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Abstract

Quarrying of rock aggregates generates produced water that, if not handled properly will be a source of pollution

for nearby water bodies, thus affecting the chemistry of the water. This study examined the chemistry, impact of quar-
rying activities on water resources and the health consequences/risks posed by ingestion of the water by humans

in the Akamkpa quarry region in southeastern Nigeria. Thirty (30) water samples consisting of pond water, stream
water, hand dug wells, and borehole samples were collected and analyzed for their physicochemical parameters
using standard methods. The results obtained from the analyses indicated that the water was moderately acidic, fresh,
and not salty, with many parameters below the recommended standards with Ca**, and HCO;™ being the domi-

nant ions present in the water resources. Rock weathering processes including silicate weathering as illustrated

by hydrochemical facies, cross plots, and Gibbs diagrams are the dominant mechanisms influencing the quality

and major ions chemistry of the water resources with minor contributions from dissolution, anthropogenic activi-
ties, and ion exchange. Ca-Mg-50,-Cl and Na-K-HCO;™ are the most important water types. Although the water
quality index shows that the water is suitable for human use and irrigation, the mean values of As, Cd, Pb, and Se

are above the acceptable limits. Additionally, the calculated contamination factor revealed the water resources

are moderate to highly contaminated by As, Cd, Cr, Mo, Pb, Sb, and Se, and are therefore unsuitable for consump-

tion with regards to these parameters. However, the residual sodium carbonate and water hazard index (WHI)

values showed that 38% to 90% of sites in the quarry area were unsuitable for cultivation, 10-30% were in the low

to medium impact category, and 60% were classified as risky and are from high to very high impact category. A non-
cancer study of inhabitants living in the vicinity of the quarry area indicated that 6.7% of the sites have values greater
than one, indicating that it may endanger the health of the people. Therefore, constant monitoring of the water qual-
ity is recommended as long-term use of contaminated water can harm humans, plants, and soils.
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Introduction

Water is an important resource for the health of urban
ecosystems for residential, construction, and industrial
uses, and pollutants from different and unrelated sources
have the potential to harm physical, chemical, and
aquatic life [30]. In addition to natural sources of pollu-
tion, anthropogenic activities such as rock quarrying also
pose challenges to sustainable water resources. The vari-
ous activities of the quarry include clearing/removal of
vegetation and overburden materials, excavation, blast-
ing, transportation, and crushing of rocks [54] producing
waste materials (Fig. 1a). These quarry materials include
highly visible, dispersed fragments of materials such as
granite, gneiss, diorite, limestone, and shale in piles and
heaps around the quarry sites have become a source of
contamination in the environment. Often these quarries
do not have preparedness plans to combat environmental
pollution or properly manage quarry waste materials, and

Fig. 1 a, b Scattered quarry waste materials and ¢ Flooded quarry pit
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sometimes quarries are abandoned without proper man-
agement (Fig. 1b). Some of these waste materials contain
pyrite and other related minerals that can increase the
acidity of water if they encountered it. The ponds (Fig. 1c)
created by quarrying activities, during heavy rainfall, and
high tides flood huge volumes of water which can cause
the release of pollutants (Pb, Cd, Cr, Cu, Zn, Mn, Fe)
into the surrounding water. Some metals such as Cu, Fe,
Mn, and Ni are essential micronutrients for plants and
microbes, while others such as As, Pb, Cd, are harmful
at high concentrations [65]. Humans are exposed to high
levels of metal(loid)s through contaminated water, the
use of contaminated water to prepare food, and the irri-
gation of food crops. In addition, mining, and quarrying
expose rock surfaces, and are prone to the weathering of
contaminants into nearby water surface bodies leading
to pollution and harm to water, including human health,
after long periods of water consumption. It is known
that heavy metals pose a threat to human health due to
their toxicity, persistence, bioaccumulation in foods, and
non-degradable nature in the environment [12, 51]. It
is a fact that both surface and groundwater sources are
dependent on each other. Many surface streams receive
a major portion of their flow from groundwater. On the
other hand, water coming from surface waterways is the
most important source feeding groundwater. Therefore,
the two sources of supply are interrelated and the use of
one may affect the availability of the other [61]. Because
water is scarce, irreplaceable, and essential for global
health, water in the study area serves as a source of drink-
ing water and other domestic purposes for quarry work-
ers and neighboring communities who are subsequently
exposed to health risks arising from problems because of
using these contaminated water bodies.

Studies in some parts of the globe have shown that
indiscriminate disposal of quarry wastes are common
sources of metal(loid)s pollution in water resources [46,
55] and has the potential to affect human health through
drinking water pathway. Impact of pollution from mar-
ble, sandstone, and limestone quarries of water sources
by chromium and zinc in western Nigeria have been
reported by Afeni et al. [4] and [9]. All these studies indi-
cate the negative impact of quarry activities on environ-
mental resources. Available data in the study area was
limited to quality assessment of water in different sea-
sons, spatial variation, and changes [24] while the work
of [2, 3] study focused on the impact of abandoned barite
mines on water, Land, and sediment. Most of the stud-
ies conducted in part of the basement area by Ekwere
and Edet [27], Sikakwe and Ilaumo [68, 69] are based on
the heavy metal evaluation index (HEI), and heavy metal
pollution index (HPI). However, none of these studies
was focused on water hazard impact and associated risk



Ikpi et al. Geochemical Transactions (2024) 25:7

to human health in the basement and sedimentary sec-
tor of the study area where limestone is currently mined
for cement production. Before quarried activities in the
study area, local people were engaged in agricultural
activities, including crop production, fishing, and other
important sources of income. However, recently inten-
sive agriculture in the region has been replaced by quarry
activities. Indiscriminate disposal of quarry materials,
including ash dumping, has negatively affected environ-
mental quality. The relationship between water sampling,
the environment, quarry operations, and other processes
and humans can be affected by the movement and leach-
ing of pollutants into surface and groundwater (Fig. 2).
Runoff from quarry dumps and quarry ponds are some-
times used for cooking, drinking, bathing, and fishing by
people living in the vicinity of the quarry sites. Thus, it
is possible for humans and animals that depend on these
water sources to accumulate these pollutants from con-
taminated water, ultimately posing a risk to users. How-
ever, evaluating the composition of water resources is
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important in terms of assessing their suitability for use,
domestic use, irrigation, agricultural purposes, and the
effects of consumption on human health. In this study,
in addition to irrigation purposes, the geochemistry, tox-
icity and human health evaluation of metals and metal-
loids found in various water resources in the study area
were also investigated. Therefore, this study is the first
covering quarries in basement, and sedimentary ter-
rains, although most of the samples were from the base-
ment terrain. Consequently, it has become necessary to
assess the environmental impact, quart siting, and quarry
operations on the quality of various water bodies around
quarries in parts of the south-south regions of Nigeria
though.

Therefore, the main purpose of this study is as follows:
document the geochemical characteristics of the water
resources in the Akampka quarry area, examine the qual-
ity of water, evaluate the impact and health risk of metals
and metalloids, and suitability for drinking, domestic use,
irrigation use, and agriculture. The results from this study
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will further contribute to the quality, monitoring, and
management of various water resources in the study area.

Study area description

Akampka quarry area is located between Latitudes 05°
06’ and 05° 23’ North and Longitudes 08° 15’ and 08° 30’
East. It includes parts of the basement area of the Oban
massif and the sedimentary terrain of the Calabar flank in
southeastern Nigeria (Fig. 3). It is located in the Nigerian
climatic zone, where annual rainfall varies between 180
and 200 cm and annual temperature is between 25 and
30 °C [39]. There are two main seasons in the region, the
wet season (April-October) and the dry season (Novem-
ber-March) with a short break in August (August break).
Humidity in this region is always high; it is usually over
90% in the morning, over 100% at night during the rainy
season, and drops to 70% during the dry season. The sur-
face of the area is generally curved and undulating and
consists of alternating valleys. The geographical structure
of the region runs in an indefinite direction and separates
the low-lying areas from moderate relief landmarks. The
region is heavily irrigated by the Cross River and its trib-
utaries such as Ayipojong-Ita, and Etap-Ayip, and some
long-standing rivers such as Ikpaya, Iwiri, Monayip-
Netim, and others. Rivers and streams often move
quickly in their headwaters with little or no bedload.
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Typically, the flow pattern in this region is dendritic and,
in some cases, linear, indicating structural control. Most
rivers in the region are seasonal: they flow heavily during
the wet season and usually dry up during the dry season
[1].

Geologically as shown on Table 1, the basement area
is made up of mainly gneisses, schists, amphibolites
pegmatites, granites, and granodiorites, of varied com-
position. The main lithologic unit of the sedimentary
terrain known as the Calabar Flank region of the study
area includes sandstone, limestone, shale, and marl. The
Calabar Flank holds very low prospects for groundwa-
ter because of the presence of shale that constitute thick
aquitards, but where the shale is extensively fractured, it
can form good groundwater reservoirs. Nevertheless, one
of the potential sources of aquifer recharge in the area is
surface precipitation. However, the conglomerates, sand-
stones, and limestone constitute water-bearing units in
the area. In the basement area, the ground water occur-
rence is through fractures, joints fissures [26]. The water-
bearing units consists of an upper highly weathered layer,
a middle slightly-moderately weathered layer, and a lower
fractured bedrock with the water table being highly vari-
able and ranging between<1.0 m in the northern part
and 10.0 m in the southern part of the massif with yield
in the range of 10-200 m® d~*[53].
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Quarry activities

The current study considered twelve quarry sites devel-
oped between 1976 and 2014 covering an average area of
25.5 hectares with an average production of 1154 tonnes/
day. Geologically, eleven (11) of these quarries were in
the basement terrain while only one (1) was within the
sedimentary terrain within the Calabar Flank (Fig. 3) of
the study area some of which are active and abandoned.
A summary description of these quarries including the
duration of the quarrying activities as well as the sta-
tus and their production capacities are also outlined in
Table 1. Quarrying activities have increased over the
years within the quarrying district of Akamkpa. Cur-
rently, there exist more than 30 quarries in the study
area. The high number of quarries is in response to the
increasing demand for crushed rocks by construction
industries due to the upsurge in infrastructural develop-
ment in Nigeria.

A total of thirty (30) samples and two (2) control sam-
ples were collected from different locations during the
rainy season. The water samples were collected in 250 ml
(anions analyses) and 50 ml (cations analyses) clean plas-
tic bottles that were thoroughly washed and rinsed with
deionized water in the laboratory and then in the field
to prevent contamination. Water samples were collected
from quarry ponds (P), nearby streams (S), hand-dug
wells (W), borewells (B) surface water control (SW) and
groundwater control (GW), Fig. 3. In ponds, water bot-
tles were placed under water to collect samples that did
not contain films that could be a source of heavy metals
[36]. Two samples were collected at each site and labeled
to avoid mixing. One part of the sample was used to
determine physical parameters and anions, and the sec-
ond part was used to determine cations. These samples
were passed through 0.45 pm filter paper to remove sus-
pended solids that could dissolve and affect metal con-
centrations. Samples for cations analyses were acidified
with 2 mL of HNO;™ acid to keep metal ions in solu-
tion. Water samples for anion analysis were stored in a
refrigerator at 4 °C for a week before transportation to
the Laboratory for analysis to reduce the concentration
of dissolved compounds. Physical parameters of water
such as temperature, conductivity (EC), and pH were
measured in the field using a thermometer and pH meter.
Laboratory Analysis of Cations was carried out by Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS),
Perkin Elmer Sciex at the National Agency for Food and
Drug Administration (NAFDAC), Lagos, Nigeria. Total
hardness (TH) and anions were analyzed by titrimetric
and chromatographic methods at the Institute of Ocean-
ography (IOC), University of Calabar, Nigeria. A quality
control measure was also used. Each analysis was per-
formed in triplicate and the mean value was recorded.
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The control scheme used, involved two samples and in-
house reference materials. Calibration standards for the
Spectrophotometer was done using prepared serial solu-
tion from traceable stock and verified against in-house
reference materials, and the resulted concentrations of
the anions, metals, and metalloids were reported in mg/L
and pg/L.

Data handling

Statistical analyses

Descriptive statistics were performed utilizing the statis-
tical package STAISTICA [60]), and Excel spreadsheet.
Mineral phases were computed using the computer pro-
gram PHREEQC. It aimed to evaluate the role of mineral
dissolution to reveal the potential of mineral controls on
water chemistry by calculating the distribution of aque-
ous species and mineral saturation indices [25]). Satu-
ration indices (SI) indicate whether a water sample is
saturated or unsaturated for a particular mineral.

SI = log,,(IAP/Ksp) (1)

where Ksp =solubility product of at a given temperature.

IAP =Ionic Activity Product.

SI predicts the mineral water balance and water—rock
interaction [86]. If the SI is zero, the water is saturated
with certain minerals. An SI of less than zero indicates
an inadequate saturation or undersaturation(dissolution)
for a particular mineral and may indicate the presence of
water from a rock that does not contain enough mineral
to rapidly dissolve or penetrate/infiltrate and such min-
erals will continue to change with groundwater [86]. SI
above zero indicates an oversaturated (precipitated)
state for the mineral phase [64] and does not dissolve
most minerals. Oversaturated water refers to groundwa-
ter resources that have sufficient mineral salts and suffi-
cient residence time to reach equilibrium [7]. However,
significant changes in alkalinity and SI values are related
to time. Therefore, the SI of water is close to zero (0. 5
and +0. 5) will be nearly neutral, so water will not tend to
dissolve or precipitate the mineral [34], which represents
the equilibrium state of the mineral [86].

Principal component analysis (PCA) was used to obtain
quantitative data and group the measured factors for
interpretation [5]. The aim of this was to determine the
source of the ions, metals, and metalloids in the water
and to evaluate the correlation coefficient between them.
The varimax regression method was used to determine
the relationship between the data and the most impor-
tant factors [52]. The data are obtained by transform-
ing the original data set into the standard version due
to variance, creating a new set of uncorrelated pseudo
variables known as principal components (PC). PCs were
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identified by running screen plots with eigenvalues >1
(Kaiser standard method) [48].

Hydrogeochemical evaluation

Hydrogeochemical facies of water samples were evalu-
ated using the Piper diagram [59], Using the Piper dia-
gram, the origin, structure, and chemical interactions
between cations and anions dissolved in the waters are
analyzed. Hydrochemical composition is mainly affected
by lithology, residence time, and regional groundwater
flow pattern [21]. Water can be classified as bicarbonate,
sulfate, and chloride according to its chemical composi-
tion [11]. Gibbs diagrams [33] and cross-plots have also
been used to determine the type and processes control-
ling water chemistry. Also, PCA, was used to determine
the nature of hydrochemical interactions between water
and the environment [10].

Water quality

Water quality index (WQI)

The water quality index (WQI) is a collective numerical
assessment for the overall suitability of water for drinking
purposes [10, 35, 63].

In this study, WQI was evaluated because people
around the study area rely on these sources of water for
consumption. The computation of WQI in this study was
based on assigning different weights (W) to water qual-
ity parameters according to their influence on the overall
quality of water (Table 2).

Secondly, the relative weight (W,) for each param-
eter is calculated using Eq. 1. In this study the following
parameters were selected: EC, pH, DO, TH, Na*, K,

Table 2 Standards (S), assigned weight (W), and weight (W,)

Parameter Standard [30,42] Weight (W) Relative
weight
(w,)
EC 1000 5 0.1563
pH 85 4 0.1250
DO 5 4 0.1250
Total hardness 150 2 0.0625
Na* 200 1 0.0313
K* 12 1 0.0313
Ca** 75 1 0.0313
Mg?* 100 1 0.0313
cr 250 4 0.1250
HCO;- 600 2 0.0625
SO, 200 2 0.0625
NO7; 50 5 0.1563
Total 32 1
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Ca?*, Mg?*, CI~, HCO,*~, SO,*~ and NO, ™~ Each of these
parameters is assigned a weight Wi ranging from 1 to 5
[14] according to their relative importance in water qual-
ity for human consumption and its possible effects on
health. In this study, the concentration of these parame-
ters was compared to the standards for drinking water as
recommended by WHO [81] and the Standard Organiza-
tion of Nigeria [73] and was included for the calculation
of WQI. Each parameter was calculated as follows:

Wi = W/EW; 2)

W =assigned weight of each parameter.

Wi=sum of assigned weights of all the parameters and
the number of parameters.

In this study the following parameters were selected:
EC, pH, DO, TH, Na*, K*, Ca**, Mg**", CI", HCO,*",
SO,*” and NO;~ Each of these parameters was assigned
a weight Wi ranging from 1 to 5 (Table 2) according to
their relative importance for human consumption. The
water quality rating (Q;) was calculated as:

Q; = (G/Sy) = 100 (3)

C, represents the concentration of the parameters and
S, is the water quality standard as recommended by [82]
for drinking. Finally, sub-indices (SI;) and WQI are com-
puted using Eqgs. 3 and 4:

SIi = W, * Qi (4)

WQl = =8I (5)

The WQI was categorized based on the classification
scheme of Batabyal and Chakrabarty [14] as<50 suit-
able, 50-100 good, 100-200 poor, 200-300 very poor,
and > 300 unsuitable.

Contamination level

To determine the contamination level of metal(loid)s
in the water resources of the study area, contamination
factor (Cf) and contamination index (C,;) were used to
evaluate water quality by calculating the contamination
level. In this study, the pollution status of metals (loids) in
water was evaluated using the contamination factor (Cfi)
as in [25],

cl =l —i/Cl (6)

where C!; =c ontamination factor; C' —i is the concentra-
tion of the element in the sample;

C' =background concentration/maximum allowable
limits. Calculated values are classified as low (Cd<1),
medium (Cd=1-3) and high (Cd > 3) pollution.
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Irrigation water quality

There are many indicators for monitoring the quality of
water for agricultural activities. Some of the parameters
used in this study include electrical conductivity (EC),
sodium absorption rate (SAR), percentage sodium (%Na),
and residual sodium carbonate (RSC). These param-
eters describe the strength of water alkalinization and
its potential impact on soil [57, 67]. The equations for
computing these indices are presented as Egs. 7, 8, and 9:
Generally, the alkalinity risk proposed by Richards [66] is
expressed as the SAR and it is calculated as:

SAR = Nat/,/(Ca®* + Mg?*) /2 )

SAR is classified as: excellent, S; (SAR<10), good, S,
(10-18), doubtful,

S; (SAR, 18-26), and unsuitable, S, (SAR > 26) [66].

Sodium Percentage (% Na) was calculated as in Eq. 8:
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Human health risk assessment

A risk assessment was used to evaluate the non-carci-
nogenic risk resulting from water consumption (intake)
in adults and children. Contaminant concentrations in
drinking water, stream water, and groundwater were
calculated from mean daily values (ADD) using Eq. 11
(USEPA 1989):

ADD = CXIRXEFXED/BWXAT (11)

ADD in mg/L/day, C (Concentration of trace metal
(mg/L), IR (Ingestion Rate), 3.3 L/day), EF (Exposure
Frequency), 365 days/year [76, 77], ED(Exposure) Dura-
tion),30 years [76, 77], BW (Body Weight), 60 kg Won-
gassuluk et al. [84], and AT (Average Time), 52 years [76,
77] respectively.

%Na = (Na+ i Ca2+)/(Na+ + KT + Ca?t + Mg2+) % 100(Todd 1980) (8)

%Na was classified [74] as excellent (%Na<20), good
(20<%Na<40), permissible (40<%Na<60), doubtful
(60 < %Na < 80) and unsuitable (%Na > 80).

The presence of more carbonate and bicarbonate than
the amount of calcium and magnesium determines the
appropriate irrigation system [62]. RSC was calculated
using Eq. 8, where the ionic strength of all concentrations
is expressed in meq/l, as suggested by [23].

RSC = (HCO3 + CO3™) — (Ca®* + Mg*")

)
RSCs were classified as safe (RSC< 1. 25), and appropri-
ate (1.25<2.5) and inappropriate (RSC > 2.5), [23].

Water hazard index (WHI)

The WHI has been used to provide an assessment of the
overall quality of different types of water used for vari-
ous purposes. The WHI was calculated using parameters
associated with quarrying activities that are known to
negatively impact water quality. These include, As, Cd,
Co, Cr, Fe, Nj, Pb, Sr, and Zn. It also makes it possible to
compare different bodies of water. WHI was calculated as
in [51, 50].

WHI = > [As/10 + /Cd/3 + Co/10 + Cr/50 + Fe/300 + Ni/20 + Pb/10 + Sr/50 -+ Se/10]/9

Hazard quotient (HQ) was used to estimate the risks of
drinking water contaminated with trace metal(loids) as:

HQ = ADD/RfD (12)

RFD indicates the dose of metal that a person can
be exposed to in one day of their life without causing
adverse health effects [80]. The RfD values for Cd, Co, Fe,
Ni, Pb, Se and Zn are 0.01, 0.0003, 0.7, 0.02, 0.0036, 0.005,
and 0.3 respectively. The risk of drinking water contami-
nated water with more than one metal is determined by
the Hazard Index (HI), given by the sum of individual
HQas in Eq. 13:

HI = ZHQ(cd) +(Co) +(Fe) +(Ni) T(@b) +(Se) +(Zn)

(13)

HQ/HI>1 are indication of health risks from drinking
contaminated water [44, 51].

Results and discussion

Physicochemical parameters

Table 3 contains a summary of physical and chemical
water quality parameters alongside control sites. There
were no significant differences among the parameters

(10)

WHI was categorized as<l Low impact (LI),
1<WHI<3 moderate Impact (MI), 3<WHI<5 high
Impact (HI), >5 Very high Impact (VHI).

for the sites. Generally, there are significant differences
in the level of physical parameters in different water
bodies (pond, stream, well and borehole). Temperature,
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conductivity, pH, DO and TDS are significantly different
in the waters except for pH and DO. This variability could
be attributed to the inconsistent rates of ecological, geo-
logical, or anthropogenic change [43]. The highest tem-
perature (29.9 °C) was recorded in pond water, while the
lowest temperature (29.4 °C) was recorded in the stream
water body. EC values for all water from quarrying areas,
including values are below 1400 ps/cm [73, 81] guidelines
for drinking water. A higher EC average value (157 ps/
cm) and the lowest average EC value (89.98 ps/cm) was
obtained in the pond water at the basement area, while
the lowest average EC value (89.98 ps/cm) was found in
the stream water. This indicates higher concentrations
of dissolved solutes. Low EC values <1400 ps/cm in the
study area indicate poor/low mineralization of water in
the area which can be attributed to low dilution or solu-
bility of minerals in the area [28]. The fact that TDS val-
ues (86.5, 45.91, 65. 42, and 75. 87 mg/1) were <1000 mg/1
and were within the recommended limits showed that
the water source has low salinity and is fresh. The mean
pH of water from the area is an indication of the acidic
nature of water and is attributed to the silicate minerals
contained in the rocks and generated wastes rock mate-
rials scattered at the quarry site releasing silicic acid
into the water as well as breakdown/oxidation of pyrites
contained in generated dust and waste rock as shown in
Eq. 14

12FeSy + 4507 + 34H2,0O — 4[H30OFe (SO4)2 —

2Fe (OH)3] + 16H2SO4
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dissolved oxygen (DO). The mean and range of values of
total hardness values in all water samples are indicative
of the softness of the water in the area (Total hardness
(TH) <75 mg/L).

The main cations (Nat, K*, Ca?>" and Mg®*) and ani-
ons (HCO,™, CI7, SO,* and NO;") found in the waters
of the study area are shown in Tables 3 and 4 with Ca’t,
and HCO,™ as the main cations and anions, respectively,
in waters taken from all examined sites. The abundance
of major anions has shown that bicarbonate (HCO;")
accounts for 60% of the total anions in all water sources
in respective of the geologic controls. The amount of
carbonates and bicarbonates in groundwater may be
responsible for the decomposition of carbonates and
the dissolution of carbonic acid due to chemical weath-
ering [19, 37, 41, 70]. The order of abundance of anions
among the water types, active and abandoned sites is
HCO;™>Cl™>SO,> >NO,. Chlorides are the second
most abundant anion in the water resources. Chloride
ion (Cl7) recorded average concentrations of 59.09, 20.36,
36.53, and 7.64 mg/l in ponds, streams, boreholes, and
well water from the quarry sites were below the allowable
limit values of 250 mg/L for CI™ and do not seem to pose
any environmental problem. Chloride can be used as an
advance warning of the presence of other toxic contami-
nants [83]. The sulfate (SO,*") value of all water samples
is below 250 mg/l, which is the acceptable limit in water.

(14)

Additional source of acidity may be as result of the
humic acids coming from organic matter [10]. Acidic
water influences the release of metals into the water bod-
ies [49]. The highest mean pH value (4.93) was obtained
from hand dug-well water samples of the quarry site
in the sedimentary area with the lowest value (4.59)
obtained in the stream water samples of the basement
area. The higher pH value from the sedimentary area
could be a result of the acid-neutralizing capacity linked
with the presence of the carbonates from limestone of
the quarry site in the area [85].

The mean values of DO (2.54 mg/l, 2.21 mg/l, 2.42 mg/1
and 2.33 mg/l) for all the waters samples from the quarry
sites in the basement area and that from the Calabar
flank area are all below the recommended [81] guide-
line of 5.0 mg/l for drinking water. Ellis [29] stated that
the amount of dissolved oxygen in each water sample
is determined by the balance between biological oxy-
gen production and consumption. The low DO content
in water in the study area can be attributed to the high
temperature in the area, which reduces the DO con-
tent. Additionally, Ellis [29] stated that at high tempera-
tures, water tends to release gas into the air, resulting in

Besides quarry waste, other sources of chloride, and sul-
phate can come from rock water interaction, rainwater,
industrial fertilizers such as gypsum compost, sewage,
municipal waste, and leachate seepage [13] from quarry
tailings and rock water interaction [79] However, when
sulfates and chlorides accumulate on the water in the
human body;, it can cause heartburn, high blood pressure,
dehydration, asthma, and osteoporosis [32].

The lowest concentration of major anions in the study
area is nitrate (NO™;) with mean concentrations of 0.45,
0.29, 0.36, and 0.49 mg/1 for pond, stream, borehole and
well water samples from the quarry sites. The concen-
tration of NO;™ is generally below the maximum allow-
able limit {73, 81] in all the water samples. Nitrate is the
product of atmospheric fixation of organic nitrogen and
a byproduct of nitrogen transformation [41]. Chloride,
nitrate, and sulfate are considered indicators of anthro-
pogenic pollution.

For the major cations, calcium is the dominant ion,
and accounts for over 65%, while Na ions account
for over 17% and Mg and K ions account for about
10.2, and 7.8% respectively. The order of abundance is
Ca**>Na'>Mg?*>K*. The mean values of the cations in
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Table 4 Varimax principal component analysis (PCA) of all water
resources grouped together for physicochemical parameters

Parameter Factor
1 2 3 4 5

Temp (°C) 0.15 005 -001 -0.55 043
pH 0.74 010 -0.02 0.01 -0.24
EC (uS/cm) 0.93 0.06 0.02 005 008
TDS (ma/l) 0.93 0.06 0.02 005 -0.08
DO 0.39 -0.25 0.40 008 035
TH 037 -0.17 0.73 023 -0
Na* -0.17 0.71  -0.10 -045 0.24
K* -0.16 054 019 -044 044
Cat 0.96 —-0.05 0.00 009  -0.01
Mg?* 0.89 -0.19 0.01 —-0.02 0.01
(@ 0.92 0.02 016  —-008 -0.02
HCOs- 0.90 -0.17  -0.03 0.09 0.09
S0, % 0.95 -0.05 0.09 005  -0.16
NO™5 -0.13 0.02 046  —0.08 0.14
Ag (pa/l) -0.23 009  -046 034 002
As -033 —-0.11 -027 -020 044
Cd 0.17 -044  -045 0.03 0.31
Co 042 —-0.29 0.09 018 -0.08
Cr -0.22 0.09 018  -0.17 0.57
Cu -0.04 0.02 021 -0.82 0.09
Fe 0.05 0.15 0.02 0.04 0.84
Mo -0.19 000 045 0.10 0.30
Mn 0.07 045 004 012 038
Ni 0.76 -040 -003 -0.13 0.06
Pb 0.04 -0.64 -0.10 032 0.10
Sb 0.17 0.61 0.05 0.08 032
Se 0.02 -008 -0.74 0.18  -0.05
Si -0.18 0.07 0.62 -0.19 042
Sr 0.81 0.18 0.02 0.07 0.08
Zn -0.08 0.01 -003 -0.89 001
Eigen value 9.14 322 267 218 1.98
9% Total variance 3047 10.72 8.90 7.27 6.61
Cum eigen value 9.14 12.36 15.03 17.21 19.19
Cum % total variance 3047 41.19 5009 5736 6397

the water samples were within the WHO [81] and SON
[73] permissible limits of 75, 200, 100, and 12 for Ca’t,
Na't, Mg?*, and K" respectively. According to WHO [81]
high concentrations of calcium and sodium above the
admissible level may cause health problems such as kid-
ney stones, abnormal nervous systems, and cardiovascu-
lar diseases such as high blood pressure. The main source
of Ca®*" in water is the dissolution of carbonates from
sedimentary rocks and minerals like calcite, dolomite,
and limestone. Moreover, agricultural activities contrib-
ute significantly to the release of calcium and magnesium
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through weathering processes of silicate minerals and
hydrolysis of CaCO;~ and Ca-Mg-(CO,)*", both of which
are magnesium-rich minerals [11].

The interaction between calcium and magnesium is
very important in the type of water in terms of hardness.
Most of the different types of water in the study area con-
tain more calcium than magnesium. Differences in water
hardness in the study area may be due to the relative lev-
els of Ca-Mg-HCO3™ ions in the solution. Comparative
analysis of cations and anions in ponds, streams, hand
dug wells and freshwater from quarries in the Oban mas-
sif and Calabar showed that the most important ions in
the study were Ca and HCO;™.

Saturation indices of mineral phases determined
revealed that the water resources are oversaturated with,
carbonates, goethite, and hematite with positive S.I val-
ues above zero and undersaturated with halite, anhydrite,
aragonite, calcite, dolomite, gypsum, quartz, sylvite, talc
having values below zero.

Associated with the major anions and cations are
minor metal(loids) which are also constituents of water
and usually present potential health risks to aquatic
organisms and humans. High temperatures and low pH
values enable this metal(loid)s to be easily released into
the water [20]. Long-term exposure to polluted water for
a long period can affect the normal functioning of the
human body, as it interacts with biological molecules
containing nitrogen, oxygen, and sulfur, triggering struc-
tural and functional changes [16].

The spatial variation of concentration of metal(loids)
is presented as box and whisker plots (Fig. 4). The box
plot is a powerful statistical tool that shows the distri-
bution data across means, ranges, median, and range.
Since the distributions of water quality parameters are
often skewed to the right, it is preferable to consider the
median as the indicator of the overall trend. The box’s
centred on the horizontal line, the 25th and 75th per-
centiles (quartiles), on the top and bottom of the box [8].
Figure 4 shows distinct differences and variations of the
metal(loid)s with no defined pattern. The data set did not
fit a log-normal distribution.

Table 3 and Fig. 4 showed that the large variation and
standard deviation in the parameters indicate that the
geochemical properties of water resources are affected by
various processes, which may be the interaction of rock
weathering with anthropogenic activities [71]. The aver-
age concentration (Table 3) of the metals and metalloids
decreased as As>Pb>Cr>Cd>Se>Fe>Si>Ag>7Zn>Ag
>Cu=Sr>Co>Mn=Ni>Sb. Mean concentration of all
parameters in the active and abandoned sites are within
the [73, 81] standard limits except for Se, Ni, Pb, Cd, Sb
in the active sites and Se, Cr, Ni, Pb in the abandoned
sites. The result of this gives indication of the enrichment
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of these metals in the area. In the study area there is no
defined pattern of distribution of the metal(loidd)s. The
trend of dominance in the composition of trace metals
from the active quarry sites in the Oban Massif is in the
order Sr>Cr>Zn>Se>Si>Pb>Ni>Cu>As>Cd=Mn
>Sb. The trend of dominance from the abandoned sites
in Oban Massif is in the order Sr>Cr>Se>Zn>Si>Pb>
Ni=Mn> As=Cu> Sb>Cd while the trend of dominance
from the active quarry site in Calabar Flank is Sr>Ni>S$
e>7Zn>Pb>Si>Cu>Co>Cr respectively. Similarly, com-
parison of metals among different water types shows that
the trend of dominance of metals in water is in the order
Sr>Se>Zn=Fe>Ni>Si>Pb=Co>Cu>As=Sb=Cr=M
n(pond),Sr>Se>Zn>Fe>Pb>Si>Ni>Cu=Cr>As=Co
=Ag(stream),Sr>Pb>Ni>Fe>Zn>Cu>Se>Si>Cr>Cd
= Mn(borehole),andSr>Zn > > Cu>Se >Fe>Si>Pb>Ni>
Cr>As=Co(well).

Pond water recorded about 67% of these metals from
the basement and sedimentary area. This could a result
of higher anthropogenic inputs in water from these sites.
The occurrences of Si may be attributed to the dissolu-
tion of silicate-bearing bedrocks of the study area. The
presence of an alkaline environment and the weathering
of silicate minerals in these rocks have also been men-
tioned as sources of silica in water by [71]. Similarly, the
metal content in borehole water samples(B6) from the
sedimentary area was seen to be higher than those from
the well water samples of the basement area, although
samples from these two sources could be comparable.
The reason for this difference may be due to lithologi-
cal differences in the study area. The total metal content
in pond and stream water samples was higher than the
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samples obtained from hand-drilled wells and boreholes
and this may be due to high anthropogenic contamina-
tion load to the pond and stream waters. In all cases,
other than agricultural activities and mining, apparent
high values can be mainly due to geogenic activities and
activities associated with quarrying through waste, scrap
and emissions from vehicles and machinery.

Principal Component Analysis (PCA),

A Principal component analysis (PCA) was performed
for the various water resources grouped using the physic-
ochemical parameters. The principal component analysis
with varimax rotation eigenvalues > 1 is shown in Table 4
as the variance of the PCAs (Fig. 5a). PCA 1 showed a
variance of 30.47% with higher weights for pH, TDS, EC,
Ca*f, Mg?+, Cl-, HCO;", SO,*, Ni, and Sr. This rela-
tionship demonstrates the influence of environmental
factors on the chemistry of the water. Positive loading on
Na* Kt HCO;™, Cl7, and SO,*™ has been observed and is
associated to indicate the presence of both natural (geo-
genic) and human (anthropogenic). The natural source
is weathering of rocks and minerals into the water [72]
while the anthropogenic source includes atmospheric
deposition with contributions from the dispersed dust
during the quarry operations as well as leaching from
waste rock materials scattered at the quarry sites (Fig. 1a,
b) into the surface water (pond and stream). High load-
ings for HCO,™, Ca**, and Mg®* can be attributed to the
natural weathering of silicate minerals from the basement
and sedimentary rocks and this has been reported as
the main source of these ions by [70]. Additionally, high
loading for Cl~, and SO,*" indicate that they were added
from recharging rainwater, while the high loading on
Ni, and Sr was due to minor variations in lithology. The
high positive loading of HCO;~ was due to atmospheric
CO, combined with soil water and carbonate dissolution
[49]. PCA 2 explained 10.72% of the total variance with
the highest loading for Na and Sb, and the athitectic rela-
tion with Pb suggest their different sources. The positive
loading value of hardness is attributable to natural ele-
ments of silicate rocks such as pyroxene, biotite etc. PCA
3 accounts for 8.9% of total variance with high positive
loadings for hardness and Si and negative loading on Se
indicating their different sources. PCA 4, has a 7.27%
total variance with negative loading for temperature, Cu
and Zn depicting that the concentration of Cu and Zn are
not influenced by temperature and are of mixed sources.
PCA 5 accounts for 6.61% of variance with high load-
ings for Cr and Fe reflecting their geogenic sources and
water—rock interactions leading to rock disintegrations.
In general, the PCA did not show significant correlations
between metals and metalloids in the aqueous phase.
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This may be due to the low mineralization of water in
the area which reflects of low solubility of the minerals in
the water. A graphical representation (Fig. 5b) has been
used to identify the principal components that could be
retained and to describe the variability of the original
dataset, suggesting that the five components account
for 67.97% percent of the total variance. As a result, the
details of the water quality at each of the sampling loca-
tions may be calculated using only five variables.

Hydro-chemical facies and water types

In this study hand drilled wells and boreholes were evalu-
ated as groundwater. All the water samples collected
from the different water sources from both quarries
revealed two major water types: Ca-Mg-SO,-Cl and Na—
K-HCO, (Fig. 6, Appendix 1). These water types probably
result from the disintegrations of feldspars and carbonate
rocks, and changes in the lithology in the study area. In
addition, the presence of Na-K-HCO; may indicate the
effect of the combined effects of cations exchange and
calcite/carbonate or silicate dissolution [9]. According to
[47, 71], bicarbonates and calcium in groundwater sam-
ples could be due to the natural dissolution of carbonate
minerals. Water chemistry is controlled by many pro-
cesses including rainfall recharge, hydrological interac-
tions, water—rock interaction, and human activities [17,
70]. Gibbs plot (Fig. 7) and cross plots (Fig. 8) of Mg>*/
Na* versus Ca*"/Na* and HCO, /Na* versus Ca?*/Na*
to distinguish the sources of ions in water resources of
the study area confirm rock/silicate weathering as the
main processes controlling the chemistry of the water
resources in the quarry areas. Weathering of alumina-
silicates minerals [70] are the major contributor of Na¥,
K*, Ca’t, Mg®*, and HCO,". The effect of weathering
activities in the study area is that it increases the dissolu-
tion of silicates and carbonates, as well as ion exchange in
water. Pyroxene, Ca-plagioclase, orthoclase, amphiboles,
olivine, and biotite are the main silicate minerals found in
the crystalline rocks of the region (Appendix 2). The gen-
eral reaction for the weathering of silicate rocks is shown
in Eq. 15:

(Na, Ca, Mg, K) silicates + HyCO4
— H4SiO4 + HCO3 + Na + Ca
+ Mg + K + Clay minerals

(15)

The Na and K, Ca and Mg may be attributed to cation
exchange process [42].

The incongruent dissolution of plagioclase in water can
be written as:
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4Cag52Nag5Al;SioOg(s) + 6COy + 9H,0
= 3Al,Si;O5(OH), + 2Na + 2Ca
+ 6HCO3 + 4SiOy

(16)

For olivine, it is given as:

Mg,SiO4(s) + 4HyCO3 = 2Mg + 4HCO3 + HySiO4
17)
The weathering activities in this study imply the effect
of dissolution of minerals such as plagioclase, amphi-
boles, calcite among others with the release of ions and
metals into the environment.

Assessment of water quality

The assessment of water quality in this study was car-
ried out to determine the portability of water for drink-
ing and other domestic uses. This was done based on a
comparison of the analytical results obtained from the

quarry sites existing water quality guidelines [73, 81].
Based on the analyzed data for P, S, W, and B, 100% of pH
and DO were not within the [73, 81], maximum admis-
sible level. The mean concentration of As, Cd, Pb, and
Se for all the water sources were above that of the WHO
[81] and SON [73] admissible limits of 0.01 mg/1 (As, Pb,
and Se) and 0.003 mg/l(Cd) suggesting that the water
resources are not suitable for drinking and irrigation for
these parameters. The computed WQI varied from 11.27
to 37.26 (Table 5) showing that the water resources are
suitable (WQI<50) for drinking as classified by Batabyal
and Chakrabarty [14] and are in A grade class. The mean
contamination factor of the metal(loid)s (Fig. 9a and
Appendix 1) has shown that 50%(Pond), 42%(Stream),
35.7%(Well) and 42.86(Borehole) were moderately and
highly contaminated with As, Cd, Co, Cr, Mo, Pb and
Se. These metal(loid)s are halophilic [45] in nature, have
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Table 5 Water Quality Index (WQl)

Parameter Code wal Remarks Grade

Values

Pond P1 14.00 Excellent A
P2 1349 Excellent A
P3 16.11 Excellent A
P4 12.36 Excellent A
P5 17.53 Excellent A
P6 17.46 Excellent A
p7 2235 Excellent A
P8 19.48 Excellent A
P9 19.54 Excellent A
P10 21.58 Excellent A
P11 31.76 Excellent A

Stream S1 12.14 Excellent A
S2 13.06 Excellent A
S3 11.35 Excellent A
S4 19.34 Excellent A
S5 11.27 Excellent A
S6 2217 Excellent A
S7 29.11 Excellent A
S8 3357 Excellent A

Hand dug well w1 35.6 Excellent A
w2 43.2 Excellent A
w3 21.6 Excellent A
w4 314 Excellent A
w5 17.8 Excellent A

Borehole B1 15.22 Excellent A
B2 17.55 Excellent A
B3 19.13 Excellent A
B4 17.82 Excellent A
B5 17.40 Excellent A
B6 37.26 Excellent A

affinity for Sulphur and thus reflect the main potentially
toxic elements (PTE) signature indicative of bedrock
geology [50]. In respect of the geologic terrain and status
of the quarry sites (Fig. 9b), the water was not polluted
with Fe, Cr, Co, Cu, Zn., Ag, and Mn but were polluted
with Cd, Mo, Pb, and Se. Using the classification scheme,
Cd, Mo, Pb, and Se form Oban massif active sites are in
the class of high contamination and Ni, and Sb are in the
class of medium contamination, whereas Se and Pb from
the Oban massif abandoned and Calabar flank active sites
are in the class of medium contamination and thus not
suitable for consumption based on these parameters. As
shown on Fig. 10, Cr is the main contribution of pollu-
tion to the stream water, whereas As, Pb, and Se are asso-
ciated with pond and borehole water which is explained
by PCA 2 constituting 56.49% of the variance. Also, Fe is
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associated with the control area and is explained by PCA
1 which is 23.08% of the total variance. These associations
signify areas with a significant concentration, influenced
by comparable geological, geochemical, environmental,
and anthropogenic sources.

Suitability for irrigation

Adequate irrigation capacity of ponds, streams, and
groundwater for the agricultural needs of the population
was evaluated using four parameters including electri-
cal conductivity (EC), sodium percentage (%Na), sodium
adsorption rate (SAR), and residual sodium carbonates
(RSC). The EC of all the water samples ranged from 18.70
and 372.0 with an average of 122.89 pS/cm (Table 6). All
the samples showed EC<2,250 uS/cm and were consid-
ered excellent for irrigation use [66]. However, all the
samples from the sedimentary area (P11, S8, and B6)
were classified as Good (250 <EC< 750 pS/cm). Accord-
ing to SAR, all the water samples fall into the excellent
category (SAR < 10). Regarding %Na (Table 6), 27, 45, and
27% of PW and 25, 50 and 25% of SW are in the excellent
category (%Na<20), good (20 < %Na<40), and permissi-
ble water (40 < %Na < 60) respectively. For GW, 17%, 50%
and 33% of the samples were in the excellent, permissible,
and doubtful categories (60<%Na<80). Similarly, RSC
values showed 9.82% and 9% of P and 50. 33% and 17%
of GW were safe, marginally suitable, and unsuitable for
irrigation (Table 7). For SW, 75%, and 25% were safe and
marginally favorable for irrigation. Also, from the sedi-
mentary areas (P11, S8, and B6) were not suitable for irri-
gation use based on RSC. According to [23], high value
of RSC value in water means more sodium adsorption by
water (Table 6).

Water hazard index

The WHI has been used to provide an assessment of the
overall quality of different types of water used for vari-
ous purposes. The WHI was computed using parameters
associated with quarrying activities that are known to
negatively impact water quality. WHI were classified as
follows: low impact (<1), moderate impact (1-3), high
impact (3-5) and very high impact (>5) respectively.
Generally, there is no defined pattern of distribution of
the impact as the various water bodies are in the class
of moderate to high impact. Figure 11 showed that 10%
(S2, S4, S6) of the sites were classified as low impact,
36.67%( P4, P7, P8, P10, S1, S3, W3, W4, B2, B3, B4) of
the sites were classified as moderate impact whereas
26.67%(P1,P2, P3, P6, P9, W1, B1, B5) of the sites were
in high impact class and, 26.67%(P5, P11, S5,57, S8, W3,
W5, B6) of the sites are considered very high impact class
respectively. The low impact areas are in the NW an SE
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part of the study area and are characterized by few quarry
sites while the moderate to high-impact zone areas are
sited in the central part of the study area where most of
the quarries are located and are characterized by large

amount of quarry wastes. Most of the sites were from the
basement terrain with few locations (B6 and P11) in very
high-impact zone in the sedimentary terrain. Geologi-
cally, both terrains have areas that are highly impacted
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implying that the quarry waste/rock fragment randomly
scattered on the ground and dust generated during blast-
ing and crushing and weathering of the rocks material are
probable major source of the pollution as the metal(loid)
s contained in the waste rocks and dust are leached from
these materials into the water bodies and contaminate
them.

Health risk assessment

The fact that, the mean concentration of As, Cd, Pb, and
Se are above the WHO [81] and SON [73] permissible
limits for the different water resources is an indication
that the population in the study area may be exposed to
these potentially toxic metals. Long-term exposure to
inorganic arsenic, especially through drinking water and
food, can cause chronic arsenic poisoning. Many studies
have shown the negative effects of arsenic on cognitive
development, intelligence, and memory [75]. The Inter-
national Agency for Research on Cancer (IARC) has clas-
sified arsenic and arsenic compounds as carcinogenic to
humans. Arsenic is also associated with increased mor-
tality in young adults due to many types of cancer, lung
disease, disease, and kidney failure [31]. Exposure to
elevated levels of concentration of Cd and Pb through
drinking water pathways can lead to serious challenges
for both humans and animals. Exposure to high concen-
trations of Cd, and Pb through drinking water can caused
kidney disease, lung damage, high blood pressure, frag-
ile bones and nervous disorder [6]. Also, exposure of
infants and children to Pb concentrations above accept-
able levels can delay physical and cognitive development
and cause deficits in cognitive and learning abilities [6]

Page 20 of 25

Table 6 Irrigation water quality for different water types in the

area
Parameter Code EC(uS/cm) Remarks SAR Remarks
Value Value

Pond water P1 634 Excellent  0.036  Excellent
P2 90.7 Excellent  0.041  Excellent
P3 164 Excellent  0.017  Excellent
P4 325 Excellent  0.047  Excellent
P5 120.9 Excellent  0.046  Excellent
P6 110.8 Excellent  0.010  Excellent
p7 193 Excellent  0.051  Excellent
P8 176.1 Excellent  0.041  Excellent
P9 586 Excellent  0.053  Excellent
P10 100 Excellent  0.030  Excellent
P11 372 Excellent  0.012  Excellent

Stream water St 429 Excellent  0.043  Excellent
S2 100 Excellent  0.080  Excellent
S3 484 Excellent  0.053  Excellent
S4 234 Excellent  0.029  Excellent
S5 18.7 Excellent  0.035  Excellent
S6 26.1 Excellent  0.043  Excellent
S7 222 Excellent  0.012  Excellent
S8 295 Excellent  0.013  Excellent

Hand dug well W1 36.7 Excellent 0.023 Excellent
w2 76.15 Excellent 0.013 Excellent
w3 84.7 Excellent 0.015 Excellent
w4 56.71 Excellent 0.025 Excellent
w5 49.58 Excellent 0.014 Excellent

Borehole B1 66.7 Excellent  0.069  Excellent
B2 753 Excellent  0.140  Excellent
B3 158 Excellent  0.076  Excellent
B4 744 Excellent  0.067  Excellent
B5 88.3 Excellent  0.058  Excellent
B6 351 Excellent  0.002  Excellent

Max 372.00 0.140

Min 18.70 0.002

Mean 122.89 Excel-  0.044 Excel-

lent lent

(Environmental Protection Agency 2005). Health risk
assessment of metal(loid)s in all the water samples from
the study area were obtained by calculating the hazard
quotients (HQ) and health risk index (HRI). HQ/HI<1 is
considered to have low health risk, HQ/HI > 1 are consid-
ered to have high health risk [58].

As, Cd, Cr, Cu, Ni, Pb, and Zn were considered in
this study via drinking water pathways for the calcula-
tions of the ADD and HQ values (Figs. 12a and b). It was
observed that the average daily dose (ADD) <1 for all the
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Table 7 Irrigation water quality for different water types in the

area
Parameter Code Na% Remarks RSC  Remarks
Value Value
Pond water P1 4351  Permissible 142 Marginally suit-
able
P2 2238 Good 143 Marginally suit-
able
P3 17.35  Excellent 146  Marginally suit-
able
P4 27.77  Good 136 Marginally suit-
able
P5 2648  Good 1.86  Marginally suit-
able
P6 16.36  Excellent 224 Marginally suit-
able
p7 51.62 Permissible 149  Marginally suit-
able
P8 27.57  Good 149 Marginally suit-
able
P9 4786  Permissible 149 Marginally suit-
able
P10 3201 Good 074  Safe
P11 376  Excellent 367  Notsuitable
Stream water S1 3737 Good 0.74  Safe
S2 5041 Permissible 087  Safe
S3 46.73  Permissible 092  Safe
S4 3791  Good 075  Safe
S5 3891  Good 0.75  Safe
S6 3737  Good 149  Marginally suit-
able
S7 6.29  Excellent 147 Marginally suit-
able
S8 521  Excellent 296  Not suitable

Hand dug well W1 51.35 Permissible 0.78 Safe
w2 56.27 Permissible 0.65 Safe
W3  71.53 Doubtful 0.35 Safe

W4  68.16 Doubtful 1.39  Marginally
suitable
w5 17.18 Excellent 4.19 Not suitable

Groundwater B1 5232 Permissible 097  Safe
B2 7125  Doubtful 080  Safe
B3 60.73  Doubtful 0.75 Safe
B4 4766 Permissible 149  Marginally suit-
able
B5 40.82  Permissible 149  Marginally suit-
able
B6 140  Excellent 442 Not suitable
Max 71.25 442
Min 1.40 0.74
Mean 34.04 Excellent 154 Marginally
suitable
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locations (Fig. 12a) suggested low intake. However, HQ
values for Zn (1.87) at Sy and Pb (1.14) via drinking water
pathway at W2 is>1 as well as the HRI (Fig. 13) of S;
(1.01), S5 (2.46) and W, (1.67) all in the southeastern part
of the study area are considered risky for ingestion. HQ
and HRI values less than 1 indicate that there is no nega-
tive effect. However, areas with HQ value > 1 showed that
the health of people living in these areas may be affected
[38, 40, 80, 84].

Although HRI values were below 1 in some areas dur-
ing the study period, long-term consumption of con-
taminated water from these sources may cause health
problems in the future if water purification measures are
not considered [38]. Lead exposure can cause diarrhea,
anemia, gastrointestinal disturbances, sensitization, and
progressive muscle paralysis [18]. Therefore, treatment is
recommended.

Conclusion

Investigation of the water resources near quarry sites
in Akamkpa quarry district of southeastern Nige-
ria was carried out using hydrogeochemical, statisti-
cal, water hazard index (WHI), and health risk index.
Many of the physicochemical parameters reflect differ-
ences in the composition of the water resources basi-
cally of natural, environmental, and anthropogenic
origin. pH, DO values of P, S, W, and G were not within
the acceptable limits of WHO [81] and SON ([73].
The order of abundance of major anions in the water
resources is HCO;—>Cl™>S0,>">NO; ~ and cations
Ca®* >Na'>Mg** >K*.

The chemical composition due to major cations and
anions showed that water resources were largely con-
trolled by silicate weathering through ion exchange,
dissolution, and some anthropogenic activities, mainly
from nearby agricultural and quarrying activities. Prin-
cipal component analysis and positive correlation with
R>0.7 between Ca** with HCO,~, Na* with HCO,~
confirm their natural geogenic sources with silicate
mineral dissolution as the main processes controlling
the chemistry of the water resources. In addition, cross
plots and saturation indices revealed that rock weather-
ing including the dissolution of carbonates, and silicate
minerals are significant rock-water interactions affect-
ing the chemistry of the water resources.

However, except for some places, the water is clas-
sified as good and suitable for drinking and irrigation.
Water samples in the study area were moderately and
highly contaminated by As, Cd, Cr, Co, Mo, Pb, and Se
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probably from leaching of quarry waste materials and
dust particles. Contamination of the pond water and
boreholes is associated with As, Pb and Se while stream
water is associated with Cr. The calculated water haz-
ard index suggested that the water resources are mostly
moderately to highly impacted. While a few places with
HRI>1 are considered risky. To reduce the health risks
caused by drinking polluted water, local people should
be informed by the operating companies as part of their
social corporate responsibility on the importance of
treating water to minimize health hazards associated
with drinking polluted water.

Access to some of the quarry sites was not granted
especially during operations like blasting to avoid
injury, thus, it was not possible to collect quarry dust.
There was no defined pattern of collection of the water
samples and due to lack of funds, only 12 of the quarry
sites were considered even though there were over
thirty quarries.

Monitoring the water quality of the study area as well
as proper location of the quarry sites is encouraged to
reduce the risk of pollution. Additionally, environmen-
tally friendly operation methods should be applied to
properly manage the environment.

Hence further studies would be conducted by analyz-
ing the quarry dust to establish the potential contribu-
tion of the quarry dust from quarrying operations to
surface water alongside human activity.
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