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Abstract

Background: Potential ore deposits and mining activities can cause soil and groundwater
pollution with heavy metals, posing risks to human health. This study aimed to identify heavy
metal sources, their transfer patterns, and contamination levels in the Jovein aquifer (NW
Sabzevar, Iran).

Methods: The groundwater samples were analyzed using inductively coupled plasma mass
spectroscopy (ICP-MS). Pollution indices, including the heavy metal pollution index (HPI) and
heavy metal evaluation index (HEI), were calculated. Statistical analyses such as principal
component analysis (PCA) and cluster analysis (CA) were applied, and results were mapped
using ArcGlIS software.

Results: The average element concentrations followed the order: Boron (B)>chromium
(Cr)>barium (Ba)>vanadium (V)>arsenic (As)>aluminum (Al)>lithium (Li)>selenium
(Se) >molybdenum (Mo)>copper (Cu)>zinc (Zn)>uranium (U)>tungsten (W)>antimony (Sb).
PCA showed Cr and nickel (Ni) originated from weathering of chromite ores and ultramafic
rocks, while As and Cu were linked to sulfide mineralization. Although HPI levels were elevated,
they remained below critical thresholds. CA grouped samples into two clusters: one with Ni, Cr,
and Cu, and the other with As and Sb.

Conclusion: Geogenic processes are the main contributors to groundwater contamination, while
mining activities have minimal influence in the Jovein aquifer. Overall, the assessment reveals
poor groundwater quality due to heavy metal pollution.
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Introduction

Groundwater is among the most vital and readily
available resources for both irrigation and drinking
water purposes.”” Its quality significantly impacts human
health, aquatic organisms, industry, and agriculture’*
Groundwater pollution caused by heavy metals poses a
major environmental challenge due to their toxic effects,
even at low concentrations,’ and their bioaccumulation in
the food chain.®” Pollution and insufficient recharge are
major parameters driving the deterioration of groundwater
quality.® The geochemical behavior of groundwater
changes over time due to both natural (geogenic)
and human-made factors, including weathering,
lithology, evaporation, ion exchange, recharge sources,
vegetation, precipitation, fertilizers, industrialization,
and urbanization.” The Earth’s crust serves as a geogenic
source of heavy metals in groundwater, often attributed to
the dissolution of natural minerals and materials within

it."> Moreover, ultramafic and mafic rocks contribute
to heavy metal enrichment in ecosystems, exacerbating
environmental degradation.!! Serpentine soils, known for
their low stability, also contain various heavy metals.”> The
management of groundwater quality presents noticeable
challenges. Continuous monitoring is essential to mitigate
the impact of polluted groundwater on various uses,
such as domestic, hygiene, industrial, and agricultural
purposes.”* However, monitoring alone cannot provide a
comprehensive understanding due to limited sample sizes
and the complexity of multiple parameters. To address
this, contamination indices serve as valuable tools for
simplifying data, documenting findings, and mapping
groundwater pollution status by integrating the effects
of numerous parameters in the study area.'"* Numerous
studies have investigated heavy metal pollution in water
resources and developed various water quality indices.'>'
These indices are crucial for evaluating water quality'” and
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include the heavy metal evaluation index (HEI), the degree
of contamination (C,), and the heavy metal pollution index
(HPI).'s These tools are integral to planning, managing,
and decision-making in water systems and have been
widely used to assess groundwater pollution and health
risks.® Statistical techniques, such as multivariate analysis,
help identify the sources of groundwater pollution by
reducing data complexity and clustering samples based
on correlations between parameters.'” The Jovein aquifer
is a vital water source for both agriculture and drinking
in the region, serving as the sole clean and relatively
unpolluted water resource. The objective of this study was
to assess the impact of the ophiolite complex and heavy
metals on groundwater quality in the Jovein region. The
hydrogeochemical characteristics, pollution sources,
and processes affecting groundwater chemistry were
investigated to evaluate the influence of heavy metals
from various sources. This objective was accomplished
through an integrated approach that combined pollution
indices (such as HPI, HEI, and C)) with Multivariate
Statistical Analysis, providing a thorough evaluation of
the contamination status.

Material and Methods

Geology

The area studied is situated between 56° 45'-57° 50’
East longitudes and 36° 20°-36° 50" North latitudes
in the northwestern part of the Sabzevar region (NE
Iran). It features dramatic topography, characterized by
a plain that expands around mountainous areas. The
Jovein aquifer lies downstream of the Sabzevar ophiolite
complex. The Sabzevar ophiolite, situated in NE Iran, is
part of the Mesozoic ophiolite belt. This complex spans
approximately 10-30 km in width and 150 km in length.*
The southern part of the area is covered by mountainous
and irregular topography, while the northern part
comprises low-lying hills. Rivers, serving as the primary
recharge source for the Jovein aquifer, flow northward
and eventually converge into the Jovein Kal Shor river.
The depth of the aquifer varies significantly, ranging from
approximately 200 meters in some areas to 6.5 meters near
the outlet. Groundwater flow predominantly moves from
the western side toward the Kal Shor river in the north.
The study area primarily consists of Miocene formations
and alluvial plains. Most wells are located within the
ophiolitic complex, and the alluvial deposits are believed
to play a crucial role in the aquifer’s formation and
recharge (Figure S1). Groundwater serves as the principal
resource for agricultural activities and drinking water in
this region.

Hydro-Geological Setting

The main stratigraphic units in the area studied range
from Precambrian to Quaternary formations. The Late
Cretaceous ophiolite forms part of the Sabzevar ophiolite
belt, which comprises peridotites (harzburgite, lherzolite,
dunite) with podiform chromitite, layered gabbros, a

sheeted dike complex (diabasic and microgabbroic dikes),
basaltic and andesitic rocks, and volcano-sedimentary
deposits. The complex is covered by Upper Cretaceous to
Paleocene volcanic rocks, which are linked to volcaniclastic
sediments, pelagic limestone, and radiolarian chert.?
Ophiolitic rocks are primarily composed of mafic
and ultramafic rocks, exhibiting varying levels of
serpentinization. Groundwater interacting with ophiolitic
rocks and serpentinite is typically characterized as Mg-
HCO, water,” often containing high contents of Cr and
Ni.?? The geology of the study region includes a thick
stratigraphic sequence, beginning with Precambrian
formations, followed by ophiolitic complexes, and capped
by recent alluviums. The ophiolitic complex, from base to
top,comprises peridotites, ultramafic cumulaterocks, mafic
rocks, diabase dikes, pillowed and massive lava flows, and
pyroclastic rocks (Figure S1). To the south, the ophiolitic
complex (upper cretaceous) is fault-bounded against
Triassic flysch deposits and minor Cretaceous mélange.
The area is overlain by Eocene sedimentary-volcanic and
volcanic rocks. To the north, it is unconformably overlain
by Neogene formations, including schists, phyllites,
altered rhyolitic rocks, limestones, shales, sandstones, and
marls. The main factors affecting groundwater quality
in the study area are the ophiolitic complexes, Neogene
formations, and Quaternary soils. Water quality varies
based on the geological formations and sediments that
make up the aquifer.

Groundwater sampling was carried out at 22 wells
to evaluate water quality parameters and characterize
the water chemistry in the study area. The locations of
the sampling sites are shown in Figure S1. Parameters
including pH, temperature, conductivity, and dissolved
oxygen (DO) were measured in the field using a multi-
parameter device. Water samples were collected in two
250 mL polyethylene containers, which were rinsed three
times with water from the same source before sampling.
To prevent precipitation on the container walls, nitric
acid was used to acidify one set of samples. The second
set of non-acidified samples was refrigerated at 4 *C upon
arrival at the laboratory for preservation.

All analyses were performed at the Laboratory of the
Regional Water Company (Khorasan Razavi) for anions,
including CI', SO,?, CO,? and HCO,’, using spectrometric
techniques. Cations (Na, K, Ca,and Mg) and trace elements
(arsenic (As), boron (B), barium (Ba), cadmium (Cd),
cobalt (Co), cuprum (Cu), chromium (Cr), ferrum (Fe),
manganese (Mn), molybdenum (Mo), nickel (Ni), lead
(Pb), selenium (Se), silicium (Si), uranium (U), vanadium
(V), tungsten (W), and zinc (Zn)) were analyzed using
inductively coupled plasma mass spectroscopy (ICP-MS)
at the ACME Analytical Laboratories in Canada.

The HPI, HEI, and C, were calculated individually
for each sampling location. These indices were mapped
using ArcGIS software. The HPI provides an overall
assessment of water quality with respect to heavy metal
contamination. It is calculated using equation 1**
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HPI =Y. WiQi| X Wi (1)

here, Q, shows the sub index of the i-th parameter, W,
shows the unit weight of the i-th parameter and i-th shows
the number of parameters considered. Also, the sub-index
(Q) of the parameter can be estimated via equation 2:

Qi= ZMX 100 (2)
= Si—1i

here, M, I, and Si indicate, respectively, the monitored
heavy metal, ideal and standard values of the ith parameter.
The subtract sign (-) indicates the numerical difference
between the two values, ignoring the algebraic sign.”* The
critical pollution index value is 100.%

HEI gives information about water quality according
to the contents of heavy metals in water samples” and is
expressed as equation 3:

n HC
HEI Z I (3)

mac

here, Hc and Hmac present the monitored value and
maximum admissible concentration (MAC) of the
i-th parameter, respectively.””*® Furthermore, the C,
summarizes the merged effects of different water quality
parameters deemed harmful for domestic use? as
estimated in equations 4 and 5:

C,=>.C, (4)
i=l
c,

€, =gt ©)

here, C,=the contamination factor for the i-th
component. C, =analytical value for the ith component.
C,=upper permissible concentration of the i-th
component and N denotes the normative value.

Multivariate statistical analysis methods were employed
in this study. Groundwater quality data from the samples
were analyzed using PASW (SPSS) 18.0 software. A
correlation matrix (CM), based on Pearson’s correlation
coefficient, was used to examine the relationships between
elements. principal component analysis (PCA) was
employed to identify the primary factors (chemical data)
linked to various natural and anthropogenic processes,
as well as to pinpoint potential sources of heavy metals.
Cluster analysis (CA) was performed to explore the
associations between pollutant sources and different water
quality parameters.

Results and Discussion

HPI, C,,and HEI were applied to evaluate pollution sources
and heavy metal concentrations in the Jovein aquifer. The
results revealed that the contents of Cr and As surpassed
the maximum permissible limits recommended by the
World Health Organization (WHO).* Statistical analyses
of physicochemical parameters, metal concentrations, and

Effect of ophiolite on groundwater pollution

field measurements for the 22 groundwater samples are
provided in Table 1.

Groundwater sampling from existing wells revealed that
the groundwater in the Jovein aquifer is weakly alkaline.
Electrical conductivity (EC) varied significantly, ranging
from 354 to 2180 pS/cm, with an average of 833.5 puS/
cm. The wide variation in EC values, along with total
dissolved solids (TDS) levels ranging from 223 to 1373
mg/L, suggests heterogeneous hydrochemical processes
in the study area’® The highest EC value (2180 pS/
cm) was recorded near Kal Shur, indicating that river
water intrusion with high salinity may be influencing
groundwater chemistry in this region.

DO levels ranged from 6.7 to 11.7 mg/L, with a mean
of 8 mg/L and a standard deviation of 1.4, indicating
oxidizing groundwater conditions.

Heavy metal concentrations were analyzed to evaluate
the processes controlling groundwater chemistry
through interactions with serpentinites and the ophiolite
complex. Although the concentrations of cations varied
significantly, the dominant elements were B, followed by
Cr, Ba, V, As, Na, and Mg, respectively.

The mean concentrations of trace
in groundwater samples followed this

elements
order:

Table 1. Summarized statistics of selected physico-chemical parameters and
chemical constituents in the area studied

Parameter Units Max. Min. Median SD Mac Mean

EC ps/cm 2180 354 704.5 437.84 1400b 833.55
pH 8.6 7.2 8.3 0.3935 6.5-8.5a 8.1364
TDS mg/L 1373 223 443.8 275.8 1500 525
DO mg/l  11.7 6.7 8 1.4 - 8.6
HCO,+CO, mglL 244 61 152 48.4 - 159.6
Cl mg/L 3018 36 142 864 600 575.4
SO, mg/L 1296 48 144 355 400 301.4
Ca mg/L 360 0 20 164.4 200 73.6
K mg/L 351 0 0 78.2 29.6 0.02
Mg mg/L 432 12 24 108.8 150 70.6
Na mg/L 1380 46 161 363.5 200 334.9
Al ppb 14 1 3 3.4 200 4.04
As ppb 105 0 4.4 3 10 43
B ppb 1475 30 148.5  289.7 300 218.5
Ba ppb  63.7 4.5 17.3 17.6 700 239
Cr ppb 1229 12 37.2 29.5 50 44.5
Cu ppb 3.1 03  1.05 0.7 1000 1.25
Li ppb 222 1 2.5 4 n.a 3.7
Mo ppb 55 05 25 15 40 2.6
Sb ppb 011 0 0 0.04 5 0.03
Se ppb 132 0.8 2.5 2.6 10 2.9
ppb 601 0 013 14 2 0.6
\ ppb 546 0.9 10.4 15.7 n.a 16.1
W ppb  0.14 0 0.04 0.03 n.a 0.06
Zn ppb  12.7 0 0.55 2.7 5000 1.2

MAC, maximum alloweble concentration®** (n.a: not available).
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B>Cr>Ba>V>As>Al>Li>Se>Mo>Cu>Zn>U>
W>Sb (Figure S2). The concentrations of all measured
metals were below their respective MAC values.
Figure 1 illustrates the relationship between pH and total
metal concentrations (mg/L). Based on this analysis, all
samples were within a near-neutral, low-metal zone,
consistent with findings reported by Selvam.*

Metal contamination is widely recognized as being
exacerbated by human activities and various chemical
industries.*® The ratio of pH to the sum of trace elements
showed that 95% of the samples were within the low-
pollution zone, while the remaining 5% fell into the
medium-pollution category. These results suggest that
the groundwater in the Jovein aquifer is not contaminated
with heavy metals.?

Table 2 and Figure 2 indicate the observations of
the pollution evaluation indices. HPI was calculated
individually for each sampling point based on international
standards.” The range and mean value of HPI were found
tobe 57.14-91.74 and 81.48, respectively. The index values
(Figure 2) revealed that, for all samples, the HPI was below
the critical pollution index (<100) for drinking water.
This indicates that while the HPI of the groundwater was
below the critical threshold, the levels were relatively high,
with a mean value of 81.48. C, was used as a reference
to estimate the extent of metal pollution® in relation to
background levels.” The range and mean values of C,
were 0.10-10.43 and 8.23, respectively. The C ) values are
classified into three categories”*: low (C,<1), medium
(C,=1-3), and high (C,>3). Based on the current study,
96% of the samples fell within the highly polluted category
(C,>3). Moreover, Edet and Offiong”” proposed the HEI
to classify samples into three categories based on heavy
metal content: low (HEI < 10), medium (HEI = 10-20), and
high (HEI>20). Based on the HEI findings, over 95% of
the samples were categorized as having low contamination
with regard to heavy metals.

PCA was applied to further investigate metal pollution

Table 2. Indices of groundwater pollution in the region studied

Mean Min Max
HEI 2.44 0.57 10.06
HPI 81.48 57.14 91.74
(o 8.23 0.1 10.3
10000
High acid,
~ extreme metal
S
E 1
s Adid, Near neutral,
z high metal high metal
= .
1
g .
& wdP
Nea.r neutral, *
low metal
0.01
[ 3 6 9
pH

Figure 1. Classification of the Water Samples According to the Plot of
Elemental Load and pH*

and identify potential sources.*® Table 3 summarizes the
calculated factor loadings, cumulative percentages, and
variances, revealing five factors that collectively explain
86.57% of the total variance. According to the Kaiser
criterion,” only factors with eigenvalues > 1 are considered
significant sources of variance, with priority given to
factors with the highest eigenvector sums. Five factors
were extracted from the groundwater data, each with
eigenvalues greater than 1. Kaiser-Meyer-Olkin (KMO)
and Bartlett’s tests of sphericity were performed to assess
the suitability of the dataset for PCA, as shown in Table 4.
The results—KMO=0.51 and Bartlett’s test x*>=332.29
(df=120, P<0.001)—indicated that factor analysis (FA)
was effective for reducing dimensionality.*®

500000 550000
| |

4050000°
4050000

HPI value
s High : 91.7

FEEL Low 57

40500007
4050000

HEI value
ey High: 10

B Low 057
. .
500000 550000

500000 £50000
i 1

4050000
4050000

Cd value
e High:10.4

B Low: o

T T
500000 550000

Figure 2. Variation of the Groundwater Indices Values (HPI, HEI, C) in the
Area Studied
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Positive PCA scores indicated that the water samples
were strongly influenced by parameters that were
significantly loaded onto a specific factor, while negative
scores suggested a minimal influence from those
parameters.”® Five independent factors were extracted.
The combined contribution of PC1 and PC2 accounted for
62.37% of the dataset’s variability (Figure 3), highlighting
their significant role in influencing groundwater chemical
evolution.

Table 3. Factor Loading for the Selected Physicochemical Variables in the
Area Studied

Effect of ophiolite on groundwater pollution

Factor 1 (PCl1): Contributed 37.61% of the total
variance, with high loadings on EC (r=0.82), B (r=0.86),
As (r=0.81), Sb (r=0.57), Se (r=0.86), Mo (r=0.81), Cu
(r=0.87), U (r=0.84), and V (r=0.68). The sources of
these elements, particularly EC, As, Sb, Se, Mo, Cu, and
V, were linked to the leaching of massive sulfide veins,
suggesting a geogenic origin. Maximum values were
observed in samples W2, W3, W7, and W17.

Factor 2 (PC2): Accounted for 24.76% of the total
variance, with high loadings on Cr (r=0.8), V (r=0.54),
and W (r=0.8). These results reflect the effects of
water-rock interaction with mafic and ultramafic rocks

PC1 PC2 PC3 PC4 PC5
Al 00 90 O e o (ophiolite complex), chromite mining, and Joghatay
N 081 0.4 001 001 ol ferrochromium factory activities, indicating both geogenic
S R B -0. -0. .
and anthropogenic sources. Significant values were found
B 0.86 -0.31 -0.12 -0.30 -0.06 .
in samples W6, W16, W11, W12, and W17.
Ba 0.26 033 0.76 0.21 030 Factor 3 (PC3): Contributed 9.23% of the total variance,
Cr 0.22 0.80 0.19 0.18 0.08 with high loadings on Ba (r=0.76) and Sb (r=0.55). These
Cu 0.87 -0.03  -031 0.14 0.11 elements were influenced by leaching from massive sulfide
Mo 0.81 0.42 -0.20 0.11 0.04 veins, suggesting a geogenic origin. Samples W1, W2, WS,
sh 057 010 055 0.42 017 W11, and W16 were most affected.
. 0,
s 0.86 027 019 04 015 Factor 4 (PC4): Accounted for 8.35% of the total
0.84 -0.43 0.02 -0.19 0.00
v s N o5 ole 01 Variables (PC1 et PC2: 62.37
w 0.22 0.80 0.34 -0.11 0.19 1
8 Cr ® W
Zn -0.27 -0.47 -0.01 -0.11 0.75 © pH 8D '
< 06 oV
EC 0.82 -0.33 -0.08 0.17 -0.17 © 04 Mo @ As
pH -0.23 0.77 -0.18 -0.03 -0.44 3 02 & Al
o
DO -0.08 0.76 0.01 -0.35 0.10 & o +— e e e o e
; 0.4 02 4, 0.2 04 Sb %6 0.8 e 1
Eigen values 6.02 3.96 1.48 1.34 1.06 0. s
04 ® Ba ECco© B
% of variance 37.61 24.76 9.23 8.35 6.62 ® zn ) ev
-0.6
Cumulative % 37.61 6237 7160  79.95  86.57
: ' A PC1(37.61%)
Bold numbers: Values which are greater than 0.5, was effective parameter in X
the factor analysis. Figure 3. Ratio of Main PCA of the Groundwater Parameters
Table 4. Pearson Correlation Coefficient Between Variables in Groundwater Samples
Al As B Ba Cr Cu Mo Sb Se U \% w Zn EC pH DO
Al 1.00
As 010  1.00
B 021 054  1.00
Ba 027 002 021 100
Cr 017 041 -014 003 1.00
Cu 022 066 071 008 022  1.00
Mo 021 085 053 -006 052 079 1.00
Sh 011 049 032 052 013 031 034 1.00
Se 015 055 095 019 -010 075 057 028 1.00
020 051 092 030 -024 067 045 049 085 1.00
Y 003 086 043 -005 050 043 074 042 042 040 1.00
w 002 052 -006 000 071 009 041 016 -0.08 -0.12 0.65  1.00
Zn -0.09 -041 -006 -007 -029 -0.11 -038 -0.12 -0.15 -0.04 -029 -027 1.00
EC 0.07 040 079 040 006 084 056 043 077 078 021 016 -0.16 1.00
pH 018 009 -033 -030 049 026 015 -040 -027 -051 021 043 -053 -039 1.00
DO  -0.11 023 -021 -036 059 -0.06 017 -022 023 -031 030 0.62 -025 -028 048 1.00

Bold numbers: Values which are greater than 0.5, was effective parameter in the factor analysis.
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variance, with a high loading on Al (r=0.82), likely
controlled by the weathering of Al-silicate minerals. This
factor, with a geogenic origin, was prominent in samples
W7, W8, W15, W20, W21, and W22.

Factor 5 (PC5): Contributed 6.62% of the total variance,
withahighloadingon Zn (r=0.75). The Zn concentrations,
observed in samples W7, W14, W15, W16, and W17, were
likely due to chromite mining and Joghatay ferrochromium
activities, indicating anthropogenic sources.

R-mode CA grouped heavy metals into clusters based
on variable similarities, while Q-mode analysis examined
similarities between samples. Four main clusters (A, B,
C, and D) were identified through dendrogram analysis
(Figures 4a and 4b): Cluster A: Included B, Se, U, Cu, As,
V, Mo, and EC. Cluster B: Contained Ba and Sb. Cluster C:
Comprised Cr, W, DO, and pH. Cluster D: Included Zn.

The CA revealed the combined effects of natural
hydrogeochemical processes and anthropogenic activities.
The agreement between PCA and CA results suggests
common sources and similar behavior of heavy metals
during transport.

The CM was used to evaluate relationships between
measured elements in groundwater samples (Table 4),
providing insights into shared sources or influencing
factors.” The CM showed significant correlations
between, As, Mo, V, and Cu. Positive correlations between
DO, pH, and elements such as As, Cr, V, W, and Mo were
observed, while trace elements such as Cr, As, V, and Mo,
which typically occur as soluble oxyanions in oxidizing
waters,*° contrasted with Mn, Co, and Ba, which exhibited
higher concentrations in reducing environments.*!

Conclusion

Integrated pollution evaluation indices, CA, PCA, and
CM were applied to study the influence of the ophiolite
complex, hydrogeochemical characteristics, probable
pollution sources, and processes affecting groundwater

Dendrogram using Average Linkage [Betwesn Groups)

Rescaled Distamee Cluster Combing

5 1 -] X 5

oy

o
i

chemistry in the Jovein aquifer. The results from CA,
PCA, and pollution indices indicated that geogenic
processes have a predominant influence on groundwater
quality, while mining activities have a comparatively
minor effect, limited primarily to Cr contamination
in water sources. PCA results further revealed that Cr
and Ni originate from the weathering and leaching of
ultramafic and mafic rocks, as well as chromite mining
activities in the area. Meanwhile, As and Cu were
linked to sulfide mineralization, occurring in sulfide-
bearing veinlets surrounded by altered host rock. In the
area studied, key physicochemical parameters such as
EC, pH, Ba, Na, K, Mn, Cu, Sb, and Se were within the
permissible limits recommended by the WHO. However,
concentrations of some heavy metals, including Cr, and
metalloids such as As, exceeded these limits. C, indicated
that 96% of the samples were highly polluted (C,>3).
In contrast, HEI and HPI results for the samples were
below critical levels. Nonetheless, most samples exhibited
elemental concentrations near the threshold of critical
values. Overall, the groundwater index suggests that the
groundwater samples in the area studied present a low
ecotoxicological risk concerning heavy metals.
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