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Abstract

This study examines the hydrochemical characteristics of groundwater in the Mutoshi mining
environment in Kolwezi, Democratic Republic of Congo, addressing gaps in understanding the
impact of mining on water quality. Despite the DRC's vast water resources, only 26% of the
urban population has access to safe drinking water, with the Mutoshi aquifer, providing over
a quarter of Kolwezi's drinking water, facing deterioration due to underlying copper and
cobalt-rich geological formations. Groundwater and geological samples were analyzed for
major and trace elements using X-ray fluorescence and inductively coupled plasma mass
spectrometry (ICP-MS). Results showed high concentrations of copper (Cu) at 9.930 ppm,
cobalt (Co) at 3.560 ppm, manganese (Mn) at 2.182 ppm, and iron (Fe) at 41.500 ppm,
significantly exceeding reference values. Groundwater samples revealed Cu levels up to 32
mg/L and Mn at 9.5 mg/L, surpassing WHO standards. Hydrochemical classification of the
waters, performed using the Piper diagram, revealed two distinct hydrofacies. Calcium-
magnesium bicarbonate waters dominate most samples, while sodium-potassium
bicarbonate waters are also present. Processes influencing groundwater mineralization
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include the dissolution of carbonate, clay, and evaporite minerals. These findings underscore
the importance of effective mining waste management and ongoing groundwater quality
monitoring to safeguard public health.

Keywords
Groundwater; trace elements; chemical composition; Mutoshi; Kolwezi; heavy metals; piper
diagram

1. Introduction

Access to safe drinking water remains a significant challenge globally, exacerbated by
anthropogenic pollution and natural processes. In the Democratic Republic of Congo (DRC), only 26%
of the urban population can access safe drinking water [1, 2]. Similar studies in other places have
stressed the importance of conducting extensive groundwater quality assessments to inform
appropriate management techniques. For instance, [3, 4] emphasized the importance of
understanding the hydrogeochemical characteristics of groundwater in northwest China and its
implications for public health. Such studies demonstrate that the methodologies employed in
hydrogeochemical assessments are universally applicable and relevant in various geographical
contexts [5, 6].

Despite existing literature on mining's impact on groundwater quality, essential gaps remain
regarding the specific effects in the Mutoshi region. While previous studies have documented
elevated heavy metal concentrations and their health implications [7-9], the role of overlying
geological layers in shaping groundwater quality is poorly understood. Groundwater chemistry is
influenced by the composition of rocks it passes through, with metal-rich ores releasing ions through
weathering, degrading water quality [10, 11]. Factors such as pH, redox potential, mineral
composition, organic matter, and anthropogenic pollution further affect metal mobility [12, 13].
This research uniquely integrates spatial analysis and soft computational modeling to provide a
comprehensive assessment of health risks associated with potentially toxic elements (PTEs), aiming
to fill a critical gap in understanding the hydrochemical properties of groundwater in the Mutoshi
mining environment and the processes responsible for their mineralization [5, 14]. This approach
improves the understanding of groundwater quality in the DRC and contributes to global discussions
on sustainable water resource management in mining regions.

Incorporating statistical methods from recent studies, such as those by [15, 16], emphasizes their
importance in assessing groundwater suitability through water quality indices. Statistical methods
in these studies further support this approach, which integrates geochemical and statistical analyses
for a comprehensive assessment. This study draws on such methodologies to ensure the results are
contextualized within a broader research framework [5, 17].
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2. Materials and Methods
2.1 Study Area

The Mutoshi aquifer is approximately 350 meters from the Mutoshi open-pit mine (formerly
Ruwe) northeast of Kolwezi, about 8 km from the city center. The area is located between longitudes
25.50° and 25.54° and latitudes -10.66° and -10.70° (Figure 1). Access to the site is via the road that
passes through the Mutoshi Technical Institute. The city of Kolwezi, where the study area is located,
is in Lualaba Province, approximately 320 km from the city of Lubumbashi [2, 18].
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Figure 1 Geographical location of the study area with the main sampling points.

The Lualaba region has a tropical climate, with humid and temperate variants resulting in
alternating wet and dry seasons. The longer rainy season lasts about 8 months, from September to
April, while the shorter dry season extends for about 4 months, from April to September [16]. The
vegetation is heterogeneous, influenced by rainfall patterns and soil fertility. Dense and gallery
forests with diverse plant species are found in some areas along waterways [2, 19]. There is a rich
diversity of over 100 different species. Common vegetation disturbances include agriculture,
cultivation, firewood harvesting, and charcoal production.

[7] identified several morphological zones in the Kolwezi mining area: the N'zilo promontory to
the northwest, an area of rugged relief where relatively complex Kibarian rocks outcrop (quartzites
and metamorphic schists). The Lualaba River (source of the Congo River) and some tributaries cross
this massif at the bottom of deep gorges, in a series of waterfalls and rapids before emptying into
the Upemba depression. The sandy plateaus of Manika and Biano are located southwest and
northeast, respectively, separated by the upper Lualaba Valley. Two gently sloping hills, interrupted
by small reliefs, connect the Lualaba Valley to the plateaus.

According to [8, 20], this structure is a hydrogeological reservoir in a region characterized by a
generally low slope, low surface runoff, and high infiltration. The average altitude of the area varies
between 1000 and 1500 m, with depressions occupied by rivers. From a geomorphological
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perspective, the region exhibits karstic tendencies. The Lualaba is the most important river,
originating on the high plateaus of Manika at 1420 m. The Kolwezi region falls entirely within the
Lualaba watershed. The Luilu and Musonoie rivers are the two most essential waterways in the
Kolwezi region among the tributaries of the Lualaba [5].

2.1.1 Local Geology

Mutoshi is a mineral deposit classified within the R2 group of mines in the Kolwezi Klippen (see
Figure 2). The Kolwezi Klippe is one of several klippen interpreted as erosional remnants of a large,
folded allochthonous sheet along the northwestern margin of the Congolese Copperbelt, adjacent
to the Mesoproterozoic Nzilo basement block [21]. According to [7], the deposit is within the
KILAMUSEMBU facies. The eastern part of the Mutoshi open-pit mine contains two hills with
Kundelungu formations on their flanks, and their summits consistently outcrop in massive dolomite
with stromatolites. The Kundelungu formations identified in the study area include:

* Feldspathic graywacke shales and highly abundant gray-violet argillaceous shales with

abundant mica (lower KIUBO formation).

* Alternating feldspathic graywacke shales, slightly carbonated argillaceous shales, and

occasional beds of impure limestones that weather into brown sandy rocks; mica and oligist
minerals are highly abundant (upper KIUBO formation).

/ utoeh =
Kananga Mutos! |=‘

_ =

Dilala East

Ku-2. Mines Subgroup 0
Ku | Kundelungu Group Kambove Formation, C.M.N
= i : Kilometres
Dolomitic Shales Formation, S.D.
-m. Nguba Group Kamoto Formation, G.RA.T., ,(
D.Strat., R.S.F. and R.S.C. Thrust and/or fault
Roan Group —
Mwashya Subgroup :l R.A.T. Subgroup and Roan breccia
:l Dipeta Subgroup I:l Mesoproterozoic Kibaran basement ol JF;::);SGZ?Se:;g'o(ﬁgg:g;h(:f:am'"es-

Figure 2 Geology and Mineral Deposits of the Kolwezi Klippe, Katanga Province, DRC
After: [21].

Moving from south to north, the two hills appear separated by a dissemination of bivalve molds.
After their deposition, these molds have undergone silicification. These bivalve molds serve as
excellent polarity markers, allowing precise localization of the base and roof formations
encountered in the field [4, 7]. The bivalve shell shows that the convex side is the dorsal part, while
the flat ventral side, through which the animal moves, is evident. It should be noted that in the study
area, these molds do not form a continuous layer but are dispersed within graywacke shales. The
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cast is perfect; there has been a pseudomorphosis of the calcareous shell into a silica or dolomitic
ensemble, highlighting the diagenetic processes that have significantly influenced the mineralogical
and petrographic characteristics of the Kundelungu formations in the Mutoshi deposit.

The hydrology of the study area reveals surface water flow characterized by laminar and
turbulent currents, which are primarily influenced by the site's topography and the granulometry of
its geological formations. Topographically, rugged terrain facilitates rapid runoff, often resulting in
mechanical erosion or weathering, whereas flat terrain promotes infiltration, driving advanced
chemical alteration, as observed at the site [6, 22]. The granulometric composition further
modulates these hydrological dynamics; coarse-grained formations enhance permeability,
minimizing runoff and favoring infiltration, while fine-grained formations exhibit low permeability,
leading to stronger runoff. Together, these factors intricately govern the water flow patterns and
their associated geomorphological and geochemical impacts on the region [16, 23].

2.1.2 Mineralisation

The mineralization at Mutoshi results from a leaching process associated with supergene
alteration, leading to the precipitation of minerals at the base of the Mines subgroup (R2) and in
the underlying R1 [24]. Leaching of copper ores, driven by intense water circulation, mobilized and
concentrated mineralization at these stratigraphic levels. Regarding the distribution of elements,
cobalt is primarily found in the OBI (Lower Ore Body) and OBS (Upper Ore Body). This contrast in
geochemical distribution reflects specific transport and deposition conditions influenced by the
hydrogeological and diagenetic processes unique to the Mutoshi area [25].

2.2 Methodological Approaches

This study employs a robust methodological framework incorporating geochemical and statistical
analyses to assess groundwater quality in the Mutoshi mining environment. This approach is
informed by similar studies from diverse regions, ensuring relevance and applicability. For example,
[22] utilized statistical modeling and hydrochemical analysis to determine water quality indices, a
method used to enhance assessment accuracy.

2.2.1 Sampling and Analysis Methods

Samples were collected from geological formations and groundwater in the study area. The rocks
were analyzed to quantify concentrations of major and trace elements, while groundwater samples
underwent detailed analysis of their Hydrochemical parameters [26, 27].

Sampling and Analysis of Geological Formations. This study examined rock samples from the
overburden layers of the Mutoshi deposit using lithogeochemical techniques such as X-ray
diffraction to determine primary and trace elements. First, representative lithological units
overlying the Mutoshi aquifer were identified by referring to existing geological maps and
conducting field verifications [26, 28]. Rock samples were collected from fresh outcrops using a
hammer and chisel. Approximately 2 kg of each lithotype were sealed in plastic bags to prevent
contamination [11, 29]. At least 5 samples per unit were collected. Sampling locations were
recorded and marked on maps for reference. Samples were also collected from visible mineralized
zones, such as faults, veins, or fractures, to study associated alteration [30] (Table 1).
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Table 1 Rock analysis results.

N° X Y Z Cu Co Mn Fe S Si Ca Mg Al K
Ech 1 338310 8819437 1483 2893 289 0 286 67 447 0 0 74100 75
Ech 2 338260 8819437 1483 2232 370 86 311 2 34 0 0 78200 127
Ech 3 338310 8819487 1482 554 483 198 238 0 435 0 0 88900 4
Ech 4 338260 8819487 1484 6366 168 168 307 18 168 0 0 88900 85
Ech 5 338360 8819387 1489 1018 191 0 280 24 163 0 0 87600 96
Ech 6 338310 8819387 1484 3960 330 95 308 5 31 0 0 74000 88
Ech 7 338260 8819387 1486 4645 465 222 122 75 254 0 0 74600 44
Ech 8 333860 8819337 1500 5770 196 0 341 46 414 0 0 83700 37
Ech 9 338310 8819337 1485 4826 419 188 373 26 367 0 0 74800 9
Ech 10 338260 8819337 1484 333 49 0 260 9 28 0 0 69900 114
Ech 11 338210 8819337 1486 2202 907 272 157 28 2768 0 0 73200 101
Ech 12 338260 8819287 1485 2372 275 0 242 33 188 0 0 90600 60
Ech 13 338210 8819287 1487 6700 490 160 250 0 190 0 0 74700 131
Ech 14 338260 8819287 1483 4078 378 2182 147 53 920 0 0 72700 79
Ech 15 338210 8819287 1482 3839 578 1682 140 28 480 0 0 72000 42
Ech 16 338260 8819287 1482 3879 3560 1740 103 20 244 0 0 73200 29
Ech 17 338310 8819237 1482 5347 434 69 341 25 155 0 0 74800 74
Ech 18 338260 8819187 1484 1005 262 0 239 0 37 0 0 74100 188
Ech 19 338310 8819187 1482 127 32 0 268 0 0 0 0 78200 80
Ech 20 338310 8819137 1485 562 159 0 304 0 259 0 0 78100 99
Ech 21 338260 8819087 1486 1819 3023 1706 107 39 380 0 0 72000 116
Ech 22 338310 8819337 1500 477 533 0 7489 0 21377 3646 862 12393 66
Ech 23 338360 8819237 1486 401 502 0 7150 0 16742 2840 1366 8743 55
Ech 24 338310 8819137 1486 1907 644 0 20934 0 4992 5709 65437 582 62
Ech 25 338360 8819087 1484 681 307 0 13299 0 3189 2730 14748 12523 90
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Ech 26
Ech 27
Ech 28
Ech 29
Ech 30

338310
338360
338260
338310
338360

8819387
8819137
8819087
8819087
8819237

1484
1486
1485
1487
1486

3291
630

2330
9930
6214

779
238
396
732
239

O O O oo

22414
3368
6050
41500
31588

O O O o o

24512
5505
20355
6300
4671

3484
2522
2632
5638
3744

4377
10732
849
41252
24429

32126
12509
13502
30894
19575

58
54
70
77
58
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For soil sampling, small pits approximately 5 decimeters in diameter and 75 centimeters deep
were dug at each grid point. While a predetermined sampling density of 50 x 50 meters was
generally followed, random sampling was also employed where necessary, depending on field
conditions [25]. A total of 30 soil samples were collected. To ensure sample quality, specific key
rules were followed, such as recording the location and time of sampling, noting field parameters,
using airtight containers to prevent contamination, maintaining a depth of 50 to 75 cm to avoid root
effects, and respecting the grid spacing [28]. The soil samples were placed in labeled plastic bags,
with a basic terrain description noted in a sampling log for easy geological mapping of the
encountered formations.

Laboratory analysis involved X-ray fluorescence (XRF) to determine the elemental composition
of the lithological samples [29]. In the case of X-ray fluorescence, the sample is irradiated with X-
rays, making it fluorescent and emitting secondary X-rays characteristic of its constituent elements.
From the emitted wavelength spectra, the elements present are identified and quantified [25]. This
helps us understand the enrichment and depletion of major and trace elements associated with
mineralization in the overburden layers of the Mutoshi deposit.

Sampling and Analysis of Groundwater. Groundwater sampling at Mutoshi was conducted from
existing tubular wells and boreholes after adequate purging to ensure the collection of formation
water [31]. Field measurements, including pH, electrical conductivity (EC), temperature, and total
dissolved solids (TDS), were taken using calibrated portable meters following standard methods [32]
(Table 2). Samples for cation and anion analysis were filtered through 0.45 um membranes and
appropriately preserved. Containers for cation analysis were acidified with ultrapure nitric acid to a
pH below 2 [28], while non-acidified samples were reserved for anion analysis. Refrigerated samples
were transported to accredited laboratories for analysis using inductively coupled plasma mass
spectrometry (ICP-MS), ion chromatography, titration, and spectrophotometry, following
established protocols [1, 3]. The hydrogeochemical classification of water types was performed
using Piper diagrams, following methodologies from previous studies [30, 33], to understand the
dominant water types in Mutoshi and the geological factors influencing groundwater chemistry.
Also, the analysis adhered to the guidelines set by the American Public Health Association [16, 34],
ensuring compliance with standard hydrochemical assessment protocols.
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Table 2 Water analysis results.

Nom X(UTM) Y((UTM) Z(m) T pH Eh CE TDS TSS SOS Cu Co Mn Fe S Al Si Ca Mg Na K HCO; SO, F NO3

P1 338953 8818946 1508 23.38 6.8 416 354 3.31 0.212 0.157 0.23 0.2 0.242 0.14 167 0.68 0.447 26.6 205 40.25 2.44 140 10 67 0.9 0.89

P2 338947 8819953 1508 254 7.3 617 1232 6.75 0.143 0.108 035 0.16 0.07 0.52 0.567 O 3.4 244 20.3 5.59 1.85 150 8.5 33 0.9 0.837
P3 339370 8818723 1511 228 6.58 514 3541 4.1 0.234 0.164 032 021 O 1 0 0.732 435 26.6 203 3195 239 291 20 70 1.7 0.65

P4 337865 8819495 1495 26.7 82 929 378 0.89 0.019 0.047 039 023 O 0 0.124 0.34 168 23.7 203 3256 215 140 6 26 1 0.713
P5 337993 8819422 1494 26 79 807 392 159 0.058 0.071 043 0.23 0 0.077 0.24 O 0.163 273 27.1 3063 1.16 150 7.7 30 0.7 0.888

P6 338692 8817492 1592 228 6.6 416 395 41 027 0.133 04 2 0.219 0.519 0.5 036 3.1 3.5 9.39 35575 0.27 137.86 6.03 288 0 0.682

P7 338655 8817292 1436 22.7 6.62 4549 3751 3.86 0.276 0.13 0.67 056 0.86 0.26 7.5 0.889 2.54 284 284 49457 3 275 16 54 0.9 0.798
P8 338695 8818713 1507 238 6.9 399 365 3.6 0.212 0.143 35 0.04 198 157 0.46 0.876 0.414 6 57.1 28457 7 14335 12.05 644 0 0.052
P9 338792 8818523 1410 232 6.8 416 364 331 0.225 0.147 0.6 0.59 1.68 0.242 0.26 0.74 3.67 273 273 4585 0.004 130 8 57 0.6 0.824
P10 338691 8818529 1456 23.1 6.7 399 359 36 0.218 0.138 0.23 0.2 3.05 0.25 0.9 0.746 2.89 3484 348 2831 7 128 9 33 0.901 0.986

P11 338592 8818623 1503 234 6.6 382 358 3.1 0.212 0.134 133 0.97 95 1.47 0.28 0.837 2.768 25.22 25.2 3857 0.096 141 20 55 0.7 0.735
P12 339247 8817496 1462 227 6.6 552 357 435 0.27 0.162 0.22 0.87 222 14 033 0.748 1.88 26 263 29 1 250 8.5 31 1 0.783
P13 338210 8819537 1483 255 82 24 42.85 3.03 0.194 0.147 0.85 098 238 049 05 0.58 0.89 3046 22 4959 1.05 140 7.57 30 145 0.86
P14 338365 8819438 1483 249 7.12 61 31.88 2.18 0.133 0.063 141 0.72 0.78 0.28 7.5 0.44 138 22.84 20 3881 3.55 210 6.03 261 0 0.672
P15 338310 8819425 1482 223 6.8 595 2982 133 0.09 0.047 101 0.41 18 127 046 081 0.13 29 21.7 32 271 128 12 62 0.65 0.81
P16 338260 8819440 1484 25 7.2 606 3166 1.65 0.062 0.115 2.036 0.67 1.5 0.182 0.26 0.76 3.6 4.8 10.5 3256 2.15 195 11 61 0.08 0.25
P17 338310 8819487 1489 228 7.36 59.5 59.65 7.84 0.156 0.241 0.2 0.83 147 197 046 069 278 235 215 2489 0.8 1434 18 29 0.6 0.67
P18 338275 8819423 1484 25 7.2 606 3166 1.65 0.062 0.115 042 0.89 7.2 155 0.28 081 3.7 245 21.6 3353 2.08 289 115 596 0 0.602
P19 338360 8819376 1486 24.1 7.16 37 36.23 2.84 0.169 0.128 2.06 0.29 1.3 083 1.8 0.69 23 8.5 195 3257 5 270 5.89 414 0.8 0.295
P20 338698 8818952 1500 23.7 6.9 39.5 355 3.32 0.199 0.143 32 0.48 0.6 0 0.12 0.28 2.9 5 8.9 30.81 3.02 148 7 31 1.3 0.195
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2.2.2 Data Processing Methods

Processing data on Mutoshi's geological formations and groundwater involved hydrochemical
and statistical methods.

Geochemical Characterization of Rocks. To characterize the studied rocks, geochemical data
processing involved descriptive statistical analysis of the various chemical elements analyzed,
including minimum, maximum, mean, standard deviation, and coefficients of variation (CV). This
analysis also included comparing the mean values to Clark standards to assess the enrichment of
chemical elements in the rock samples collected at Mutoshi. This statistical analysis was conducted
on 30 samples and 10 elements (Cu, Co, Mn, Fe, S, Si, Ca, Mg, Al, and K) [6, 14, 35].

Hydrochemical Characterization of Groundwater. Regarding the hydrochemical parameters of
groundwater, their processing also involved descriptive statistical analysis, including the
measurement of minimum, maximum, mean, standard deviation, and coefficients of variation (CV).
The values of these parameters were compared to each other and WHO standards [16, 30]. This
statistical analysis was conducted on 20 samples and 21 hydrochemical variables (T°C, pH, Eh, CE,
TDS, Total Suspended Solids (TSS), Suspended Organic Solids (SOS), Cu, Co, Mn, Fe, S, Al, Si, Ca, Mg,
Na, K, HCOs3, Cl, and SOa). To assess the relationship between these hydrochemical parameters of
groundwater, a correlation analysis was conducted. This bivariate statistical analysis method
allowed us to determine if variations in one parameter are associated with variations in the other.
For this purpose, correlation coefficients (r), ranging from -1 to +1, were calculated to assess the
strength and direction of the statistical link between the analyzed parameters [36, 37].

The hydrochemical study of the waters required tools such as the Piper diagram [17, 23, 32, 33,
38] and Stiff diagrams to classify the waters and assess their ionic composition. Finally, binary
diagrams were used to examine the origin of water chemistry and base exchange processes to
understand better the interaction between groundwater and surrounding geological formations.
These diagrams are frequently used in hydrochemical studies by several authors, including [14, 31,
39]. All these analyses were conducted using Excel 2016, Tanagra 1.4, and Diagramme 6.77 software.
The location of measurement points in the study area was represented using QGIS 3.43.5 software.

3. Results
3.1 Geochemical Characterization of Rocks

Field observations reveal that the aquifer studied is covered by an alternating sequence of black
shales, laterite layers, and Kalahari-type quartz sands. To identify the origin of chemical elements in
groundwater, rock samples collected in the field were analyzed to quantify concentrations of major
and trace elements (Table 3) [19, 35].

Table 3 Statistical analysis of concentrations of major and trace elements in Mutoshi
rock samples.

Elements . . Lo Coefficient of
Minimum Maximum Mean Standard Deviation L. Clark
(ppm) Variation (CV)

Cu 127 9930 30129 2382 0.8 55
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Co 32 3560 580.9 755.1 1.3 25

Mn 0 2182 292.3 612.1 2.1 950

Fe 103 41500 5297.2 10250.6 1.9 56000
S 0 75 16.6 21.3 1.3 350

Si 0 24512 3853.5 6937.3 1.8 288000
Ca 0 5709 1098.2 1793.1 1.6 36000
Mg 0 65437 5468.4  14187.5 2.6 21000
Al 582 90600 59038.2 29213.8 0.5 81000
K 4 188 75.6 37 0.5 25000

The results of the chemical composition analysis of the rocks revealed high concentrations of
elements such as Cu, Co, Mn, Fe, Mg, and Al. These elements exceed the reference values
established by the Clark scale and can hurt the quality of Mutoshi groundwater.

3.2 Concentration of Chemical Elements in Groundwater

As part of this study, the World Health Organization (WHO) standards were used as a priority to
assess the hydrochemical quality of Mutoshi groundwater (Table 4).

Table 4 Statistical analysis of hydrochemical parameters of groundwater.

Hydrochemical . . . Standard Coefficient of WHO
Units Minimum Maximum Mean o o

parameters Deviation Variation (CV) standard

T °C 22.3 26.7 23.96 1.25 0.05 -

pH pH 6.58 8.2 7.08 0.50 0.07 6.5 to 8.5

Eh Y 24 92.9 5159 15.74 0.31 -

CE uS/cm  12.32 59.65 35.83 8.03 0.22 250

TDS mg/L  0.89 7.84 3.32 1.66 0.50 1000

MES mg/L  0.019 0.276 0.17 0.08 0.44 -

MOS mg/L  0.047 0.241 0.13 0.04 0.35 -

Cu mg/L 0.2 32 2.43 6.83 2.81 2

Co mg/L  0.04 2 0.58 0.44 0.76 15

Mn mg/L 0 9.5 1.84 2.37 1.28 0.4

Fe mg/L 0 1.97 0.70 0.61 0.87 0.3

S mg/L 0 7.5 1.21 2.14 1.77 -

Al mg/L 0 0.889 0.60 0.27 0.44 0.2

Si mg/L  0.13 4.35 2.27 1.26 0.56 -

Ca mg/L 3.5 34.84 21.42 9.56 0.45 200

Mg mg/L 8.9 57.1 23.13 9.95 0.43 150

Na mg/L  24.89 59.59 36.25 8.57 0.24 200

K mg/L  0.004 7 2.44 1.94 0.80 10

HCOs3 mg/L 128 291 179.98 58.68 0.33 -

cl mg/L  5.89 20 10.54 4.47 0.42 250

SO4 mg/L 26 70 44,47  15.72 0.35 250

Page 11/21



Adv Environ Eng Res 2025; 6(2), d0i:10.21926/aeer.2502019

The results presented in this table demonstrate that the average concentrations of elements
such as Cu, Mn, Fe, and Al exceed the WHOQO's drinking water standards.

For hydrochemical indicators exhibiting wide ranges of values, an in-depth analysis of the
variability was conducted. This variability can be explained by natural and anthropogenic factors,
such as geographical differences, seasonal variations in hydrochemical parameters, or the influence
of certain human activities (mining, agriculture, etc.). These value ranges represent the observed
environmental conditions [25, 32, 40].

3.3 Chemical Facies of Groundwater

Hydrochemical classification of the studied waters in the Piper diagram [35, 36] (Figure 2)
revealed two distinct hydrofacies. On the one hand, calcium-magnesium bicarbonate waters
account for 85% of the analyzed water samples, while sodium-potassium bicarbonate waters are
observed on the other.

To show and compare the ionic composition of the analyzed water samples, a series of 20 Stiff
diagrams were used (Figure 3). Each diagram is a horizontal inverted bar graph with three arms
extending to the left and right from a central vertical axis. The left arms represent cations, and those
on the right represent anions. Each arm is labeled with the name of the ion it represents: Na + K, Ca,
Mg, Cl, HCOs + COs, and SO4+ NOs [35, 37]. The concentration of each ion is indicated by the length
of the corresponding arm, with scales provided in milliequivalents per liter (meq/L) at the top and
bottom of the diagrams. Each Stiff diagram is associated with a sample number (P1 to P20).

CI+NO3 100
Figure 3 Projection of Mutoshi groundwater in the Piper diagram.
3.4 Origin of Groundwater Chemistry

Based on the chemical analyses of groundwater samples collected in the field, an attempt was
made to determine the probable origin of specific ions using binary diagrams (Figure 4). These
diagrams allow visualization of the relationships between the different ions present in groundwater,
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such as calcium (Ca?*), magnesium (Mg?*), bicarbonate (HCOs’), and sulfate (SO4%). They provide
information on chemical equilibria and processes of dissolution or precipitation of certain minerals,
which is essential for understanding the geological origin of groundwater, rock weathering
processes, and chemical reactions that influence water composition [9, 30, 40].

Stiff Meg/L 3252151050051152253 Meg/L Meg/L 3252151050051152253 Meg/L

Na+K
P1ca

cl Na+K
HCO03+C03 P11 Ca

Cl
HCO3+CO03

Mg S04+NO3 Mg S04+N03
Na+K Cl Na+K
P2ca HC03+C03 P12cCa +CO3
Mg S04+NO3 Mg S04+NO3
Na+K Cl Na+K Cl
\\
P3cCa 3 P13 cCa > | |Hco3+co3
Mg S04+NO3 Mg = S04+NO3
Na+K cl Na+K cl
P4 ca HCO03+C03 P14 cCa 03+C03
Mg S04+NO3 Mg S04+NO3
Na+K Cl Na+K cl
P5cCa HCO03+C03 P15cCa HCO03+C03
Mg S04+N03 Mg S04+NO3
Na+K Cl Na+K cl
P6 Ca HCO03+C03 P16 Ca C03+C03
Mg S04+N03 Mg S04+NO3
Na+K| | < || Cl Na+K cl
= L]
P7ca > ’#>co3 P17 Ca 2| |HCo3+C03
Mg| |4 ™1 S04+NO3 Mg S04+NO3
Na+K - Cl Na+K
% "’s\
P8 Ca >| |HCO3+CO03 P18 ca
g 4
e : S04+NO3 Mg S04+NO3
Na+K cl Na+K cl
P9 cCa HCO3+C03 P19 ca C03
Mg S04+NO3 Mg S04+NO3
Na+K cl Na+K Cl
P10 Ca HC03+CO03 P20 Ca HC03+C03
Mg S04+N03 Mg S04+N03
Meq/L 32521510500511,52253 Meq/L Meg/L 32521510500,511,52253 Meg/L

Figure 4 Stiff diagrams of the studied groundwater.

The diagrams (a and b in Figure 5) reveal that all points lie below the line with a slope of 1,
suggesting that calcium ions are present in lower quantities than needed to achieve full saturation.
This observation could result from processes of carbonate mineral dissolution in groundwater,
where calcium ions are released into solutions. Undersaturation of calcium ions may indicate that
groundwater has already reacted with carbonate minerals and reached partial chemical equilibrium.
This can occur, in particular, in regions where groundwater has passed through geological
formations rich in carbonates, such as calcite or dolomite. Conversely, the diagrams (c and d in
Figure 5) reveal that the water points lie below, above, near, or on the line with a slope of 1, also
called the theoretical mineral dissolution line. This means that, in addition to carbonate dissolution
phenomena, the elements (Ca?* + Mg?*) have a second origin, which could be linked to clay minerals
and evaporites.
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Figure 5 Binary diagrams: Ca?* vs HCO3" (a), Ca?* vs HCO3™ + SO4?" (b), Ca?* + Mg?* vs HCO3"
+ 5047 (c) et Ca?* vs SO4% (d).

3.5 Base Exchange Processes and Groundwater Mineralization Processes

During their underground journey, waters contact different geological formations that can
exchange their ions with those in the waters [27]. Base exchanges with clay minerals in aquifer
formations and groundwater are often mentioned. These exchanges involve clay minerals capable
of fixing ions by adhesion and releasing other ions depending on the electrical charge between the
clay mineral layers and the saturation state of the solution.

Base exchanges characterizing Mutoshi groundwater are highlighted by the relationship between
[(Ca%* + Mg?*) - (HCO3™ + SO4%)] vs [(Na* + K*) - CI'] represented by Figure 5. This relationship focuses
only on reactions between clay minerals and the solution, discarding ions potentially coming from
other dissolution reactions of carbonate minerals (calcite, dolomite) and evaporites (gypsum). This
figure helps to highlight groundwater mineralization processes during rainwater infiltration and/or
its residence within the aquifer itself. Without these reactions, all points representing the samples
should be located near the origin [7, 22, 41].

The diagram in Figure 6 highlights that all analyzed groundwater samples lie in zones 2 and 4. In
zone 2, the concentration of (Ca?* + Mg?*) ions is higher than that of (HCOs™ + SO4%) ions, indicating
a predominance of carbonate mineral dissolution processes. Conversely, in zone 4, the
concentration of (Ca?* + Mg?*) ions is lower than that of (HCO3™ + SO4%) ions, suggesting significant
production of HCOs™ and/or SO4% by sulfate mineral dissolution, likely linked to base exchange
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processes. In this zone, there is a release of Na* and K* ions, while alkaline-earth ions (Ca?* and Mg?")
are retained in the clays.
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Figure 6 Binary diagram [(CaZ*+ Mg?*) - (HCO3™ + SO4%)] vs [(Na* + K*) - CI'] of Mutoshi
groundwater.

3.6 Relationship between the Hydrochemical Variables of Groundwater

To better understand the degree of dependence between the hydrochemical variables of
Mutoshi groundwater, the correlation coefficients were calculated. Figure 7 below provides, in
matrix form, the correlation coefficient (r) values calculated for the 21 variables taken two by two.

“C pH Eh CE DS MES MOS Cu Co Mn Fe S Al Si Ca Mg Na K HCO3: ¢l S04

pH 0.852 1

Eh 0.505 0444 1

CE 0232 0157 -0.112 1

TDS 0390 0238 0254 0.181 1

MES | 0713 0669 0742 0153 0503 1

MOS 0514 -0300 0528 0538 0743 0.604 1

Cu 0038 -0086 -0205 -0.020 -0.029 0078 0.070 1

Co 0208 0143 0236 0291 0099 0267 0191 -0073 1

Mn 0086 0187 0248 0011 0143 0006 0083 0105 0264 i

Fe 0395 0244 0109 0261 0357 0102 0415 0240 0471 0.520 1

] 0070 0158 0044 0051 0042 0183 0197 0105 0007 0165 0249 1

Al 0579 0495 0433 0266 D066 0324 0352 0239 0043 0477 0497 0.107 1

si 0156 0330 0092 0130 0320 0179 0338 0085 0252 0175 0031 0084 0089 1

Ca 0031 0109 0138 0005 0033 0008 0059 0462 0233 0177 002 0135 0100 0130 1

Mg 0102 0094 0132 0061 0062 0194 0084 0274 0435 0178 0333 0044 0358 0374 0210 1

Na 0210 0103 0211 03501 0184 0172 0127 0163 0032 0068 0344 0317 0237 0118 0265 0111 1

K 0045 0144 0172 0151 0122 0030 0110 0130 0565 0111 0037 0222 0230 0198 0155 0534 0287 1
HCO3 0084 0223 0031 0105 0065 0093 0073 0123 0012 0078 0203 0353 0313 0377 0015 0095 004 0096 1
a 0460 0376 0107 0247 0326 0212 0437 0181 0043 0403 0571 0019 03527 0261 0242 0195 0104 0126 0227 1

S04 0336 0464 02 0193 0195 0090 0.08¢ 0158 0268 0251 0248 0079 0642 0081 0001 0230 0008 0124 0251 0543 1

Figure 7 Correlation matrix between hydrochemical variables of Mutoshi groundwater.
] Strong correlation 1] Medium correlation L1 Weak correlation.

This table gives the different correlations between the hydrochemical variables. There is a strong
positive or negative correlation between T°C and pH (r = 0.853), T°C and TSS (r =-0.713), Eh and TSS
(r =-0.742), and TDS and SOS (r = -0.743). On the other hand, medium-level positive or negative
correlations are observed between T°C and Eh (r = 0.506), T°C and SOS (r =-0.514), T°C and Al (r = -
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0.579), pH and TSS (r = -0.669), Eh and SOS (r = -0.528), CE and SOS (r = 0.538), CE and Na (r = -
0.501), TDS and TSS (r =0.503), TSS and SOS (r = 0.604), Co and K (r =-0.565), Mn and Fe (r = 0.520),
Fe and Cl (r =0.571), Al and Cl (r =0.527), Al and SO4 (r = 0.642), Mg and K (r = 0.534), Cl and SOq4 (r
= 0.543). It should be noted that good positive correlations confirm that all these elements
participate in groundwater mineralization. On the other hand, the negative correlation coefficients
express an opposition between the variables. This means the considered variables evolve in
opposite directions relative to the center.

4. Discussion

The results of the chemical composition analysis of Mutoshi groundwater (Table 4) reveal high
average concentrations of elements such as copper (Cu), manganese (Mn), iron (Fe), and aluminum
(Al) that exceed the WHO drinking water standards. Rock samples collected in the field also exhibit
high concentrations of these elements, exceeding the reference values established by the Clark
scale (Table 3). This phenomenon can be attributed to the local geology, characterized by the
Katanga Supergroup, a lithostratigraphic sequence rich in metallic ores such as copper and cobalt.
This formation is known for its dolomites and carbonate shales, which can release metal ions into
groundwater through chemical dissolution and ion exchange processes [1, 28].

Groundwater contamination is further linked to the infiltration of leachates from mining waste.
Intensive mining activities in the region, particularly for copper and cobalt extraction, produce
tailings and waste materials rich in metals. Under rainfall, these residues can generate acidic waters
(acid mine drainage), promoting the mobilization of heavy metals into aquifers. This mechanism is
supported by the high concentrations of Cu, Co, and Fe observed, indicating a direct anthropogenic
impact of mining activities on groundwater quality [23, 33, 39].

The Piper diagram analysis revealed that most of the waters belong to the calcium-magnesium
bicarbonate facies, with a minor proportion belonging to the sodium-potassium bicarbonate facies
(Figure 2). This hydrochemical pattern reflects geochemical interactions between water and local
rocks. Cation exchange processes between the aquifer and carbonate rocks, particularly dolomites
and limestones from the Katanga Supergroup, explain the enrichment in calcium and magnesium [3,
35]. The enrichment in calcium and magnesium is likely due to exchanges between the alkalis
(sodium and potassium) of the aquifer and the alkaline earth (calcium and magnesium) of the
Katanga Supergroup rocks, indicating a fixation of alkaline earth (Ca?*, Mg?*) and solubilization of
alkalis (Na*, K*). Also, sodium-potassium bicarbonate waters may be linked to localized zones
dominated by silicate weathering processes, such as altering feldspars and micas [4, 38].

Binary diagrams showed significant correlations between certain major elements (e.g., Ca®* and
HCOs, Mg?* and SO4%), indicating that the dissolution of carbonate and sulfate minerals is a key
factor in groundwater mineralization. Similarities with other studies [8, 25, 40] reinforce the
hypothesis that dissolution processes and ion exchange are dominant mechanisms in
hydrogeological environments influenced by metal-rich formations.

Finally, the impact of local hydrogeological conditions must be considered. The structure of
aquifers in the Kolwezi region, often fractured and fissured due to regional tectonics, promotes
rapid groundwater circulation and facilitates the dispersion of contaminants. Recharge zones,
primarily located in the highlands, supply the aquifers while capturing elements from mining
residues, amplifying the risks of diffuse contamination [6, 14, 25].
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4.1 Implications for Water Security and Sustainable Development

The findings of this study have significant implications for water security and sustainable
development in the Mutoshi region. Given the high concentrations of heavy metals in the
groundwater, local authorities must implement effective water management strategies to mitigate
health risks associated with contaminated drinking water. This includes regular monitoring of
groundwater quality, public awareness campaigns about the dangers of using polluted water, and
the establishment of treatment facilities [16, 17].

Moreover, the study underscores the need for sustainable mining practices that minimize
environmental impacts, such as proper waste management and rehabilitation of mined areas. These
practices are essential not only for protecting groundwater resources but also for ensuring the long-
term viability of local communities that rely on these resources for drinking water and agriculture
[22, 37].

4.2 Limitations of the Present Study

Despite the comprehensive nature of this study, certain limitations must be acknowledged. The
sampling was geographically limited to the Mutoshi area, which may not fully represent the
hydrochemical variability across other mining sites in Kolwezi town. Also, the study primarily
focused on chemical analyses without integrating biological assessments, which could provide a
more holistic view of groundwater quality [19, 31, 32].

4.3 Future Research Perspectives

Further research should aim to expand the geographic scope of groundwater assessments to
include other mining regions in the Lualaba Province. Additionally, integrating biological monitoring
and health impact studies would offer valuable insights into the ecological consequences of
groundwater contamination. Long-term studies on the effects of mining on groundwater resources
will also be crucial for developing adaptive management strategies that align with sustainable
development goals [18, 23].

5. Conclusion

This study aims to contribute to the understanding of the hydrochemical characteristics of
groundwater in the Mutoshi mining environment in Kolwezi, Lualaba Province, Democratic Republic
of Congo. The results of the chemical analysis of the rocks reveal high concentrations of Cu, Co, Mn,
Fe, Mg, and Al. Regarding the assessment of the hydrochemical quality of the studied groundwater,
it is observed that the concentrations of Cu, Mn, Fe, and Al exceed the WHO standards, underscoring
the dominant role of geochemical processes such as mineral dissolution, cation exchange, and acid
mine drainage in groundwater contamination. The hydrochemical classification of waters in the
Piper diagram allowed us to distinguish two distinct hydrofacies, namely calcium-magnesium
bicarbonate waters, which dominate in the majority of samples, and sodium-potassium bicarbonate
waters. These facies reflect the complex interactions between groundwater and local geological
formations. Binary diagrams and correlations between hydrochemical variables confirm the
involvement of carbonate and sulfate minerals in the mineralization processes.
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The results also highlight the significant impact of mining activities on groundwater quality. Acidic
leachates from mining waste promote the mobilization of heavy metals, posing a threat to human
health and aquatic ecosystems. These findings call for the strict management of mining waste and
adopting sustainable mining practices. Groundwater treatment measures, along with continuous
environmental monitoring, are essential to mitigate the negative impacts on local communities. This
study emphasizes the importance of considering geological and anthropogenic factors when
assessing groundwater quality in mining environments. The results provide a foundation for
developing integrated water resource management strategies and tailored solutions to address the
environmental challenges in the Kolwezi region.
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