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ASSESSING THE SOURCE OF THALLIUM CONTAMINATION IN
GROUND AND SURFACE WATERS IN THE LOCALITY OF
YAMTENGA (BURKINA-FASQO): CORRELATION WITH SOME HEAVY

METAL IONS

ABSTRACT

Thallium (TI) is a non essential element for human being and is considered as a highly toxic
trace element at a concentration above 2ug/L. To assess the source of thallium
contamination in ground and surface waters in the locality of Yamtenga village (11°43'35.1"
N and 00°11'50.8" W, Burkina Faso), chemical analyses of thallium concentrations in the
soils of Yamtenga village along with geological descriptions (geological map and
hydrographic watershed map of the studied area) were undertaken. We found thallium
concentrations in this area ranging from 1.61 mg / kg to 404.75 mg / kg. A zoned
mineralization in thallium, due to the geological structure of the locality, was established in
the soils, suggesting that the source of thallium contamination in ground and surface waters
in the locality of Yamtenga village is of natural origin. The concentration of some heavy
metals (Pb, Zn, Cd, Cu and Mn) were also evaluated in the soils of Yamtenga village and
their concentration relationships with thallium were analyzed by the Pearson correlation
coefficient based on matrix correlation. Moderate (0.554), low (0.408) and significant (0.999)
correlations coefficients were obtained between thallium and lead, zinc, manganese
respectively. Significant correlation coefficients (0.788 and 0.791) were also noted between
thallium and copper, cadmium respectively. Thallium concentrations in ground and surface
waters in this locality are mainly related to the interactions between water and source rocks,

thallium being released following some alteration processes with other heavy metals
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elements especially manganese.
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1. INTRODUCTION

Thallium is a relatively toxic element with higher toxicity than Cd, Pb, Zn, and other trace
metals for mammals [1, 2], and is recognized among the 13 priority metallic pollutants in the
world [3]. Thallium is considered a cumulative poison that can cause adverse health effects
and degenerative changes in many organs [4]. The presence of thallium in the environment
is a serious problem because long-term ingestion of small doses of thallium can lead to a
range of health problems, cardiovascular disease and acute intoxication [2, 5]. The main
threat to humans is occupational exposure, environmental contamination and accumulation
in food, mainly in vegetables grown on contaminated soil [4]. The negative impact of
pollution of Tl on health was reported in a rural area in Lanmuchang in southwestern China
where symptoms related to thallotoxicosis (weakness, muscle and joint pain, impaired vision
and loss of hair ) were recorded for 189 cases of Tl poisoning in the 1960s and 1970s [6]. In
addition, an accidental Tl (0.18-1.03 Tl ug/L) pollution from wastewater from a lead/zinc
smelter discharge to a drinking water source in the Pearl River in southern China was
reported in 2010 [7]. The maximum allowable TI concentration in drinking water in China is

0.1 ug/L [8], which is significantly lower than the one in US drinking water (2 pg/L) [9].

Thallium exists under two oxidation states, TI(l) and TI(Ill), both of which are considered
highly toxic to living organisms [10, 11, 12]. Because of its high toxicity to most living
organisms, thallium (TI) is included in the United States Environmental Protection Agency's

(USEPA) list of priority toxic pollutants [13, 14].

The sources of thallium in the environment are divided between natural sources and
anthropogenic sources. The concentrations of naturally occurring thallium in soils are very
dependent on the source rock on which the soil is growing. The work of Voegelin et al. [15]
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reported very high concentrations of thallium in the order of a thousand ppm in soils of a
Swiss region resulting from the pedogenesis of hydrothermal clusters rich in thallium, arsenic
and iron. Other studies reported thallium concentrations in the order of 10 ppm in soils
developing on sulphide-rich mineralization [16, 17]. Anthropogenic sources of thallium are
related to mining activities, either by the release of atmospheric thallium by smelters [18, 19,
20, 21], or by developing on mining waste [22, 23], with concentrations which might exceed

200 ppm. The permissible content in uncontaminated soils is 1 mg.kg™! [16, 24].

Groundwater from captive and shallow aquifers are water resources that are exploited by
humans for a variety of uses. However, the chemical composition of these waters depends
on the geological nature of the soil from which they stem and also on the reactive substances
they might have encountered during the flow [25]. In the surrounding villages of
Ouagadougou, the water consumed generally comes from wells, backwaters and boreholes
that are not sanitized. This water is loaded with microorganisms and solid particles, dissolved

mineral salts, heavy metals and colloidal matter.

Following the complaints of the population of Yamtenga, village around Ouagadougou,
relating to the color of the water (brown rust at certain times of the day), its smell and the
solid deposits often observed on the containers used to collect water, Mahamane et al. [26]
conducted investigations focused on the evaluation of the physico-chemical characteristics of
the borehole and well water of this locality. In addition, the levels of metallic trace elements
responsible for the alteration of the organoleptic characteristics of drinking water were
determined. The paper by Mahamane et al. [26] was the first investigation in Burkina Faso
identifying thallium in borehole and well water at levels exceeding the recommended drinking
water standard of 2 pg/L [16, 27, 28]. The detection of thallium, a non-essential element for
humans and highly toxic for the biosphere, was much unexpected and needed to be looked
into in more detail. The validity of these findings also needed to be confirmed and any

sources to be explained.
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In this context, the present work constitutes the follow of our previous article [26]. It focuses
on the identification of the thallium contamination sources in ground and surface waters in
the locality of Yamtenga (11°43'35.1" N and 00°11'50.8" W, Burkina Faso). The main
objectives of this study were to: (1) determine the concentration and spatial distribution of
thallium in soils; (2) identify the sources of thallium contamination in that locality and (3)
establish a correlation between thallium and other heavy metals that are present in the

ground waters.

2. MATERIALS AND METHODS

2.1. Study area and geological description

Yamtenga is a small village located in the South East of the city of Ouagadougou. The
geographical location of the village of Yamtenga is 11°43'35.1"North latitude and 00°11'50.8"
West longitude. The area is characterized by a long dry season from October to May and a
rainy season from June to September. The studied area is relatively wooded with many
gardens and cultural spaces where the inhabitants practice the off-season crops. These
practices are made possible by a water dam and the numerous wells and boreholes in the
village. The relief in the region is relatively flat. The altitudes vary between 270 and 340
meters. The boreholes with thallium contaminated waters [26] are located on altitudes
between 295 and 320 meters. Yamtenga is in a granitic landscape (Figure 1). However, the
geological description of formations traversed by drilling indicates the presence of pegmatites
hosted in the granite. Thallium occurs in igneous minerals and rocks by substitution for
potassium. Its geochemical behaviour closely resembles rubidium so that it is concentrated
in residual magmas to occur in notable amounts in pegmatitic potassium minerals [29,30].
On a structural plan, thallium contaminated drilling waters constitute a major break in the

field.

It is noted that Yamtenga area almost lacks outcrops due to well-marked lateritic alteration.

In fact, the geological formations of the leaf of Ouagadougou, as elsewhere in Burkina Faso,
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have undergone a strong lateritic alteration, which explains the rarity or poor quality of rock
outcrops over large areas [31]. Watersheds are spatially explicit landscape units containing a
range of interacting physical, ecological and social attributes related by water flows [32].
Watersheds contribute to the enrichment of surface waters at a single location, such as a
point on a stream or river, or a single wetland, lake or other body of water [33]. Thus, the
hydrology of a watershed is not only affected by rainfall and surface water, but also by
ground waters which play a major role. To get an idea of the activities carried out in the study
area over the past years, and to estimate the anthropogenic contribution, we used the

Landsat (Land Surface Observation Program) images.
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FIG. 1 Geological map of the central region (including the studied area)

2.2 Quality assurance of the chemical analyzes

Quiality control measures, including reagent blanks and duplicate samples, were carried out

to validate the quality of the chemical analyzes and to examine the accuracy of the data.
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Reproducibility was verified by performing three replicates of digestion on 50% of soil
samples randomly selected. The analysis of heavy metals was carried out using an ICP-
AES. The calibration solutions of the apparatus were prepared from a standard multi-element
solution containing elements Tl, Cu, Pb, Mn, Zn and Cd. In addition, the glassware, the
pestle and the agate mortar used were washed with soap, then with tap water, rinsed with
distilled water and then immersed in a solution of nitric acid 14 M at 5% (vol/vol) for a
duration of 24 h. They were then rinsed with ultrapure water and oven-dried at 80° C for five
hours. The chemicals used in this study namely nitric acid (HNO;, VWR) and hydrogen
peroxide (H,0,, VWR) are of analytical grade. All solutions were prepared with ultrapure

water of 18.2 MQ.cm resistivity.
2.3 Sampling

A total of 92 soil samples were collected at depths ranging from 30 cm to 140 cm. The
sampling sites were chosen to represent the entire study area. In the field, the actual
positioning of the sampling points was done using GPS map 64s receivers with the WGS 84
datum and UTM coordinates. The collected soil samples (approximately 1.0 kg each) were
dried in the open air at room temperature, ground with an agate mortar, homogenized and

sieved through a sieve of 80 microns. Passershy were retained for digestion.

2.4. Determination of thallium concentrations in soils

The goal was to achieve the most complete thallium extraction which is possible, simple and
fast to be used on many samples. We made a wet solution with nitric acid HNO; (14 mol. L™1)
and hydrogen peroxide H,0, (30% by volume). Hydrogen peroxide supplements the action of
nitric acid in the oxidation of organic matter and turns into water during heating, so does not
complicate the matrix. Five grams of sample were dissolved in 25 ml of nitric acid at 14
mol.L™! at room temperature for 5 h with constant stirring. Then 50 ml of hydrogen peroxide
(30% vol/vol) were added. After stirring for 12 h, the mixture was gradually heated to gentle

boiling for 2 h. After cooling, the samples were filtered into a 250 ml flask, the volume of
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which was supplemented with ultrapure water, then stored at 4 ° C and analyzed at ICP-
AES. The concentrations of heavy metals in soil samples were calculated according to the

following formula [32]:

Concentration (mg/L)x V
M

Concentration( mg/kg) =

Where ¥V and M are respectively the final volume of solution after digestion and the initial

mass of the measured sample.

2.5 Statistical analysis

Principal Component Analysis is performed using XLSTAT software version 2018.1. The goal
was to establish a relationship between thallium and Cu, Zn, Mn, Pb and Cd from the
analysis of Pearson coefficients. The study of the correlation between thallium and the

metals analyzed gave information on the degree of possible association between them.

3. RESULTS AND DISCUSSION
3.1. Methodological approach for the delimitation of the study area

Drilling whose waters are contaminated with thallium belong to a small hydrologic basin with
an estimated area of 16 km?® The basin is drained by a river on which is built a hydraulic
dam. Two main arms contribute to the put in water of the dam located more or less in the

heart of the basin (Figure 2).
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FIG. 2 Hydrographic Watershed Map of the Study Area

The study of the evolution of the environment of the study area from Landsat images
indicates that from 1995 to 2015, the watershed considered had a rapid occupation of the
soil. In 1995, residential areas were noticeable only outside the basin. The northwestern part
of the basin was marked by farms (Figure 3). In 2000, the proliferation of habitats is
observed within the basin (Figure 4). And in 2015, the sampling area also becomes a site of
high concentration of habitat (Figure 5). However, the areas bordering the dam remain a
breeding ground for vegetable crops. Thus, thallium surface and groundwater contamination

could have an anthropogenic source related to agricultural practices, transport and deposits

of contaminated or thallium-bearing objects and/or a natural source related to soil geology.
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FIG. 5 Landsat image in 2015

Taking into account the structure and the geology of the ground, a grid of 100 x 100 meters
covering all the water points to be studied was selected in a North-West direction for the soils
sampling. We first selected Platform 1 (Figure 6) for our study. It mainly consisted of
geochemical soil sampling with a spacing of 100 m between the profiles and a sampling rate
every 100 m. A theoretical grid (profiles with sampling points) was then provided (Figure 7).
At first we swept the superficial horizon by sampling at about 50 cm depth. The first samples
were analyzed and from the obtained results, two abnormal points out of forty-two (42) were
identified. We carried out a mesh tightening around these two (02) geochemical anomalies
whose geographical coordinates in UTM are summarized in Table 1. These two points

correspond to zones of thallium mineralization.

10
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A second sampling step was then performed between these two abnormal points. A new
theoretical grid (Figure 8) with a sampling mesh of 25 m and step of sampling of 25 m was
adopted for the soil sampling. A total of thirty-four (34) soil samples were then taken at
approximately 50 cm depth and ten (10) well samples at depths ranging from 30 cm to 1.4 m

were recorded. At each well, sampling was done on three separate horizons.

12
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3.2. Concentrations of heavy metals

Thallium concentrations in soil samples are shown in Tables 2 and Table 3 indicates the

concentrations of thallium and other heavy metals in soil samples.

TABLE 2 Thallium concentrations of the first sampling

Samples Thallium content (mg/kg)
KY014 339,62
KY019 25,75

Two samples out of a total of forty-two samples show strong thallium mineralization with
concentrations of 25.75mg / kg and 339.62mg / kg. This result shows that the watershed is
locally mineralized in thallium, especially the upper horizon. At this stage, therefore, we
cannot conclude on the source of thallium contamination, hence a second sampling step to
address this concern was undertaken. In this second step, we associated thallium, lead,

cadmium, copper, zinc and manganese for correlation studies.

TABLE 3 Heavy metals concentrations of the second sampling

Samples Depth Tl Mn Pb Cd Cu Zn
(cm) (mg/kg) (mg/kg) (mg/k) (mglkg) (mg/kg) (mg/kg)
SKY01 54 1,61 43863 6,22 0,26 3,14 2,64
SKY020 57 4448 1582,79 7,5 0,27 3,67 2,22
SKYO021 60 19,98 746,02 6,01 0,23 2,69 2,30
SKY026 55 404,75 10231,33 14,26 0,60 5,86 4,36
SKY030 55 17,83 1212,40 12,16 0,46 3,35 2,27
SKY031 55 53,05 1672,30 10,14 0,42 2,93 1,94
P2SKY03 30 163,19 4222,73 2509 0,40 6,72 2,69
P6SKY09 140 6,03 409,44 7,56 0,21 2,50 5,25
P8SKY012 120 4,82 370,65 5,73 0,19 2,04 1,94

Mineralization at the reference points of the first sampling was confirmed by the second

sampling. Mineralization of the second sampling indicates that nine (09) samples out of a

14
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total of 50 are mineralized in thallium. Thallium concentrations range from 1.61 mg/kg to
404.75 mg/kg. In addition, those of manganese oscillate between 370.65mg/kg and
10231.33mg/kg. Also, lead concentrations range from 5.73mg/kg to 25.09mg/kg. As for
cadmium, concentrations range from 0.19 mg/kg to 0.60 mg/kg. For copper, concentrations
range from 2.04 mg/kg to 6.72. Finally zinc concentrations range from 1.94 mg/kg to

5.25 mg/kg.

3.2. ldentification of the source of thallium contamination

The results of the first sampling justify the mineralization of the dam and thallium wells. In
fact, the dam's water is a mixture with some of the runoff from the watershed identified for
this study. In addition, the context and the hydrogeological characteristics of the study area
support an interconnection between the surface water (dam), the well water and the
intermediate and deep aquifers exploited by the boreholes. The results of the second
sampling indicate that the lateral distribution of thallium in the zone is discontinuous
overall (Figure 9). However, it is oriented in the South East-North West direction in the soil.
This direction is consistent with the direction of the geological structures (major faults)
defined by the geological map of the central region [31]. Thallium mineralization is therefore
controlled by geological structures, including pegmatite veins, which are highly represented
in the area. Vertical thallium distribution also remains local and variable in soil content. This
mineralization related to structures such as pegmatites is a zonal or point mineralization. The
variation in soil content can be explained by a change in the concentration of thallium during
the mineralization phase. This is due to the weathering process of the mineralized bedrock,
which favors mineralization by progressive contamination of the immediate environment.
Thus one could start from a kernel strongly mineralized in thallium which justifies a high
concentration at certain points or a less mineralized aureole justifying a low concentration in

other points.

The mineralization of surface water comes mainly from the leaching of soil horizons

contaminated by runoff that transport thallium with it and accumulate it in the zone of low

15



227

228

229

230

231

232

233

234

235

236

topography corresponding to the water body. Mineralization of well water stems from two
sources: (i) contaminated surface water that feeds wells by indirect infiltration; (ii) direct
infiltration of waters by privileged routes that leach the mineralized zones into the soil
towards the wells. As for the contamination of the drilling water, it is justified by the direct or
indirect infiltration of waters which leach the mineralized zones in the waters of the drillings.
In addition, there are drains or reservoirs in the rocks beneath the alterites that host the
thallium released by the altered profile of the source rock. This thallium is then released into
the groundwater. We can therefore conclude that thallium contaminations in ground waters in
the village of Yamtenga stem from a natural origin, and that the source is linked to the

geology of the environment (endogenous).
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3.3. Correlation study between heavy metal concentrations

Correlation analysis is a preliminary descriptive technique for estimating the degree of
association between the involved variables. The purpose of correlation analysis is to
measure the intensity of the association between two variables. Such an association is likely
to lead to an understanding about the cause-and-effect relationship between the

variables [34, 35].

The Pearson correlation coefficient was used to describe the relationship between the heavy
metal concentrations studied in the Yamtenga village soil samples. The correlation matrix
between the metals analyzed is shown in Table 4. Most of the parameters have a statistically
significant correlation to each other indicating a close association of these parameters with
each other. Rakesh et al. [36] reported that a high correlation coefficient (close to +1 or -1)
meant a good relationship between two variables, and around zero meant no relationship
between them at a significant level of 0. 05%. There is a strong correlation if the value of the
correlation coefficient r is greater than 0.7 (r > 0.7). When the values of r are between 0.5
and 0.7, this indicates a moderate correlation between two different parameters. As shown in
Table 4, the results of the correlation coefficients indicate a strong positive correlation
between Tl and Mn (r = 0.999), Tl and Cd (r = 0.791), Tl and Cu (r = 0.788), Cd and Mn
(r =0.815), Cu and Mn (r = 0.788) and Pb and Cu (r = 0.895). This strong positive correlation
shows that the elements are closely associated, thus suggesting their common origin. In
addition, moderate positive correlations between Tl with Pb (r = 0.554), Pb with Mn (r =
0.554), Cd with Pb (r = 0.603) and Cd with Cu (r = 0.683) were recorded. Finally, weak
positive correlations were found between Tl and Zn (r = 0.408), Zn and Mn (r = 0.396), Zn
and Pb (r = 0.091), Zn and Cd (r = 0.144), Zn and Cu (r = 0.204). This low correlation
indicates that the presence or absence of one of this element affects less the magnitude of
the other. The positive correlations of thallium, especially with toxic metals such as lead and
cadmium, are alarming due to the fact that these metals are known for their toxic effects on

health.
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TABLE 4 Matrix of correlation coefficients for heavy metals concentration in Soil Samples

Variables Tl Mn Pb Cd Cu Zn
Tl 1

Mn 0,999 1

Pb 0,554 0,554 1

Cd 0,791 0,815 0,603 1

Cu 0,788 0,788 0,895 0,683 1

Zn 0,408 0,396 0,091 0,144 0,204 1

4. CONCLUSIONS

Levels of thallium and other metals were evaluated in the soils of Yamtenga village. The
analysis of the obtained results showed a discontinuous contamination by thallium in the
Yamtenga area. This source of contamination has a natural origin. In fact, the alteration of
the parent rock releases the thallium and the concentration differs according to the amount of
thallium found in the altered substrate of the source rock. Correlation studies show that
thallium is usually released with other metals such as manganese. Therefore, the impact on

agricultural production and human health of these soils is to be assessed.

The perspectives of the present investigations will be the following: 1) to extend the study on
drill cuts to various horizons of the soil and; 2) to identify the nature, to describe and

characterize the source rocks that are responsible for the release of thallium.

COMPETING INTERESTS

Authors have declared that no competing interests exist.

19



285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

REFERENCES

[ER

. Anagboso, MU., Turner, A., Braungardt, C. Fractionation of thallium in the Tamar estuary,

south West England. J Geochem Explor .2013, 125: 1-7.

2. Peter, ALJ., Viraraghavan, T : Thallium. a review of public health and environmental

concerns. Environ Int. 2005, 31:493-501.

3. Wick, S., Baeyens, B., Fernandes, M.M., Voegelin, A. Thallium adsorption onto illite.

Environ. Sci. Technol. 2017, 52 : 571-580.

4. Cvjetko, P., Cvjetko, I.,, and Pavlica, M. Thallium toxicity in humans,Arh Hig Rada
Toksikol . 2010,61:111-119.
5. Boning, P., Schnetger, B., Beck, M., Brumsack, H.-J. Thallium dynamics in the southern

North Sea. Geochim. Cosmochim. Acta. 2018, 227: 143-155.

6. Xiao, T., Yang, F., Li, S., Zheng, B., Ning, Z. Thallium pollution in China: A geo-

environmental perspective, Science of the Total Environment. 2012, 421-422, 51-58.

7. Xinhua News Agency. Production suspended at S China smeltery as thallium
contamination detected. 2010. Available from:

http://news.xinhuanet.com/english2010/china/2010 10/22/c_13570289.htm.

0o

. CNS (China National Standards). Standards for drinking water quality (GB5749-2006) (in

Chinese ,2006.

9. USEPA (United StatesEnvironmental Protection Agency).National primary drinkingwater

regulations.1992. Available at http://water.epa.gov/drink/contaminants/index.cfm.

10. Molina, LCP., Fréchou, D.M.S., Verstraeten, S.V. Early response of glutathioneand
thioredoxin-dependent antioxidant defense systems to Tl ()-and Tl (lll)-mediated
oxidative stress in adherent pheochromocytoma (PC12adh) cells.Arch. Toxicol. 2017, 1-

17.

20



309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

11.

12.

13.

14.

15.

16.

17.

18.

19.

Osorio-Rico, L., Santamaria, A., Galvan-Arzate, S. Thallium toxicity: general issues,
neurological symptoms, and neurotoxic mechanisms. In: Neurotoxicity of Metals.

Springer. 2017, 345-353.

Rickwood, CJ., King, M., Huntsman-Mapila, P. Assessing the fate and toxicity of thallium

| and thallium 11l to three aquatic organisms. Ecotoxicol. Environ.Saf. 2015, 115: 300-308.

Xiao, T., Yang F., Li, S., Zheng, B., Ning, Z. Thallium pollution in China: A geo-

environmental perspective, Sci. Total Environ. 2012, 421-422, 51-58.

Yang, C., Chen, PY., Peng, P.,, Li, C., Chang, X., Wu, Y. Trace element
transformationsand partitioning during the roasting of pyrite ores in the sulfuric acid

industry,J. Hazard. Mater. 2009, 167: 835-845.

Voegelin A., Pfenninger N., Petrikis J., Majzlan J., Plotze M., Senn A.-C. and Géttlicher J.
Thallium speciation and extractability in a thallium- and arsenic-rich soil developed from
mineralized carbonate rock. Environmental Science & Technology. 2015, 49 : 5390-

5398.

Xiao, T., Guha, J., Boyle, D., Liu, C.-Q., Zheng, B.,Wilson, G. C., Rouleau, A., Chen, J.
Naturally occurring thallium: a hidden geoenvironmental health hazard ? Environment

International. 2004, 30(4): 501-507.

Vanék, A., Grésslova, Z., Mihaljevi¢, M., Ettler, V., Chrastny, V., Komarek, M., Ash, C.
Thallium contamination of soils/vegetation as affected by sphalerite weathering: A model

rhizospheric experiment. Journal of Hazardous Materials. 2015, 283: 148-156.

AIvarez-Ayuso, E., Otones, V., Murciego, A., Garcia-Sanchez, A., & Santa Regina, |.
Zinc, cadmium and thallium distribution in soils and plants of an area impacted by

sphalerite-bearing mine wastes. Geoderma. 2013, 207-208, 25-34.

Vanék, A., Chrastny, V., Komarek, M., Penizek, V., Teper, L., Cabala, J. & Drabek O.

Geochemical position of thallium in soils from a smelter-impacted area. Journal of

21


https://www.ncbi.nlm.nih.gov/pubmed/?term=Rouleau%20A%5BAuthor%5D&cauthor=true&cauthor_uid=15031009
https://www.ncbi.nlm.nih.gov/pubmed/?term=Chen%20J%5BAuthor%5D&cauthor=true&cauthor_uid=15031009

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

20.

21.

22.

23.

24,

25.

26.

Geochemical Exploration. 2013, 124 176-182.

http://doi.org/10.1016/j.gexplo.2012.09.002.

Vanék, A., Grosslova, Z., Mihaljevi¢, M., Ettler, V., Trubac, J., Chrastny, V., Ash, C.
Thallium isotopes in metallurgical wastes/contaminated soils: A novel tool to trace metal
source and behavior. Journal of Hazardous Materials. 2017.

http://doi.org/10.1016/j.jhazmat.2017.09.020.

Lis, J., Pasieczna, A., Karbowska, B., Zembrzuski, W., & Lukaszewski, Z. Thallium in
soils and stream sediments of a Zn-Pb mining and smelting area. Environmental Science

and Technology.2003, 37(20): 4569-4572.

Yang, C., Chen, Y., Peng, P., Li, C., Chang, X., & Xie, C. Distribution of natural and
anthropogenic thallium in the soils in an industrial pyrite slag disposing area. Science of
The Total Environment. 2005, 341(1-3): 159-

172.http://doi.org/10.1016/j.scitotenv.2004.09.024.

Gomez-Gonzalez, M. A., Garcia-Guinea, J., Laborda, F., & Garrido, F. Thallium
occurrence and partitioning in soils and sediments affected by mining activities in Madrid
province (Spain). Science of the Total Environment. 2015, 36:268-278.

http://doi.org/10.1016/j.scitotenv.2015.07.033.

Canadian Council of Ministers of the Environment (CCME). Summary of existing
Canadian environmental quality guidelines. 2003. Available at

http://www.ccme.ca/assets/pdf/el_062.pdf.

Matini, L., Moutou, J.M and Kongo-Mantono, M.S. Evaluation hydro-chimique des eaux
souterraines en milieu urbain au Sud-ouest de Brazzavile, Congo, Afrique SCIENCE.

2009, 5(1), 82 - 98

Mahamane, AA., Guel, B. Caractérisations physico-chimiques des eaux souterraines de
la localité de Yamtenga (Burkina Faso). International Journal of Biological and Chemical

Sciences.2015, 9(1):517-533.

22


http://doi.org/10.1016/j.jhazmat.2017.09.020
http://www.ccme.ca/assets/pdf/e1_062.pdf

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liu, J., Wang, J., Chen, Y., Shen, CC., Jiang, X., Xie, X., Chen, D., Lippold H, Wang, C.
Thallium dispersal and contamination in surface sediments from South China and its

source identification. Environmental Pollution. 2016, 213: 878-887.

United States Environmental Protection Agency (USEPA). Regulation development for
drinking water contaminants.2015.Available at

http:/iwww.epa.gov/safewater.zendesk.com/hc/en-us/section/202346197-Thallium .

Denis M.Shaw .The geochemistry of thallium. Geochimica et Cosmochimica Acta . 1952,

2(2) : 118-154.

Thallium-rich murunskite from the Lovozero pluton, Kola Peninsula, and partitioning of

alkali metals and thallium between sulfide minerals.2008, 50(7):583-589.

Castaing, C., Chevremont, P., Egal, E., Ouédraogo , |., Kote , S., Kaboré, E.B., Billa, M.,

Zida, B. Carte géologique du Burkina Faso a 1/200000 ; Feuille Ouaga, 2003.

Flotemersch, J. E., Leibowitz, S. G., Hill, R. A., Stoddard, J. L., Thoms, M. C., Tharme,
R. E. A watershed integrity definition and assessment approach to support strategic

management of watersheds .River Res. Applic. 2016, 32: 1654-1671.

Hossain, M., Chikita, K., Sakata, Y., Miyamoto, T and Ochiai, Y. Open Journal of Modern

Hydrology. 2015, 5: 32-44.

Uwah, E.l., Gimba, M.S.; Gwaski, P.A. Determination of Zn, Mn, Fe and Cu in Spinach
and Lettuce Cultivated in Potiskum, Yobe State, Nigeria. J. Agri. Econo. Develo. Journal

of Agricultural Economics and Development.2012, 1 (4): 69-74.

Ravindra, K., Ameena, Meenakshi, Monika, Rani and Kaushik, A. ‘Seasonal variation in
water quality of river Yamuna in Haryana and its ecological best-designated use’.

Environ. Monitor. 2003, 5: 419-426.

Rakesh Sharma M.S. and Raju N.S. Correlation of Heavy Metal contamination with Soll
properties of Industrial areas of Mysore, Karnataka, India by Cluster analysis. Int. Res. J.

Environment Sci. 2013, 2(10), 22-27.
23


http://www.epa.gov/safewater.zendesk.com/hc/en-us/section/202346197-Thallium

