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a b s t r a c t

Arsenic contamination in water has caused severe health problems around the world. The purpose of this
study was to evaluate the geological and anthropogenic aspects of As pollution in surface and groundwater
resources of Jamshoro Sindh, Pakistan. Hydride generator atomic absorption spectrophotometry (HG-
AAS) is employed for the determination of arsenic in water samples, with detection limit of 0.02 �g l−1.
Arsenic concentrations in surface and underground water range from 3.0 to 50.0, and 13 to 106 �g l−1,
respectively. In most of the water samples As levels exceeded the WHO provisional guideline values
10 �g l−1. The high level of As in under study area may be due to widespread water logging from Indus river
irrigation system which causes high saturation of salts in this semi-arid region and lead to enrichment

+ +

luster analysis
round water
hysico-chemical parameters
urface water

of As in shallow groundwater. Among the physico-chemical parameters, electrical conductivity, Na , K ,
and SO4

2− were found to be higher in surface and ground water, while elevated levels of Ca2+ and Cl−

were detected only in ground water than WHO permissible limit. The high level of iron was observed in
ground water, which is a possible source of As enrichment in the study area. The multivariate technique
(cluster analysis) was used for the elucidation of high, medium and low As contaminated areas. It may
be concluded that As originate from coal combustion at brick factories and power generation plants, and

onall
it was mobilized promoti

. Introduction

Drinking water, in general, is derived from a variety of sources,
epending on availability of surface water (rivers, lakes, reser-
oirs and ponds) and ground water (aquifers). The arsenic (As)
s a toxic metalloid and the 20th most abundant element in the
arth’s crust. Arsenic is predominantly present in inorganic form
As3+ and As5+) in aquatic system with a minor amount of methyl
nd dimethyl arsenic compounds. Arsenic in the water is a seri-
us natural calamity and a public health hazard, which originates

rom natural systems including, anthropogenic as well as geological
ources [1–8].

The literature studies show that the arsenic in water poses the
ealth hazards to humans, creates non-cancer effects such as hyper-
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304-3894/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2008.11.069
y by the alkaline nature of the understudy groundwater samples.
© 2008 Elsevier B.V. All rights reserved.

and hypo-pigmentation, keratosis, black foot disease, hyperten-
sion, cardiovascular diseases and diabetes, and also typical skin,
lung and bladder cancers [9–15]. Inorganic arsenicals belong to
group I carcinogens [16,17]. It is reported that about 60–100 mil-
lion people in India and Bangladesh are currently at risk, due to
arsenic-contaminated drinking waters [18–20].

High concentration of As was observed in the surface water and
shallow zones of ground water of many countries like Bangladesh,
India, Argentina, Mexico, Mongolia, Germany, Thailand, China,
Chile, USA, Canada, Hungary, Romania and Vietnam [21–24].
In some regions of Bangladesh, its concentration is as high as
1000 �g l−1 [25]. The surface water resources (river, canal and lake)
are less contaminated by As, while relatively higher contents of nat-
urally occurring As may occur in ground water (10–70 mg l−1), as a
result of its input from geothermal sources (e.g. western USA and
New Zealand) [26]. The Manchar Lake in Sindh, the largest fresh-
water lake in Pakistan is the main source of water for domestic and
agricultural purposes. Water of lake as well as groundwater, in this

vicinity is saline and has high As contamination [27,28].

Like India, Bangladesh and other neighboring countries, Pakistan
is also facing serious public health disasters due to arsenic contam-
inated water and has acknowledged the need of apprizing drinking
water quality and As problem. Different areas of our country have
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Fig. 1. Sampling map of

igh As concentration in drinking water (ground and surface water)
29]. On the basis of groundwater quality monitoring program, Pak-
stan Council of Research in Water Resources (PCRWR) and UNICEF
eported that As contaminated groundwater (10–200 �g l−1) was
bserved in some areas of Punjab province. In Sindh, 16–36% people
re exposed to high arsenic (10–50 �g l−1) in groundwater [30].

In study area, the analysis of As concentration in drinking water
as not carried out so far, by any government organization or other
ational laboratories. Thus, the evaluation of arsenic in surface and
nderground water and its correlation with other physico-chemical
arameters in understudy area was the need of the hour. Therefore,
he aim of current study was to determine the As contamination in
urface and ground water of District Jamshoro, Sindh (Pakistan) and
o evaluate the possible contamination sources by characterizing
he geochemical data. The water quality parameters (temperature,
H, total dissolved salt, electrical conductivity, sodium, potassium,
alcium, magnesium, chloride, bicarbonate, nitrate, nitrite, sul-
hate, and iron) were also determined. The multivariate technique,
luster analysis (CA) was used, in view to find out the information
bout similarities and dissimilarities among the different sampling
ites, according to As contamination levels.

. Materials and methods

.1. Description of study area

The area under study, Jamshoro district is located in south-
est edge of the Sindh Pakistan, along with right bank of the river

ndus and positioned between 25◦19′–26◦42′ N and 67◦12′–68◦02′

(Fig. 1). The study area has a semi-arid and subtropical continen-
al climate, the temperature ranged from 4 to 46 ◦C with <200 mm
verage rainfall [31]. Jamshoro is composed of quaternary alluvial-
eltaic sediments derived from Himalayan rocks while most of its

rea is situated at offshoots of the Kirthar range with quaternary
nd tertiary volcanic rocks having thermal springs [32,33].

Most of the villages are located on fertile agricultural land in
he flood plain of the Indus River. It is observed that, the agricul-
ural/industrial pollution is a possible source of As in surface and
nderground water [27,34,35].
area (Jamshoro district).

2.2. Sampling and pretreatment

About 309 surface and ground water samples were collected
from 48 sampling points of Jamshoro, Pakistan with the help of
Global positioning system (GPS) in 2007 (Fig. 1). Out of total col-
lected samples, 153 groundwater samples were collected from
>15 m depth and 156 were surface water samples (canals and
municipal water supply). The canal water samples were collected
from main stream of five to six different sampling points at a depth
of 20–30 cm due to the low-flow conditions [36]. The collection
of samples was performed by using Van Dorn plastic bottles (1.5 l
capacity) and was kept in well stoppered polyethylene plastic bot-
tles previously soaked in 10% nitric acid for 24 h and rinsed with
ultrapure water. In the field, we measured water temperature, pH,
electrical conductivity (EC) and total dissolved solids (TDS) by ther-
mometer, pH meter (781-pH meter, Metrohm) and conductivity
meter (InoLab conduc. 720, Germany), respectively.

2.3. Water analysis

The collected water samples were stored in an ice box, and deliv-
ered on the same day to the laboratory. Five to six water samples
from each site were mixed into a washed plastic bucket to make a
composite sample and filtered through 0.45 �m filter paper with
the help of vacuum pump and stored at 4 ◦C until processing and
analysis.

Standard solutions of understudy elements were prepared by
dilution of 1000 mg l−1 certified standard solutions obtained from
Fluka Kamica (Buchs, Switzerland) of corresponding metal ions. To
prevent the sample contamination, all the glassware and plastic
containers were treated with 5 M HNO3 and rinsed with dis-
tilled water and finally with ultrapure water. The physico-chemical
parameters were determined by standard methods [37,38]. Total
alkalinity was determined by acid titration using methyl-orange.
Total hardness as Ca hardness was measured by EDTA complexom-

etry titration using Erichrome-black-T and Calcon as an indicators
at pH 10 and 12, respectively with an analytical error <2% [39]. For
As and other metal analyses, water samples were pre-concentrated
as reported elsewhere [27,40]. To estimate the equilibrium con-
dition of the minerals possibly controlling the soluble chemical
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pecies, saturation indices were calculated using speciation mod-
ling PHREEQC (USGS, 2007).

.4. Analytical figure of merit

For quality assurance and quality control (QA/QC), data was
reated according to the reported method [41]. Potassium, sodium
nd iron were determined by flame atomic absorption spec-
rophotometer FAAS (AAnalyst 700 AAS, PerkinElmer) with limit
f detection (LOD) of 14.0, 5.52 and 69.2 �g l−1, respectively while
otal As was measured by using hydride generation atomic absorp-
ion spectrophotometer HG AAS (MHS 15 system) with 0.02 �g l−1

OD. Chloride, nitrate, nitrite and sulphate concentration were
etermined by ion chromatography (Metrohm 838 Advanced Sam-
le Processor with chemical suppression) with LOD of 1.3, 1.5, 1.4
nd 2.8 �g l−1, respectively. For the validation of ions, ionic balances
as calculated [42] as

on balance percent =
{

˙cations − ˙anions

˙cations + ˙anions

}
× 100

The average ion balance 1.17% with two outliers of 1.8% and−3.2%
as established, for which no explanation is impending; the mean
alance is 0.5% (Table 1).

. Results

For convenience in description, groundwater samples were
rouped into two categories according to depth: hand pump sam-
les (HS, n = 117) from 15 to 30 m depth and tube well samples (TS,
= 36) from 60 to 120 m depth (Table 1a). The surface water sam-
les were also divided into two groups, canal water sample (CS,
= 36) and municipal treated water sample (MS, n = 120, Table 1b).
he descriptive statistical results of physico-chemical analyses in
round and surface water samples have been shown in Table 2.

.1. Physico-chemical parameters

The temperature of TS was higher than that of HS
Tables 1 and 2). Since water temperature is one of the conservative
roperties in the water cycle, the difference in temperature ranges
or the shallow and middle depth groundwater is indicative of
he presence of two separate confined aquifers. The pH values for
nderground water samples, HS and TS were observed in the ranges
f 7.1–8.4 and 7.9–8.1, respectively. The EC values in HS and TS
ere in the ranges of 0.40–4.51 mS cm−1 and 0.52–1.10 m S cm−1,

espectively. The TDS were determined in the ranges of 188–2214
nd 321–513 mg l−1 in HS and TS, respectively. Alkalinity was found
n the range of 181–1350 mg l−1 for both groundwater samples.

In case of surface water samples, the pH for CS and MS
ere found in the ranges of 7.1–7.8 and 6.9–8.5, respectively

Tables 1 and 2). There was no significant difference in temperature
alues of CS and MS (p < 0.05). There was no significant difference
or the values of EC and TDS in CS and MS (p < 0.05). Alkalinity was
ound in the range of 111–479 mg l−1 for both types of surface water.

The pH of surface and groundwater samples was within the per-
issible level of WHO. Higher values of EC, TDS and alkalinity were

ound for ground water as compared with those of surface water
p > 0.05).

.2. Major ions in water samples
The concentrations of major cations and anions in surface
nd ground water have been shown in Tables 1 and 2. Sulphate
as one of the principal anions, with a concentration range of

13–1516 mg l−1, Cl− (131–721 mg l−1), while Na+, the most gov-
rning cation was found in the range of 191–945 mg l−1. Calcium Ta
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Table 1b
The mean values of physico-chemical parameters and arsenic concentration in surface water from district Jamshoro Sindh, Pakistan.

Sample I.D. T (◦C) pH EC (mS cm−1) As (�g l−1) TDS (mg l−1) Ca2+ (mg l−1) Mg2+ (mg l−1) Na+ (mg l−1) K+ (mg l−1) HCO3
2− (mg l−1) Cl− (mg l−1) NO2

− (mg l−1) NO3
− (mg l−1) SO4

2− (mg l−1) Fe (mg l−1) Balance

CS1 22.5 7.1 0.41 3.00 190 25.9 13.1 221 4.3 179 136 0.44 6.4 248 0.08 −0.1
CS2 23.8 7.2 0.40 4.0 180 8.2 6.8 216 3.0 289 119 0.50 6.4 108 0.11 −0.4
CS3 24.2 7.8 2.66 37.0 250 85.5 39.5 710 18.8 346 265 1.01 18.5 1240 0.38 −0.8
MS1 22.5 7.2 0.42 5.3 188 39.1 14.9 241 5.7 249 180 0.52 6.4 195 0.12 1.6
MS2 21.8 6.9 0.40 5.1 255 11.4 7.6 182 6.5 269 86 0.55 5.8 116 0.09 −0.7
MS3 23.5 8.4 1.85 16.0 265 51.6 20.4 461 17.2 229 271 1.58 15.7 613 0.10 0.3
MS4 22.6 7.1 0.45 6.3 210 15.5 5.5 246 7.3 208 172 0.55 6.2 187 0.14 −1.0
MS5 23.6 7.8 1.68 50.0 193 224 37.5 481 15.7 268 359 1.11 13.5 984 0.11 0.3
MS6 25.4 7.1 0.47 4.0 221 12.7 9.3 209 5.1 209 174 0.51 6.3 103 0.09 −0.4
MS7 22.5 7.9 3.61 6.0 196 21.8 12.2 229 11.9 190 173 0.98 14.3 208 0.12 −1.4
MS8 23.8 7.1 0.42 5.0 198 6.4 23.6 270 34.9 202 322 0.45 4.9 126 0.09 −0.9
MS9 24.2 7.1 0.50 4.2 212 24.5 17.5 242 4.7 194 224 0.55 5.2 181 0.09 −0.5
MS10 22.8 7.1 0.49 10.2 208 47.7 18.3 212 14.9 187 206 0.62 6.1 214 0.02 −0.2
MS11 24.5 7.3 0.52 7.0 228 23.6 11.4 359 42.8 479 243 0.72 4.9 236 0.10 −2.4
MS12 23.4 7.2 0.41 17.0 194 86.4 33.6 404 7.2 172 282 2.38 73.8 597 0.14 −0.2
MS13 22.5 7.1 0.49 6.0 233 21.8 3.2 332 14.2 164 245 1.50 12.0 325 0.12 −1.5
MS14 21.8 7.8 3.72 6.0 256 20.0 12.0 240 26.0 157 235 1.12 0.4 206 0.30 −1.7
MS15 23.5 7.1 0.54 5.2 214 17.3 2.7 251 14.4 149 196 0.60 0.5 215 0.10 −0.5
MS16 22.6 7.8 3.50 11.1 246 71.8 45.2 540 9.9 141 316 3.19 48.6 891 0.02 0.0
MS17 23.6 7.8 1.42 11.2 169 81.8 25.2 438 7.1 134 325 1.28 12.5 622 0.27 1.5
MS18 25.4 8.1 3.25 8.1 124 15.3 10.7 328 24.3 126 386 1.60 14.3 205 0.14 −3.2
MS19 22.5 8.5 0.93 4.2 245 24.5 10.5 136 9.3 119 53 0.88 2.3 234 0.12 −1.1
MS20 23.8 7.4 0.32 6.0 150 15.8 8.2 286 6.0 111 230 0.49 32.2 226 0.14 1.0

CS, canal water sample; MS, municipal water supply sample.

Table 2
Ranges of analytical data of the ground and surface water samples in district Jamshoro, Sindh, Pakistan.

Parameter Recommended values
WHO (2004) [53]

Water type

Ground water Surface water

Hand pump water, n = 117a Tube Well water, n = 36a Canal water, n = 36a Water supply, n = 120a

Min. Max. Mean Min. Max. Mean Min. Max. Mean Min. Max. Mean

T (◦C) – 26.4 31.8 28.5 29.6 35.4 32.5 22.5 24.2 23.5 21.8 25.4 23.3
pH 6.5–8.5 7.1 8.4 7.76 7.9 8.1 8.0 7.1 7.8 7.4 6.9 8.5 7.5
EC (mS cm−1) 0.40 0.40 4.51 1.91 0.52 1.10 0.89 0.40 2.70 1.16 0.32 3.72 1.3
TDS (mg l−1) 1000 188 2214 896 321 513 444 180 250 210 124 265 204
Ca2+ (mg l−1) 100 33.6 297 111 48.9 69.1 56.4 8.2 85.5 39.9 6.4 224.5 42
Mg2+ (mg l−1) 50 11.1 99.7 41.1 21.1 26.8 24.6 6.8 39.5 19.8 2.7 45.2 16
Na+ (mg l−1) 200 191 945 520 240 396 344 216 710 382 136 540 304
K+ (mg l−1) 12 2.20 54.9 17.4 4.25 7.84 6.39 2.96 18.8 8.67 4.69 42.8 14
HCO3

− (mg l−1) – 180 1352 426 210 310 253 179 346 271 111 479 198
Cl− (mg l−1) 250 164 721 330 131 291 189 119 265 173 53.0 386 234
NO2

− (mg l−1) 3 0.43 7.50 2.03 0.20 1.65 0.94 0.44 1.01 0.65 0.45 3.18 1.1
NO3

− (mg l−1) 50 1.45 48.3 17.3 0.90 12.8 6.64 6.37 18.5 10.4 0.44 73.7 14
SO4

2− (mg l−1) 250 113 1516 740 366 729 523 108 1240 532 103 984 334
As (�g l−1) 10 13.0 106 40.0 37.0 65.0 49.0 3.00 37.0 15.0 4.00 50.0 10.0
Fe (mg l−1) 0.3 0.09 4.28 0.79 0.21 2.45 0.96 0.08 0.38 0.19 0.02 0.30 0.12

a No. of samples.
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ig. 2. Dendrogram showing sampling side clusters on Jamshoro (ground water).

oncentrations ranged between 33.6 and 297 mg l−1. The highest
O3

− concentration was observed in hand pump samples at sam-
ling spots 5–6 (Table 1a), probably, due to the use of fertilizers for
ifferent crops in this area. The pH for TS was observed in between
.9 and 8.1. The alkalinity was ranging from 210 to 310 mg l−1 and
O4

2− was found up to 766 mg l−1. The concentration of Na+ reached
p to 396 mg l−1 while the concentration of Ca2+ and Cl− were
lightly higher than WHO permissible limits. Both of the ground-
ater samples (HS and TS) were found to have NO2

− and NO3
−

oncentrations within the WHO permissible limit (Table 2).
The surface water samples were less contaminated or polluted

han the groundwater samples, except two sampling points, i.e., CS3
Aral wah) and MS5 of Bubak, near Manchar lake. The major ion
omposition of municipal treated water group was similar to that
f the canal surface water except sampling site CS16 (Table 1b).

.3. Iron and arsenic

In ground water, the Fe was found in the range of 0.09–
.28 mg l−1, while, in surface water, it was within the range of WHO
ecommended level except the sampling point CS3 (Tables 1 and 2).
he concentration of As distributed in groundwater samples of
amshoro varied from 13.0 to 106 �g l−1, while in surface water it
as found in the range of (3.00–50.0 �g l−1) (Table 2).

.4. Cluster analysis (CA)

Cluster analysis was applied to identify spatial resemblance
or grouping of sampling sites. It provided 2 dendrograms
Figs. 2 and 3), grouping 25 sites for ground water and 23 loca-
ions for surface water, shows 3 statistically significant clusters for
ach one.

The dendrogram (Fig. 2) showed the abnormality of groundwa-
er sampling sites. The sampling sites HS1 and HS3 made one group
s cluster 1, which contains >60 �g l−1 As, while due to mutual
issimilarity, composed of cluster 2 (involved 10 site) and cluster
, contains 13 sites, corresponding to relatively higher, lower and
oderate As and Fe concentration, respectively. Similarly, the den-

rogram (Fig. 3) classified the dissimilarities of the surface water
ampling sites, cluster 1, involved MS5 and CS3 have >30 �g l−1 As
oncentration as compared with other sampling sites of surface
ater, which may be due to non-point sources, i.e., agricultural,
ndustrial and domestic activities. Besides cluster 1, the mutual
issimilarity among other sites was made as cluster 2, which is
urther divided into two classes, class 1 (involved 16 site) having As
10 �g l−1 and class 2 (sites MS10, MS12, MS16 and MS17) contain-
ng >10 �g l−1 As.
Fig. 3. Dendrogram showing sampling side clusters on the Jamshoro (surface water).

4. Discussion

The surface (CS and MS) and groundwater samples (HS and TS)
have been used as the sole source of drinking water, cooking and
personal hygiene in understudy area of Pakistan. In fact, As is known
as the most serious inorganic contaminant in drinking water. Our
study revealed elevated levels of As in ground and surface water
samples (Table 1).

The physico-chemical parameters of surface and groundwa-
ter samples are presented (Tables 1 and 2). The pH is the most
important parameter for test of water quality and useful tool for
interpretation of water chemistry. The pH of both types of water
samples were found from neutral to slightly alkaline, but it was
within the WHO recommended values (Tables 1 and 2). Mostly,
the EC values of surface and groundwater samples were found to
be higher than WHO permissible level (0.4 ms cm−1), whereas, the
TDS of all samples were within the limit (1000 mg l−1), except in
HS (Tables 1 and 2). The annual rainfall in this basin is <200 mm,
which have no effect on values of EC in the rainy season. High EC
in dry season represents water with high electrolyte concentration,
may be due to high rate of evaporation. It might be contributed to
the high salinity, mineral contents and lower water table. A signifi-
cant positive correlation was found between Ca and total hardness
(r = 0.64–0.99), while low correlation was observed between TDS
and hardness (r = 0.37–0.40) which may be due to high level of
sodium and chlorides in understudy water samples. These domi-
nant ions might be the result of ion exchange and solubilization
in the aquifer [43]. The studied ground waters are usually basic
in nature, have high EC due to elevated levels of TDS, reflecting
moderate mineral dissolution. The intensity of soluble minerals is
expressed as saturation index. In understudy groundwater samples,
the saturation index (SI) of calcite has shown significant correlation
with that of SI of dolomite and gypsum (Fig. 4a and b). The posi-
tive correlation of SI of calcite with Ca2+, SI of dolomite with Mg2+,
while Ca2+ and SO4

2− corresponds with SI of gypsum (Fig. 4c–f),
indicated that, these minerals are in a state of under saturation in
ground water. The SI results may be attributed to extensive water
logging of study area and is promoting contamination of As in
the studied groundwater [44]. Expected high As contamination in
ground waters might be caused by oxidizing environments due to
elevated concentrations of Ca2+ (>100 mg l−1), SO4

2− (>250 mg l−1)
and pH > 7.5 [2].

Arsenic elution from organic matter (in soil) may be due to ele-

vated alkalinity of soil [45,46]. Therefore, desorption of arsenic can
either be promoted by an increase in pH or by the concentration of
competing ions (Ca2+, Mg2+, Cl−, HCO3

− and SO4
2−). The pH was sig-

nificantly correlated with As (r = 0.55, n = 153). The weak correlation
was observed between As and Cl− concentrations (r = 0.30, n = 153),
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2− (Squar

owever, chloride showed a significant correlation with Ca2+, Mg2+,
a+ and SO4

2− (r = 0.64, 0.85, 0.81 and 0.74, respectively, n = 153),
hereas HCO3

− was not significantly correlated with Cl− (r = 0.15,
= 153).

The mean As concentration in surface water samples is
5.0 �g l−1, with a range of 3.00–50.0 �g l−1, which is lower than
he reported values of other areas [47]. In the present study, most
f the collected samples have As contents within the recommended
alues of WHO, except in surface water samples of Manchar lake and
ts canal (Aral wah), i.e., sampling point CS3 and the municipal water

upply samples (MS5). This might be due to natural processes, i.e.,
xtensive evaporation of water due to high temperature and low
ate of rain falls, which enhance the amount of salts, trace and toxic
lements and other pollutants. The possible anthropogenic sources
n study area include wastewater of agricultural lands, industrial
samples. (a) Dolomite saturation index (SId) and calcite saturation index (SIc); (b)
index (SIc) and Ca2+; (d) dolomite saturation index (SId) with Mg2+; (e) gypsum

for TS and triangle for HS).

effluent and domestic wastes of urban areas, as described in pre-
vious study [27]. The average concentration of As in groundwater
samples was found to be 41.0 �g l−1, which was less as compared
to other countries like Bangladesh, India, Taiwan, China, Hungary,
USA, Finland, Thailand, Argentina, Taiwan, Chile, Japan and Vietnam
[12,48].

Concentrations of naturally occurring arsenic in ground water
are varied due to the geological and climatic changes [2]. The study
area exhibited elevated As concentrations in ground water, as it
is situated in a zone of normal and hot spring (Fig. 1) with great

thickness of sediments, and depth of burial which has produced
very high geothermal temperatures. The literature counts various
examples, which showed that trace elements including arsenic are
more readily mobilized and transported by warm or hot water in
the geothermal areas, like Jamshoro [49].
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The significant correlation of As with Fe (r = 0.83) in ground
ater indicated that the elevated concentration of As in study

rea might be due to the presence of Fe containing ores [50]. In
his connection, three mechanisms may explain the As discharge
rom sediment deposits to groundwater, the reduction of iron
ydroxides, release of sorbed As from the sediments following the
xidation of As-rich pyrite in the sediments and the anion exchange
f sorbed As with phosphate from fertilizers [51]. Korte and Fer-
ando hypothesized that desorption of As from Fe oxides could
ccur at reducing condition in alluvial sediments, which could lead
o high-As in ground waters [2]. According to our findings, the iron
oncentrations in groundwater samples of different sampling sites
ere found to be higher than those of the WHO recommended level

Tables 1 and 2).
Fertilizers such as di ammonium phosphate and urea are exten-

ively used, which may seep down to underground water table,
ence, altering its composition. A thermal power station, many
rick and chemical factories are located here. In thermal power
tation coal burning for energy production is the main causative
f air and terrestrial pollution, as, burning mineral coal is known
o emit toxic elements such as As [52]. The high usage of arsenical
esticides for protecting crops and industrial effluents from chem-

cal and sugar industries are also polluting aquatic system in the
egion. Keeping in view of the above said facts, these sources of
ollution are main source of As contaminations in water bodies of
nderstudy areas.

. Conclusion

The evaluation of total arsenic contents in groundwater (153
amples) as well as in surface water (156 samples) of Jamshoro dis-
rict, Sindh, Pakistan, was carried out in order to have an insight
bout the extent of arsenic toxicity in the study area. It was con-
luded that arsenic concentration in most of HS and TS samples
as higher than the permissible limits proposed by WHO. The
ultivariate technique, cluster analysis of understudy sites clearly

howed the high, medium and less polluted sites for surface and
nderground water. In general, the groundwater arsenic level was
onsiderably higher than that of surface water, possibly due to
ome geothermal and anthropogenic factors, which enhanced pH
evel, and concentration of Ca2+, SO42− and Fe. However, a more
etailed understanding of local sources of arsenic and mecha-
isms of arsenic release is required. More extensive studies will be
equired for building practical guidance on avoiding and reducing
rsenic contamination especially in ground water, and also control
his threat to local residence, its flora and fauna.

cknowledgement

The authors would like to acknowledge the financial support
rom the Higher Education Commission Islamabad, Government of
akistan.

eferences

[1] P. Bhattacharya, D. Chatterjee, G. Jacks, Occurrence of arsenic-contaminated
groundwater in alluvial aquifers from the Delta Plains, Eastern India: options
for safe drinking water supply, Water Resour. Dev. 13 (1997) 79–92.

[2] P.L. Smedley, H.B. Nicolli, D.M.J. Macdonald, A.J. Barros, J.O. Tullio, Hydrogeo-
chemistry of arsenic and other inorganic constituents in ground water from La
Pampa, Argentina, Appl. Geochem. 17 (2002) 259–284.

[3] K.P. Singh, A. Malik, D. Mohan, S. Sinha, Multivariate statistical techniques for

the evaluation of spatial and temporal variations in water quality of Gomti River
(India): a case study, Water Res. 38 (2004) 3980–3992.

[4] A.H. Welch, K.G. Stollenwerk, In situ arsenic remediation in a fractured, alka-
line aquifer, in: A.H. Welch, K.G. Stollenwerk (Eds.), Arsenic in Ground Water:
Geochemistry and Occurrence, Kluwer Academic Publishers, Boston, 2003, pp.
403–420.

[

[

Materials 166 (2009) 662–669

[5] H.M. Anawar, J. Akai, K. Komaki, H. Terao, T. Yoshioka, T. Ishizuka, S. Safiullah, K.
Kato, Geochemical occurrence of arsenic in groundwater of Bangladesh: sources
and mobilization processes, J. Geochem. Explor. 77 (2003) 109–131.

[6] B. Cances, F. Juillot, G. Morin, V. Laperch, D. Polya, D.J. Vaughan, J.L. Haze-
mann, O. Proux, G.E. Brown Jr., G. Calas, Changes in arsenic speciation through
a contaminated soil profile: a XAS based study, J. Sci. Total Environ. 397 (2008)
178–189.

[7] A. Wagner, J. Boman, Biomonitoring of trace elements in muscle and liver tissue
of freshwater fish, Spectrochim. Acta: B 58 (2003) 2215–2226.

[8] A. Demirak, F. Yilmaz, A.L. Tuna, N. Ozdemir, Heavy metals in water, sediment
and tissues of Leuciscus cephalus from a stream in southwestern Turkey, Chemo-
sphere 63 (2006) 1451–1458.

[9] WHO, Guidelines for Drinking Water Quality, Vol. 2 Health Criteria and Other
Supporting Information, 2nd ed., World Health Organization, Geneva, 1996.

[10] IPCS, Environmental health criteria on arsenic and arsenic compounds. Environ-
mental Health Criteria Series, No. 224, Arsenic and arsenic compounds, second,
WHO, Geneva, 2001, p. 521.

[11] B. Arun, P. Mukherjee, Bhattacharya, Arsenic in groundwater in the Bengal Delta
Plain: slow poisoning in Bangladesh, Environ. Rev. 9 (2001) 189–220.

12] B.K. Mandal, K.T. Suzuki, Arsenic round the world: a review, Talanta 58 (2002)
201–235.

[13] M.M. Rahman, M.K. Sengupta, U.K. Chowdhury, D. Lodh, B. Das, S. Ahamed, D.
Mandal, M.A. Hossain, S.C. Mukherjee, S. Pati, K.C. Saha, D. Chakraborti, Arsenic
contamination incidents around the world, in: R. Naidu, E. Smith, G. Owens, P.
Bhattacharya, P. Nadebaum (Eds.), Managing Arsenic in the Environment: From
Soil to Human Health, CSIRO Publishing, Collingwood, Australia, 2006, pp. 3–30.

[14] C.O. Abernathy, D.J. Thomasy, R.L. Calderon, Toxicity and risk assessment of
trace elements. Health effects and risk assessment of arsenic, Am. Soc. Nutr.
Sci. (2003) 1536–1538.

[15] A.H. Milton, Z. Hasan, S.M. Shahidullah, S. Sharmin, M.D. Jakariya, M. Rahman,
Keithdear, W. Smith, Association between nutritional status and arsenicosis due
to chronic arsenic exposure in Bangladesh, Int. J. Environ. Health Res. 14 (2004)
99–108.

[16] IARC, Arsenic and arsenic compounds (Group 1), IARC monographs on the eval-
uation of the carcinogenic risks to humans, 1987.

[17] L. Elci, U. Divrikli, M. Soylak, Inorganic arsenic speciation in various water sam-
ples with GF-AAS using coprecipitation, Int. J. Environ. Anal. Chem. 88 (2008)
711–723.

[18] D. Chakraborti, G.K. Basu, B.K. Biswas, U.K. Chowdhury, M.M. Rahman, K. Paul,
T.R. Chowdhury, C.R. Chanda, D. Lodh, S.L. Ray, Characterisation of arsenic bear-
ing sediments in Gangetic Delta of West Bengal, India, in: W.R. Chappell, C.O.
Abernathy, R.L. Calderon (Eds.), Arsenic Exposure and Health Effects, vol. 24,
Elsevier, 2001, pp. 27–52.

[19] WHO, Environmental Health Criteria 224: Arsenic Compounds, 2nd ed., World
Health Organisation, Geneva, 2001.

20] R. Cidu, L. Fanfani, P. Lattanzi (Eds.), Arsenic Geochemistry, Appl. Geochem.
Spec., 2003, pp. 18–19.

21] Q.H. Dang, N. Olga, C.G. Richard, Analytical methods for inorganic arsenic in
water: a review, Talanta 64 (2004) 269–277.

22] M. Berg, St.P. Caroline, T.K.T. Pham, H.V. Mickey, L. Sampson, M. Leng, S. Samreth,
D. Fredericks, Magnitude of arsenic pollution in the Mekong and Red River
Deltas—Cambodia and Vietnam, Sci. Total Environ. 372 (2007) 413–425.

23] D. Chakraborti, M.M. Rahman, K. Paul, U.K. Chowdhury, M.K. Sengupta, D. Lodh,
C.R. Chanda, K. Saha, S. Mukherjee, Arsenic calamity in the Indian subcontinent,
what lessons have been learned? Talanta 58 (2002) 3–22.

24] A.S.M. Kamal, P. Parkpian, Arsenic contamination in Hizla, Bangladesh: sources,
effects and remedies, Sci. Asia 28 (2002) 181–189.

25] M. Prasenjit, B. Chandrajit, M.A. Bikash, Laboratory study for the treatment of
arsenic, iron, and manganese bearing ground water using Fe3+ impregnated
activated carbon Effects of shaking time, pH and temperature, J. Hazard. Mater.
(2007) 420–426.

26] D.A. Nimick, J.N. Moore, C.E. Dalby, M.W. Savka, The fate of geothermal arsenic
in the Madison and Missouri Rivers, Montana and Wyoming, Water Resour. Res.
34 (1998) 3051–3067.

27] M.B. Arain, T.G. Kazi, M.K. Jamali, N. Jalbani, H.I. Afridi, A. Shah, Total dissolved
and bioavailable elements in water and sediment samples and their accumu-
lation in Oreochromis mossambicus of polluted Manchar Lake, Chemosphere 70
(2007) 1845–1856.

28] M. Mastoi, S.S.G. Sarwar, M.Y. Khuhawar, Assessment of water quality
of Manchar Lake in Sindh (Pakistan), J. Environ. Monit. Assess. (2007),
doi:10.1007/s10661-007-9895-8.

29] B. Shrestha, Drinking water quality: future directions for UNICEF in Pakistan
Consultancy Report 2 of 3, Water Quality, SWEET Project, UNICEF Pakistan,
Islamabad, 2002.

30] T. Ahmad, M.A. Kahlown, A. Tahir, H. Rashid, Arsenic an Emerging Issue, Experi-
ences from Pakistan, 30th WEDC International Conference, Vientiane, Lao PDR
(2004).

31] Space Research in Pakistan 2002–2003, National Report to the 35th Cospar
Scientific Assembly Paris, France (2004) 18–24.

32] M.A. Kahlown, M. Azam, Individual and combined effect of water logging 2 and

salinity on crop yields in the Indus basin, J. Irrig. Drain. 51 (2004) 329–338.

33] S.B. Malik, An overview of geothermal resources of Pakistan, in: Proceedings of
the World Geothermal Congress, Kyushu, Tohoku, Japan, 2000.

34] R.B. Finkelman, W. Orem, V. Castranova, C.A. Tatu, H.E. Belkin, B. Zheng, H.E.
Lerch, S.V. Maharaj, A.L. Bates, Health impacts of coal and coal use: possible
solutions, Int. J. Coal. Geol. 50 (2002) 425–443.



rdous

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[52] P. Ravenscroft, J.M. McArthur, B.A. Hoque, Geochemical and palaeohydrological
J.A. Baig et al. / Journal of Haza

35] P.F. Hudak, Distribution and sources of arsenic in the southern high plains
aquifer, Texas, USA, J. Environ. Sci. Health A 35 (2000) 899–913.

36] U.S. Environmental Protection Agency, Characterization of Hazardous Waste
Sites – A Methods Manual: Volume II. Available Sampling Methods, second
edition (1984) EPA/600/4-84-076.

37] G. Tamasi, R. Cini, Heavy metals in drinking waters from Mount Amiata (Tus-
cany, Italy) Possible risks from arsenic for public health in the Province of Siena,
Sci. Total. Environ. 327 (2004) 41–51.

38] APHA (American Public Health Association), Standard Methods for the Exam-
ination of Water and Wastewater, 20th ed., APHA, American Water Works
Association, and Water Pollution Control Federation, Washington, DC, 1998.

39] D.A. Eaton, L.S. Clesceri, A.E. Greenberg, Standard Methods, 19th edition for the
Examination of Water and Wastewater, American Public Health Association,
Washington, DC, 1995, pp. 1015.

40] AOAC, Association of Official Analytical Chemists. Official Methods of Analy-
sis, 16th ed., AOAC International, Gaithersburg, Maryland, 1995 (March 1998
revision).

41] O.M. Zacheus, P.J. Martikainen, Physicochemical quality of drinking and hot
waters in Finnish buildings originated from groundwater or surface water
plants, Sci. Total. Environ. 204 (1997) 1–10.

42] P.L. Lopez, L.F. Auque, I. Garces, W. Chong, Geochemical characteristics and pat-
terns of evolution of salmueras superficiales del Salar de Llamara, Chile Brines

surface of Salar Llamara, Chile, Geol. Mag. Chile 26 (1999) 89–108.

43] I.S.I. Torres, H. Ishiga, Assessment of the geochemical conditions for the release
of arsenic, iron copper into groundwater in the coastal aquifers at Yumigahama,
Western Japan, in: C.A. Brebbia, D. Almorza, D. Sales (Eds.), Water Pollution
VII, Modeling, Measuring and Prediction, WIT Press, Southampton, 2003, pp.
147–157.

[

Materials 166 (2009) 662–669 669

44] A. Ito, T. Takachi, K. Kitada, J. Aizawa, T. Umita, Characteristics of arsenic elution
from sewage sludge, Appl. Organometal. Chem. 15 (2001) 266–270.

45] G. Webster, D.K. Nordstrom, Geothermal arsenic, in: A.H. Welch, K.G. Stollen-
werk (Eds.), Arsenic in Ground Water, Geochemistry and Occurrence, Kluwer
Academic Publishers, Dordrecht, 2003, pp. 101–125.

46] A.H. Welch, D.B. Westjohn, D.R. Helsel, R.B. Wanty, Arsenic in ground water
of the United States: occurrence and geochemistry, Ground Water 38 (2000)
589–604.

47] Brandvold, Arsenic in ground water in the Socorro Basin, New Mexico, New
Mexico Geol. 23 (2001) 2–8.

48] Y. Wang, G.M. Shpeyzer, Genesis of thermal ground waters from Sippinan dis-
trict, China, Appl. Geochem. 12 (1997) 437–445.

49] N.A. Zaighama, Z.A. Nayyarb, N. Hisamuddin, Review of geothermal energy
resources in Pakistan, Renew Sustain Energy Rev. (2007), doi:10.1016/
j.rser.2007.07.010.

50] M. Ghaedi, E. Asadpour, A. Vafaie, Simultaneous preconcentration and determi-
nation of copper, nickel, cobalt, lead, and iron content using a surfactant-coated
alumina, Bull. Chem. Soc. Japan 79 (2006) 432–436.

51] N. Singh, L.Q. Ma, Arsenic speciation and arsenic and phosphate distribution
in arsenic hyperaccumulator Pteris vittata and non-hyperaccumulator Pteris
ensiformis, Environ. Pollut 141 (2006) 238–246.
controls on pollution of groundwater by arsenic, in: W.R. Chappell, C.O. Aber-
nathy, R.L. Calderon (Eds.), Arsenic Exposure and Health Effects IV, Elsevier,
Oxford, 2001, pp. 53–77.

53] WHO, Guideline for drinking water quality, Recommendation World Health
Organization, third ed., Geneva, 2004.


	Evaluation of arsenic and other physico-chemical parameters of surface and ground water of Jamshoro, Pakistan
	Introduction
	Materials and methods
	Description of study area
	Sampling and pretreatment
	Water analysis
	Analytical figure of merit

	Results
	Physico-chemical parameters
	Major ions in water samples
	Iron and arsenic
	Cluster analysis (CA)

	Discussion
	Conclusion
	Acknowledgement
	References


