7 mg/g, Fe 97 mg/g) [15],
from China (Al 84 mg/g) [16], and from India (Fe 135 mg/g) [17]. This
confirms the experience of Wilhelm and Idel that Al in hair is of no
value in environmental medicine [18].

The reason for the higher concentrations of Th and V (mean
0.12 and 1.04 mg/g) in comparison to the reference ranges of the
laboratory and to data described for Th, e.g. in the Serbian Niška
Banja Town (mean of Th 0.0019 mg/g) [19], as well as for V in
multi-element studies [10–15,20] and in hair from volunteers
with vanadium containing dental crowns (mean 0.27 mg/g) [21] is
not clear. However, a connection to the oil industries is
improbable since there is no significant difference between the
four locations.

For the remaining five metals Ba, Co, Mn, Pb and Sr the
concentrations in the samples from Koch were significantly higher
than in the samples from Rumbek with intermediate values for
Leer and Nyal. Since the distance from the oil fields increases in the
order of Koch, Leer, Nyal and Rumbek, a connection between the
increased concentration in hair of the inhabitants and the
industrial activities has to be considered for these elements.
Comparison with literature data about hair results from normal
and strongly exposed population and consideration of the chronic
toxicity support the assumption of a toxic endangerment with Ba
and Pb. These two elements will be discussed more in detail in
Section 4.3.

The mean concentration of Co (0.24 mg/g in Koch) is higher than
in some studies about normal exposed population, e.g. 0.015 mg/g
in Russia [11], and 0.018 mg/g in Mongolia [20], but much lower
than in hair from steelworkers in Pakistan (4.7 mg/g) [22], or from
patients with metallic hip implantation (62 mg/g,) [23]. Therefore,
a toxic endangerment by Co is rather improbable.

The elevated concentrations of Sr in hair (mean 17.8 mg/g in
Koch) in comparison to published values of normal and exposed
populations, e.g. mean values 6.6 mg/g in Bangladesh [24], and
6.9 mg/g in Russia [11] can be explained by its frequent occurrence
as an impurity in barite as weighting agent [30]. This is supported
by the relatively high concentrations in drinking water samples
(0.27–8.0 mg/L) and by the difference between the concentrations
in hair from the four locations which parallels that of Ba (Table 2).
However, strontium displays generally no essential chronic
toxicity.

The manganese concentrations for the four locations (mean
6.3–23.2 mg/g, Table 2) exceeded the reference range of the
laboratory (0.05–1.3 mg/g) and the strongly varying literature data
for normally exposed populations (mean 0.23–7.6 mg/g [9–13]).
Hair concentrations reported for Mn of higher exposed populations
near ferroalloy plants (mean 0.12 mg/g [25] and 15.2 mg/g [26]), or
with Mn containing tap water (mean 5,1 mg/g [27]) varied also very
strongly, probably depending on the analytical hair washing
procedure [25]. Although Mn may occur in produced water of oil
production (1.3–2.7 mg/L [28]) it was below detection limit
(<0.02 mg/L) in the water samples from oil processing ponds of
the present study. The concentration in two samples from
abundant drilling pits was 0.72 and 0.70 mg/L and between



Fig. 3. Comparison of the lead concentrations in hair (ranges and mean) from the
four locations in South Sudan (present study) with literature data from normal
exposed population in Germany [42], Poland [43], France [9], and Russia [11], as
well as highly exposed population in Kosovo [44,45], China [46], and Bolivia [47].
*Median and 5th–95th percentile, **mean and 10th–90th percentile.
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0.25 and 0.91 mg/g in drinking five water samples from Koch and
one from Nyal. Based on this data and on the fact that Mn is not a
usual impurity of barite, oil industry as the source of the elevated
Mn concentrations in hair appears to be improbable.

4.2. Possible sources of contamination from oil exploration and
production

A prerequisite for the connection between the high salinity of
the ground water, the high concentration of some metals in hair of
the population in the present study and the oil industry is the
occurrence of corresponding chemicals in the technical processes.
Possible pollution sources of oil exploration and production are
drilling muds (drilling fluids) and produced water.

Produced waters are generated during oil exploration,
extraction and processing with volumes ranging from one to
50 barrels per barrel of oil and originate either from formation
water reservoirs in the oil field or from injection to increase oil
recovery by maintaining pressure [29]. They are often saline or
hypersaline with high concentrations of chloride, sulfate, sodium,
calcium, iron, manganese and boron, naturally occurring radio-
active material (NORM), organics (e.g. phenols, n-alkanes, and
aromatic hydrocarbons), as well as biocides, demulsifiers and
corrosion inhibitors added during operation of the well. Depend-
ing on the geographic location and age of the producing well they
may contain high concentrations of toxic metal ions including lead
[30].

Drilling muds are used to aid the drilling of boreholes, in South
Sudan between 2000 m and more than 3000 m depth. The most
important functions of drilling muds are to transport drill
cuttings to the surface, to balance subsurface and formation
pressures, to prevent a blowout, to cool and lubricate the drill bit
and to support part of the weight of the drill pipe and bit [31]. In
order to fulfill these requirements, sophisticated compositions
with a large number of additives were developed. Inorganic
components of water based drilling muds are weighting agents
(usually 15–35% BaSO4, barite, percentage increasing with
borehole depth), gelling products (e.g. 4% bentonite, a clay-like
silicate), salinity chemicals NaCl and/or KCl in order to increase
density, alkaline chemicals NaOH, Ca(OH)2 and Na2CO3 to
install alkaline conditions (pH 8–12.5), corrosion inhibitors
(NH4HSO3), or chromium salts for crosslinking xanthan gum.
Instead of barite (specific weight 4.2 g/cm3), in special cases
galena (PbS, 7.4 g/cm3), magnetite (Fe3O4, 5.0 g/cm3) or manga-
nese tetroxide (Mn3O4, 4.8 g/cm3) are used as weighting
materials. Oil based drilling muds contain basically the same
inorganic components.

Environmental impacts of metal ions in both oil and water
based drilling mud and cuttings in Southwestern Nigeria were
reported [32]. It was shown that barite is not only the source for
contamination by Ba but also by other metals which are present as
impurities in this mineral [30,33]. The lead content was found to be
0.018–0.137% and 0.068% respectively. However, according to a
previous study, the lead content of barite can be up to 4% by weight
depending on the geochemical origin [34]. It was assumed that
lead is present in barite as PbS and as such has only a very small
solubility and bioavailability [33].

Another possible source of lead could be galena (PbS) which can
be applied as weighting material for particularly deep wells
because of its higher specific weight as compared to barite and as a
locally available substitute of barite [35,36]. However, there is no
evidence that galena was really used for this purpose in South
Sudan. Both barite and galena are generally believed to be
nonhazardous because of their very low solubility in water.
However, there are chemical and microbiological processes of
weathering and mobilization of the metal ions known for both
minerals. BaSO4 can be transformed to the soluble BaS by sulfate-
reducing bacteria under anaerobic conditions [37,38]. On the other
hand, weathering of galena under calcareous conditions leads to
PbSO4 and PbCO3with a higher bioaccessibility, thus increasing the
mobility and toxicity of lead [39]. Sulfur oxidizing bacteria can play
a role in this process [40]. Furthermore, it is known that acidic
conditions facilitate the mobilization of lead from contaminated
soils and sediments [41].

Drilling mud as the metal contamination source in the oilfields
of South Sudan is also obvious from the water analyses [3]. For
instance, 140 mg/L Ba and 2.15 mg/L Pb were determined in the
water sample from an abandoned drilling pit near Koch.

4.3. Interpretation of lead and barium concentrations in hair

Because of this connection to the oil industry, a more profound
interpretation is necessary for lead and barium. Lead concen-
trations in hair were frequently described in context of occupa-
tional and environmental exposure. Some examples of normally
and highly exposed populations are compared with the results for
the four locations in South Sudan in Fig. 3. Despite the many
individual and analytical variations, it can be concluded from the
literature data as a whole that the means and medians of normally
exposed populations are around 1 mg/g and not higher than 2 mg/g
with single values rarely above 10 mg/g. The means and medians of
highly exposed populations are as a rule above 5 mg/g with single
values often above 20 mg/g and peak values above 100 mg/g.
Therefore, the high lead concentrations in hair of the volunteers
from Koch and to a lower extent also from Leer and Nyal indicate a
serious exposure by this toxic metal. Detection of high lead
concentrations in local well water samples suggests that the
contaminated water plays an essential role as a source of the lead
hair results [2,3].

The portions of incorporation in hair from blood (after drinking
contaminated water, eating contaminated food or breathing
contaminated air) and of direct deposition from external sources
(washing or wetting with contaminated water, from dust or
contaminated hands mediated by sweat, absorption from air) vary
strongly depending on the local situation and cannot be deter-
mined. It was shown, that external incorporation of lead in hair
plays an important role, particularly in stronger polluted regions
[48]. For this reason, the high concentrations in hair indicate a
serious exposure but cannot unambiguously prove a chronic lead
intoxication of the tested individuals.
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The adverse health effects of chronic lead exposure include
developmental neurotoxicity, reproductive dysfunction and toxic-
ity to the kidneys, blood and endocrine systems [49]. The
neurodevelopment of children can be adversely affected already
at low chronic exposure [50].

Barium is essentially known for its acute toxicity and
epidemiological data for chronic low-level exposure are still
sparse [51]. The reported health effects include cardiovascularand
kidney diseases, metabolic, neurological, and mental disorders.
Toxic effects are based on the blockade of the potassium channels
and hypokalemia [52]. High level environmental contamination
by barium seems also to be associated with high incidence
clustering of multiple sclerosis and other neurodegenerative
diseases [53].

Literature data of barium concentrations in hair are compared
with the data from South Sudan in Fig. 4. As a rule, mean values
and medians of normally exposed population are below 3 mg/g.
The results for Koch, Leer and Nyal are five- to ten-times higher
and indicate a high barium exposure and possible health
endangerment of the population. For the population in Kandal,
a location in the Mekong River basin of Cambodia with 0.87–
2.62 mg/L Ba in drinking water, still higher values (0.33–328 mg/g
mean 22,8 mg/g) in hair were described [54].

4.4. Limitations of the present study

Limitations of this study are mainly caused by the difficult
political situation and the tough living conditions in the
investigated area. This concerns the relatively low number of
participants, the inhomogeneity of age and gender distribution
within and between the four locations, and the lack of detailed
information in the individual cases about occupation, alimentary
habits and housing conditions and other ecological and hygienic
parameters. Another drawback is that the water and hair samples
were not collected at the same time thus impeding a closer
comparison between both results. Furthermore, it was not possible
to collect blood and urine samples for comparison and confirma-
tion of the toxic hazard.

It was an analytical limitation that the curly and relatively short
hair of the volunteers did not allow to investigate a uniform hair
length. However, despite these limitations, the severe exposure of
the population to lead and barium and the connection to the
environmental damage by the oil exploration and production are
clearly seen from the results.
Fig. 4. Comparison of the barium concentrations in hair (ranges and mean) from
the four locations in South Sudan (present study) with literature data from normally
exposed population in France [9], Italy [10], and Poland [13], and from a highly
exposed population in the Mekong River basin of Cambodia [54].
5. Conclusions

According to the author’s knowledge, this is the first study using
hair analysis for survey of health hazards by toxic metal pollution
from oil exploration and production. However, environmental
impacts from metals including lead and barium in produced water
and drilling waste discharges were previously reported
[28,29,33,55,56]. The high concentrations of lead and barium in
hair of the volunteers from Koch, Leer and Nyal in comparison to
Rumbek and to literature data as well as in context of the presence
in water samples, and the use of barite as weighting material in
drilling muds prove badly disposed wastes of the oil industries to
be the source of the contamination. Other reasons of toxic lead
exposure such as leaded gasoline, leaden water tubes or metal
mining, processing and recycling could be excluded. The findings
indicate a persistent health endangerment of the population and
require further blood tests, particularly for lead, and possibly
corresponding medical treatment. This interpretation is indepen-
dent of the incorporation mechanism in hair either systemic from
blood stream or directly from surroundings. But, contamination by
toxic metals is only one part of the unsustainable situation of the
population and adds to saline drinking water [2,3], to the
insufficient conditions of alimentation, hygiene and housing and
to the insecure situation of the ongoing political unrest.
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