Arabian Journal of Geosciences (2018) 11: 461
https://doi.org/10.1007/s12517-018-3825-7

ORIGINAL PAPER

@ CrossMark

Geochemical and environmental investigation of the water resources
of the Tanjero area, Kurdistan region, Iraq

Aras Kareem' - Omed Mustafa? - Broder Merkel'

Received: 8 May 2016 / Accepted: 9 August 2018 /Published online: 22 August 2018

© Saudi Society for Geosciences 2018

Abstract

The hydrogeochemistry of groundwater and environmental aspects of the Tanjero area (Sulaimani City, Kurdistan region, Iraq)
were investigated statistically. Correlation analysis and cluster analysis revealed several indicators for the source of contamina-
tions. The hydrochemical classification of the water samples determined Caz+, Na*, and Mg2+ as dominant ions and K/Rb and
Na/Cl ratios indicated water—rock interactions with several minerals (e.g., silicate and carbonate minerals). Sr, Ca, Mg, Rb, and K
(1757, 117, 29.8, 7.23, and 10.1 pg/L, respectively) in the water samples correlate with each other and show higher concentra-
tions in the wells around scrape and dump sites than the other wells. The water samples were classified according to a redox
classification as well, and aerobic and intermediate anaerobic categories were recognized with regard to the reduction of
dissolved oxygen and Mn (VI) ions with organic matter in the groundwater. Mn exceeds drinking water standards.

Keywords Hydrochemical classification - Contamination - Waste dump site - Tanjero area

Introduction
Background

In the last decade, the industrial zone in the Tanjero area in
Kurdistan (Northern Iraq) has been characterized by an
expanding number of processing plants for industrial produc-
tion. In addition, the increasing population in Sulaimani City
has prompted the appearance of huge amounts of waste, sum-
ming up to 1000 tons per day (Rashid 2010). The location of
the waste dump site and industrial activities is toward the
southwest of Sulaimani City, 12 km from the downtown area
(Fig. 1). Contamination sources such as waste, industrial
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deposits, uncased pit latrines, and fuel tanks are spread arbi-
trarily. Neither a concept for environmental safety nor a mon-
itoring system is in place. The industrial remains are dumped
uncontrolled in an enclosed unregulated landfill site, around
50 hain area. Surface and groundwater in the region of interest
(ROI) have been contaminated by different chemical compo-
nents, causing changes in the quality of the pumped water and
suitability for human utilization.

Climate

The climate of the ROI is characterized by rather cold (3 to —

7 °C) winters and long, hot dry summers, while fall and spring
are short. In the mid-year, average daily temperatures can reach
45 °C. The rainy season (more than 125 mm per month of
precipitation in the rainy season) for the most part begins in
mid-October and finishes toward the start of May. The month
with the highest amount of precipitation in the region is January
(Stevanovic and Markovic 2003). The elevation of Sulaimani
City ranges from 730 to 950 m above sea level (asl).

Geology
The ROl is composed of more than 140 m clastic rocks (most-

ly Tanjero Formation). The detailed geology is described by
Budy et al. (1980). It comprises marl, marly limestone,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12517-018-3825-7&domain=pdf
mailto:arasomer@yahoo.com

461 Page 2 of 10 Arab J Geosci (2018) 11: 461

o 8y

3s© 3N

Legend 35© 30'N
@ Surface water
@ Spriez
(@] Sampliag wells
AN/ Rier

- Waste dump

'F | :. -
g_ "”A,.'.

N

N

Fig. 1 Map of the region of interest

@ Springer



Arab J Geosci (2018) 11: 461

Page 30of 10 461

Fig. 2 Geological cross-section
of ROI (modified after

Stevanovic and Markovic 2003) 15004
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claystone, siltstone, sandstone, occasionally conglomerate,
clastic alluvium, sand, and silt.

The groundwater flow is directed from northwest to south-
cast of the ROI. The recharge area lies between Gowaizha
mountain in the east and northeast of the ROI and the
Sherkuzh anticline with the Baranan mountain in the southeast
of the ROI (Rashid 2010) (Figs. 1 and 2). The groundwater
samples were collected from wells belonging to two aquifers,
Tanjero and Quaternary aquifers. The shallow Quaternary
aquifer (0-25 m depth) represents one of the dominant aqui-
fers in the ROIL The aquifer is composed of unconsolidated
gravel and sand that yield a good quantity of water (Mustafa
and Merkel 2015). The Tanjero aquifer represents a medium
to deep aquifer (25-120 m) composed of alternating marly
limestone, sandstone, marl, and occasionally conglomerate
beds. The aquifer is highly deformed and fractured, which
allows the formation of secondary porosity (Mustafa 2007).
Regarding the Tanjero aquifer, it yields a good quantity of
water in the sandstone and marly limestone facies. The major-
ity of the wells in the ROI are drilled within the Tanjero aqui-
fer (Mustafa and Merkel 2015).

Tanjero is a perennial river formed by linking the
Qiliasan and Kaniban streams at an altitude of 810 m asl
flowing along the southern edge of Sulaimani City and
discharging into the Darbadikhan Lake. This small river
is contaminated from sewage effluents of Sulaimani City
(NT 2008).

Redox framework background

Redox processes impact the water quality in the aquifers.
Redox processes can influence the mobility status of the trace
elements with toxic metals that are available naturally in
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aquifer materials and also on organic and inorganic constitu-
ents. These processes participate in the degradation or preser-
vation of anthropogenic contaminants in the aquifers. The
particulate organic carbon in groundwater systems acts effi-
ciently as electron donors to the electron acceptors (McMahon
and Chapelle 2008). The electron donor—acceptor reactions
are represented in Fig. 3 (Sracek and Zeman 2004).

Significance of the work

There are some high concentrations of major and trace
elements in the waters of the ROI. These could be an
indicator for several sources of contamination and thus
hazards for human health, animal health, and the environ-
ment of the ROI. Therefore, this study tries to address the
concentration of these contaminants, their sources, and
classify the available water resources in the ROI accord-
ing to the presented results.

- Redox potential

Suboxic Reducing

SO;” H,$

Concentration

Reaction progress —_—

Fig. 3 Redox sequence of electron acceptors’ consumption
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Table 1 Physiochemical characteristics and concentrations (mg/L) of selected parameters of water samples in the studied area

A-1 A-2 A-3 A-4 A-5 A-6 A-7 A-8 A-9 A-10 A-11 A-12 A-13 A-14 A-15
Tem 24 20.7 209 213 212 216 25.5 21.4 20.7 24.6 20.1 22.6 24.1 21.7 19.8
pH 7.8 84 7.1 7.2 7.3 7.8 7.2 8.8 6.8 7.3 7.4 7.4 7.9 7.7 7.8
Eh 5.22 5.83 6.00 531 611 570 5.12 5.36 5.01 5.72 5.88 6.21 4.54 4.74 6.05
Ca®* 27.6 6.9 117 117 102 219 121 10.4 138 56.5 274 73.9 86.2 80.7 74.4
Mg** 6.4 1.0 213 212 298 47 214 5.2 26.0 19.2 11.6 11.8 14.1 132 10.5
K* 0.5 0.5 1.9 22 0.8 1.0 39 0.4 3.7 1.0 0.6 0.6 7.8 10.1 1.0
Na* 161 135 20.7 227 263 222 58.4 140 41.7 80.6 145 148 41.6 63.9 4.6
HCO; 2978 2777 3629 396 368 3734 4240 2242 4236 241.1 3455 2145 4051 3552 185
S0, 282 45.1 50.7 51.0 105 118 80.3 96.8 97.9 672 111 144 74.9 84.5 38.6
Cr 110 335 54.4 548 572 879 69.9 36.3 55.6 27.4 222 13.8 444 66.6 5.7
NO;~ 3.1 7.8 11.5 5.6 259 25 45 6.7 6.5 42 2.8 2.4 7.3 11.7 104
NO, 0.003  0.01 0.03 0.06 0.02 0.01 0.12 0.03 0.05 0.04 0.02 0.03 0.35 0.40 0.04
P 1.00 1.14 0.68 0.59 335 045 0.51 0.25 1.14 0.61 0.85 0.41 1.56 2.80 0.15
Si 9.77 204 14.2 140 178 185 11.7 13.5 11.1 14.8 14 13 7.56 7.06 4.24
F 1.65 0.48 0.13 0.13 0.10 021 0.18 0.31 0.18 0.24 0.26 0.19 0.11 0.13 0.10

Part of the data is from Kareem et al. (2014)

Temp water temperature

Materials and methods

Fifteen water samples from groundwater and surface water of
the ROI were gathered (Fig. 1). Twelve samples were collect-
ed from water wells in the industrial zone at different distances
from the waste dump site. Samples 13 (southeast of the waste
dump site and plants) and 14 (northwest of the waste dump
site and refinery processing plants) were taken from the

Tanjero river. A15 was collected from Sarchinar spring,
10 km upstream from the landfill site. Field parameters (pH,
electrical conductivity, redox potential (Eh), dissolved oxygen
(DO), and water temperature) were measured on-site using
versatile devices (WTW: pH320, LF320, Multiline P4, and
HACH: HQA40D). For major cation and anion analysis, a
100-mL water sample was collected in pre-cleaned polyethyl-
ene bottles. A 30 mL water sample was collected with a

Table 2  Hydrochemical classification of water samples
HCO Water class
. HCOj; win- 3 (depending on | Water class (depending on Na, Ca and
Sample Sample Location ter mg/T a\;;l;;ge the HCO; av- mix dominants) K/Rb Na/Cl Ca/Mg
erage values)
Al a house well 304 292 298 | Na -HCOs-Cl Na Dominant 383 1.47 4.31
A2 north of the waste site well 299 257 278 | Na -HCO;-SO, Na Dominant 803 4.02 6.9
on the east and near the dump 549
A3 site well 390 336 363 | Ca-HCO;-Cl Ca Dominant 2750 0.381 i
on the east and near the dump 550
A4 site well 407 385 396 | Ca-HCO;-Cl Ca Dominant 2480 0.414 i
A5 near scrape site well 371 365 368 | CaMg-HCO;-SO, Mix Dominant 1360 0.460 3.42
A6 near iron scrape site well 410 337 373 | Na-HCO;-SO, Na Dominant 620 2.53 4.66
A7 on Tanjero side well 398 450 424 | Ca-HCOsSO, Ca Dominant 6320 0.835 5.65
crash factory west of dump 5
A8 site well 227 222 224 | Na -HCO;SO, Na Dominant 1270 3.85
A9 beside Tanjero river well 404 443 424 | Ca-HCO;SO, Ca Dominant 4830 0.749 5.31
A10 old oil tanking warehouse well 179 303 241 | NaCa-HCO;S0, Mix Dominant 2410 2.94 2.94
All building ware house well 355 336 346 | Na -HCO5S0, Na Dominant 1420 6.52 2.36
Al2 Qaywan oil ware house well 150 279 215 | NaCa-HCO;S0, Mix Dominant 866 10.7 6.26
Al3 Tanjero Surface water 452 358 405 | Ca-HCO3SO, Ca Dominant 1530 0.94 6.11
Al4 Tanjero surface water 278 433 355 | CaNa-HCO;S0, Mix Dominant 1370 0.96 6.11
AlS Srachnar spring 133 236 185 | Ca-HCO;S0, Ca Dominant 1680 0.808 7.09
Na Dominant [ High ratio of Na/C1
Ca Dominant
Mix Dominant
High ratio of K/Rb
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Table3  Regression equation, R2, and P value of the relations in Fig. 4
Relation Regression equation R? P value
Sr mg/L-Mg mg/L y=0.0361x+0.3091 0.6 0.01
Ca mg/L-Mg mg/L y=4.529x +5.0624 0.8 0.001
Rb ppb-K ppb »=0.0006x —0.0359 0.85 0.001

syringe and filtered with 0.2-pum film filters. Then, ultra-pure
HNO; (30%) acid was added to these samples for I[CP-MS
determination of trace elements. The analysis of significant
cations, anions, and trace elements was performed in the lab-
oratories of the Hydrogeology Department, Technische
Universitit Bergakademie Freiberg, Germany. Li, P, Si, Al,
Mn, Fe, Ni, Zn, As, Se, Sr, Ba, Cr, V, Pb, and Rb as trace
elements were analyzed by ICP-MS X-Series-2 (Thermo
Scientific) either in direct mode or utilizing the collision
mode. Cations (Ca®*, Mg**, Na*, and K*) and anions (SO,
~, NO3, NO, , PO437, Cl', and F ) were measured by ion
chromatography (Metrohm: 850 Professional IC Metrohm
with Metrosep C4—150 section and 2 mM dipicolinic corro-
sive eluent and Compact IC Pro 881 and Metrosep A sup 15—
150 segment were utilized with 3 mM NaHCOj3 and 3.5 mM
Na,COs as the eluent). The total reproducibility of the IC and

ICP-MS determinations was around 2 and 10%, respectively.
Total inorganic carbon was analyzed by LiquiTOC (Elementar
Analysen-Systeme GmbH).

The redox framework of McMahon and Chapelle (2008) was
used for redox classification of the water samples by aerobic and
anaerobic categories. The framework is based on the dissolved
concentrations of five water-quality parameters (O,, NO;
Mn?", Fe**, and SO,*"). This framework has been discussed in
detail by McMahon and Chapelle (2008). The statistical tests of
the data were performed using SPSS version 11.0.0.

Results and discussion
Hydrochemistry of the water samples

Major ions

Depending on the results of the analyses that are shown in
Table 1 and the dominance of major cations and anions, var-
ious hydrogeochemical types were recognized and are
highlighted in Table 2. In some samples, Ca®* is dominant,
and in others, Na* is dominant, and in the remaining samples,
a mix of Ca®*, Na*, and Mg®* is dominant.
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Fig. 4 Scatter plot and linear regression between Sr—Mg, Ca—Mg, and Rb—K in the water samples
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Table 4  Concentrations of trace elements (pg/L) in the water samples (other trace elements such as Be, Cd, T1, and Sb were in all samples < 1 pg/L)

aay Al A2 A3 A4 AS A6 A7 A8 A9 A10  All Al2  Al13  Al4 Al5 1QS WHO
Li 248 44 301 323 218 898 599 433 582 6.25  6.68 312 449 429 259 NA NA
B 3144 926 583 531 825 624 340 435 63 1242 633 47.8 488 488 19.6 N/A 500
Al 134  3.59 468 179 153 378 1.08 42 1.19 0.52  1.56 1.79 197 167 7.18 200 200
Mn 626 198 041 206 0.74 044 911 074 492 153 0.86 1.85 286 276 276 100 400"
Fe 151 28 774 9.6 992  3.09 684 83 443 266 133 .11 527 36.8 6.52 300 300
Ni 048  0.11 079 409 078 039 243 022 521 832 3.8 0.14 564 552 053 20 20
Zn  51.1 493 287 406 353 771 422 586 502 145 41.2 58.7 58 623 39.6 300 300
As 578 0.76 094 118 0.67 154 161 78 1.1 0.19 149 047 284 241 029 10 10
Se 091  0.03 0.09 0.1 033 057 014 011 021 0.15  0.62 0.18 023 031 032 10 10
Sr 770 319 1257 123 1757 1033 103 294 1032 677 564 823 622 566 503 N/A NA
Ba 196 22 133 146 774 166 215 202 171 76 28 63 113 138 114 N/A 700
Pb 023 0.05 0.03 017 0.1 009 0.05 005 <0.01 002 <001 002 013 0.12 0.07 10 10
\% 276 0.89 144 13.7 156 427 0.67 444 6.17 273 713 6.65 844 642 199 NA NA
Cr 012 0.02 038 032 146 028 0.03 05 0.07 0.02  0.04 0.17 043 058 042 50 50
Rb 139 0585 072 104 0.6 136 061 026 0.83 0.43 0414 0.65 44 723 037 NA NA
U 039 0.28 1.8 182 3 1.5 0.4 036 1.57 1.49 148 1.52 099 063 065 NA 30
TE 1.06 038 145 1.65 19 1.14 227 044 1.76 1.06  0.66 096 1.17 1.11 0.68

Part of the data is from Kareem et al. (2014)
TE sum of trace elements Al, Mn, Fe, Ni, Zn, As, Se, Sr, Ba, Cr, V, and Pb, /0S Iraqi drinking water standards (2006), WHO WHO drinking water

standards (2006)

#Manganese MCL of the US EPA is 50 pg/L as secondary standard (not mandatory)

The water samples are classified depending on the dom-
ination of Na*, Ca®*, and a mix of Ca’*, Na*, and Mg**.
This classification is a guide to show the groundwater
quality with regard to using this groundwater for human
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consumption (Vasanthavigar et al. 2008). Na-water facies
are mostly fresh waters (A1, A2, A6, A8, All, and A12)
but characterized by higher Na* concentrations (135—
222 mg/L) compared with the other samples (Table 1).

Ca”* and Mg?" in the water samples are impacted mainly
from the sedimentary rocks of the aquifer in the ROI (Ali
2007) (Table 3).

Ratio of major and trace elements

Linear regression tests between major and trace elements were
performed to evaluate the geochemical processes in the stud-
ied water samples (Table 2; Fig. 4). The K/Rb ratio shows
higher values in A4, A7, A9, and A10 water samples than in
the other samples. The high K/Rb ratios are typical for iden-
tification of areas where the overburden is enriched in calcite
(Peltola et al. 2008).

A3, A4, A5, A7, and A9 water samples demonstrate
high values of Sr, Ca, and Mg compared with the other
water samples (Tables 1 and 4). These were water samples
collected from wells near the municipal waste dump site
(A3 and A4), near the scrape dump site (AS5), or from wells
from both sides of the Tanjero river (A7 and A9) (Table 2;
Fig. 1). In Fig. 4c, Rb and K have higher values in A13 and
Al14 (4.4-7.23 pg/L and 7.8-10.1 mg/L for Rb* and K*,
respectively) compared with the other water samples. A13
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Fig. 6 Na* domination
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and A14 are water samples from the Tanjero river, while
the other samples are collected from wells and the spring.

Na domination and Na/Cl ratio

The Na/Cl ratio is higher in A1, A2, A6, A8, A10, All,
and A12 than in the other samples. The higher Na/Cl ratio
shows that cation exchange occurred on the clay minerals
in the groundwater aquifer (Edmunds et al. 2008). High
Na/Cl ratio is due to silicate weathering as a source of
Na* (Meybeck 1987). Dissolution of Na-bearing minerals
(e.g., albite) is possible, but the presence of minerals was
not confirmed by the mineralogy of the aquifers. The high

concentration of Na* in Al, A2, A6, A8, A10, All, and
A12 indicates ion exchange in the aquifer, as concluded
similarly by Raju et al. (2015) in New Delhi water. These
samples were collected from wells inside houses, ware-
houses, or small factories. Uncased pit latrines or poorly
constructed septic tanks exist in these locations as well.
Anthropogenic sources for Na* are possible as well.
Sources of Na* are suspicious and are not well identified
in the groundwater of the area (Mustafa and Merkel
2015). The 1:1 Na/Cl relation is not correlated (R*=
0.05), suggesting different Na* sources. Increasing con-
centration of Na* could be from sewage contamination
(Mustafa 2007) or Sulaimani City waste dump.

@ Springer
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Table 5 Redox classification of the water samples depending on the McMahon and Chapelle (2008) framework

Sample No. Dissolved O,mg/L NO; mg/L Mn?* ng/L Fe?* ng/L SO42_mg/L General redox category Redox process
Al 2.7 0.2 6.26 15.1 28.5 Oxic 02

A2 4.2 4.6 1.98 2.8 53.6 Oxic 02

A3 2.7 9.9 0.4 7.7 62.6 Oxic 02

A4 54 43 206 9.6 63 Intermediate 02-Mn (IV)
AS 5.8 24.3 0.74 9.9 126 Oxic 02

A6 7.9 0.8 0.44 3.09 123 Oxic 02

A7 4.7 2.6 911 68.4 85 Intermediate 02-Mn (IV)
A8 2.7 23 0.74 8.3 89 Oxic 02

A9 1.8 2 492 44 124 Intermediate 02-Mn (IV)
Al10 1.8 1 153 2.7 93 Intermediate 02-Mn (IV)
All 1.47 0.1 0.86 13.3 141 Oxic 02

Al2 3.97 9.5 1.85 1.1 266 Oxic 02

Al3 5.6 53 286 52.7 74 Intermediate 02-Mn (IV)
Al4 1.7 0.2 276 36.8 87 Intermediate 02-Mn (IV)
AlS 7.8 0.1 2.77 6.52 39.6 Oxic 02

The Na* average values of the winter and summer samples
were plotted in a Gibbs classification diagram (Fig. 5) (Gibbs
1970). The classification depends on the Na/Cl ratio (Table 2).
According to Gibbs’ classification, the main sources of geo-
chemical components in samples A3, A4, AS, A7, A9, Al3,
Al4, and A5 is rock weathering (Figs. 5 and 6).

The potential sources of the Na* in the ROI could be varied
between the silicate weathered rocks and leaching of sewages
and uncased pit latrines that distributed widely in the ROI.

Table 6 The dissolved organic carbon (DOC) analysis of the water
samples in the ROI

Sample no. Winter mg Summer mg Average mg
Corg/L Corg/L Corg/L
Al 2.51 0.36 1.44
A2 1.09 0.15 0.62
A3 1.45 0.29 0.87
A4 2.11 2.37 224
A5 1.16 0.43 0.80
A6 1.32 0.31 0.82
A7 221 1.79 2.00
A8 1.37 0.51 0.94
A9 3.31 2.81 3.06
A10 2.19 2.13 2.16
All 1.76 0.25 1.01
Al2 1.51 0.27 0.89
Al3 6.74 8.61 7.68
Al4 11.47 6.57 9.02
Al5 1.27 0.33 0.80

@ Springer

Redox status framework

Trace element contamination and redox status are two bases for
evaluation of trace element mobility and contamination
processes. In this context, the redox framework of McMahon
and Chapelle (2008) was used on the dissolved concentrations
of Oy, NO5~, Mn**, Fe**, and SO,*, and it was also used to
classify the general categories of the water samples of the ROL

Table 5 shows two dominant categories in the study area,
which are the oxic and intermediate. The oxic category represents
the aerobic conditions where dissolved oxygen acts as an electron
acceptor. The intermediate water samples such as A4, A7, A9,
A10, A13, and A14 represent moderate reduction where dis-
solved oxygen still exists but as well there is a considerable
concentration of Mn (VI) (DeLaune and Reddy 2005). Most of
the contaminated samples are listed in the oxic class and the
others in the intermediate redox class. Intermediate redox condi-
tion (lower oxygen content) in the groundwater system of the
ROI favors higher trace element contamination load. This may
reflect the relation between the redox status and the contamina-
tion condition and can be used as a tracer.

A13 and A14 are water samples collected from the Tanjero
river at locations where the sewage of Sulaimani City enters
the water course with a high load of organic matter (Rashid
2010). A7, A9, and A10 are close to the banks of the Tanjero
river. A4 is one of the wells close to the main dump site of the
Tanjero industrial area and the dump site drainage, which
contains significant BTEX concentrations compared with the
other water samples (Kareem and Merkel 2015).

The dissolved organic carbon (DOC) analysis of the water
samples in the ROI shows significantly elevated concentrations
in water samples A4, A7, A9, A10, A13, and A14 compared
with the other water samples (Table 6).
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The occurrence of organic matter and nutrients com-
bined with oxygen depletion constitutes an anaerobic
environment (Yakushev and Newton 2012).

Oxygen and inorganic mineral ions could be reduced
in these water samples because they could act as elec-
tron acceptors with organic matter such as human/
animal waste and volatile organic carbon. After oxygen
and nitrate ions are consumed by microorganisms, then
Mn is normally used in the redox reaction chain
(Stanton and Qi 1997).

The water samples A4, A7, A9, A10, A13, and Al4
are considered as impacted by human activities, and
these water samples are contaminated by BTEX
(Kareem and Merkel 2015) that could be a reason of
releasing the electrons in the redox reactions and avail-
ability of semi-reduction environment in these water
samples. The summation of the trace element concentra-
tion in the human impact water samples in the ROI did
not demonstrate a significant relation with redox oxic
and anoxic categories comparing to the rest of water
samples (Table 4).

Conclusions

Three groundwater classes were recognized in the ROI:
Ca”®* dominated, Na* dominated, and mixed type. The
K/Rb ratio indicates enrichment in calcite and the Na/Cl
ratio reflects the clay mineral enrichment in the aquifer.
The sources of high Na™ concentration are geogenic and
anthropogenic as well. Two redox categories are recog-
nized in the water samples of the ROI. One category
represents the aerobic environment with rather high O,
values and lack of organic matter in the groundwater.
The other category is intermediate with lower O, values
and elevated Mn (IV) concentrations, which represent
semi-reduced redox conditions due to organic matter
and volatile organic carbons in the groundwater that
originate from sewage wastes in the Tanjero river and
BTEX leachate from the waste dump site into the
groundwater. The Mn concentrations in the water sam-
ples that are close to the waste dump site or the Tanjero
river make the water unsuitable for human consumption.
Because untreated waste water is spilled into the
Tanjero river and dumping of solid and liquid waste in
the ROI happens without any technical measures, the
contamination of the downstream groundwater contami-
nation is rather moderate. Thus, it can be concluded that
river water is not infiltrating to a great extent and that
the groundwater recharge is very low. However, it can-
not be excluded that contaminants are still in the unsat-
urated zone of the dump site and may enter groundwa-
ter in the near future, depending on the hydraulic

properties of the aquifers and release of organic and
inorganic contaminant flux to the unsaturated zone.
The hydrological conditions need to be better addressed,
especially the mechanisms of how, when, and where the
river is in gaining or losing conditions to evaluate the
contamination patterns. Regarding contamination risks,
it can be concluded that water of the area is not save
for domestic uses. Groundwater vulnerability and water
resource managements should be more highlighted in
the area. The inhabitants in the ROI need more sanitary
projects with periodic monitoring and determine the
main standards to build pit latrines in this area.
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